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SOHE NEW DIRECTIONS IN SYSTEM TRANSIENT SIMULATION*

V. H. Ransom
Advanced Methods Projects

Idaho National Engineering Laboratory
P.O. Box 1625

Idaho Falls, Idaho 83415

ABSTRACT

The current research In system transient simulation at the Idaho
National Engineering Laboratory (INEL) is summarized in this paper and
three new directions that are emerging from this work are discussed. The
new directions are: development of an Advanced Thermal Hydraulic Energy
Network Analyzer (ATHENA) having new modeling capability, use of expert
systems for enhancing simulation methods, and the trend to individual
workstations for simulation.

1. INTRODUCTION

The main objective of this paper is to describe new research
Initiatives that are emerging from the extensive light water reactor (LWR)
system simulation technology base that has accumulated at the INEL. This
objective is accomplished by first presenting an overview of the current
LWR research as an introduction. The new research initiatives are then
discussed in greater detail. These are the research on development of the
ATHENA code, with emphasis on the development of a heat pipe model for use
1n simulation of advanced reactor transient behavior, research on the use
of expert systems for enhancing the utility of simulation methods, and
research on the use of next generation computers for simulation.

The INEL has been Involved during the past twenty years in extensive
research on methods for transient simulation of LHRs. These methods are
being extended though current research to Included a wide variety of
thermal hydraulic systems. The past efforts have focused on development of
codes such as the RELAP series including the latest version,
RELAP5/M0D2,1 the TRAC-BUR code,2 the Integrated SCDAP/RELAP5/TRAP-MELT
code,3 and the Integration of these codes Into a user convenient Nuclear
Plant Analyzer4 (NPA). These simulation codes are limited In application
to LWR systems. While the LWR codes are being maintained and Improved
where necessary, the advanced simulation research is being carried out

* This research Is sponsored by the U.S. Department of Energy, Office of
Basic Energy Science and Office of Fusion Energy under DOE Contract
No. DE-AC07-76ID0157O.
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using the ATHENA code.5 A key feature of this code compared to its
progenitor, RELAPS, is that any two-phase two-component working fluid, for
which the physical properties are known, can be simulated. In addition,
the system can contain several such fluids in separate hydraulic circuits,
but with thermal and/or control interactions. New component models that
are specific to the fusion and space reactor systems have been developed
within the ATHENA framework. These include models for MHD effects, plasma
heating, and a heat pipe.

A related and promising new research activity that also is being
conducted within the framework of the ATHENA code is the development and
evaluation of expert systems for aiding engineering analysis tasks.0 In
this research project the ATHENA code is being used as a "test bed" for
experimentation with methods for utilizing expert systems to improve the
useability and performance of engineering analysis codes. The tasks of
input preparation and model building, control of the numerical process
during code execution, and the analysis of the code output have all been
identified as tasks that are potentially suited to the use of expert
systems. Significant savings In manpower and cost as well as improved
simulation quality are possible benefits.

The primary objective of the research discussed herein, is enhanced
ability to simulate the transient behavior of thermal hydraulic systems.
This not only includes enhanced analytical modeling capability, but also
includes methods to enhance the quality of models, reduce the human labor
required to carry out the analysis, and enhance the availability and
capability of simulation methods by utilization of super-minicomputers as
well as the new supercomputers.

2. LWK SIMULATION RESEARCH

The current LWR simulation efforts at the INEL consist of refining and
maintaining simulation codes for pressurized water reactors (PWR) and
boiling water reacton (BUR), the extension of these methods to Include
severe accident simulation capability, and the Integration of these codes
Into the user convenient NPA. These simulation methods have been developed
for analytical support of the U.S. Nuclear Regulatory Commission's (USNRC)
safety research and regulation efforts.

2.1 RELAP5

RILAP5/M0D2 Is the latest version of the RELAP5 PWR transient analysis
code. It 1s based on a six equation two-fluid thermal hydraulic model for
the two-phase flow process and Is designed to simulate the nonequiUbrium
situations encountered in LWRs under postulated accident conditions. The
features of RELAP5/M002 were described by Ransom7 at the 1983 CNS/ANS
International Conference on Numerical Methods in Nuclear Engineering. At
the time of the Initial release of RELAP5/M0D2 (April 1984), only a
semi-implidt numerical solution method was included. Since that time a
more Implicit Courant-limit violating numerical solution scheme has been
Installed as an option.8 Other Improvements that have been added include
the addition of a vertical stratification model and mitigation techniques
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for anomalous numerical behavior associated with water packing, incorrect
donor ing of properties due to velocity "flip-flop," and interphase mass
transfer "flip-flop."1

An extensive RELAP5/MGD2 developmental assessment9 consisting of 44
phenomenological, separate effects, and integral system tests has been
completed. The results show that (<ELAP5/Muu2 accurately simulates the
physical behavior of two-phase tnermal hydraulic systems under the
conditions of importance to the simulation of LWR transients not involving
core damage. Independent assessment of RtlAP5/M0Di' is being carried out
under the International Code Assessment Program (ICAP).1^ The code
version being used in this assessment is RELAP5/MGD2 Cycle 36 which was
released in 1985. This version is frozen and changes are limited to error
corrections and user convenience additions.

A self-Initialization option was completed in 3986 that uses special
controllers in conjunction with the existing steady-state and
nearly-implicit solution method. Provisions are included for pump, steam
generator level, and feed controllers. The controllers have default time
constants that have been found to be appropriate for a range of cases. A
user suoported RELAP5 electronic newsletter was initiated that is stored on
an IBM PC with ai auto-answer modem. Subscribers are able to obtain code
updates arid up-to-date information on development and application
activit ies.

Plans for 1987 include continued maintenance and user support. In
addition, an improved version of RELAPS/MODi1 will be released to supplant
the frozen vprsion. It will erabody the corrections and improvements found
necessary from the ICAP and domestic code use.

2.2

TNe objective of the TKAC-BWk project is to provide the USNRC with a
best estimate capability for simulation of postulated accidents and
transients in BWRs and related experimental facilities. The first released
version on the code, TKAC-BO?. was developed to provide an analysis
capability for design basis loss-of-coolani accidents. The second released
version, TRAt-BDl/MODl,? was developed to provide analysis capability for
operational transients including Anticipated Transients Without Scram
(ATMS) as well as Improving the analysis capability for both large and
small break loss-of-coolant accidents (IOCA).

The latest version of the TRAC-BWR code, TRAC-BfJ.n provides a
best-estimate analysis capability for analyzing the full range of
postulated accidents in BWR systems and related experimental facilities.
This version provides a consistent and unif<rJ analysis capability for
analyzing all areas of a large or small break 10CA, beginning with the
blowdown phase, through heatup, refiood witn quenching, and finally, the
refill phase of the accident. Also It provides a basic capability for the
analysis of operational transients. Including ATMS, for which
one-dimensional reactor kinetics are modeled.
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The (Jiaifi improvements in 1RAC-8F], compared to TRAC-B01/MOD1, include
a Courant-limit violating numerical solution for one-dimensional hydraulic
components, a one-dimensional neutron kinetics model, improved interfacial
constitutive relations, upgraded control system solution logic, and
conversion to ANSI standard FORTRAN 7/.11 Agreement between TRAC-Bfl
simulations of various test problems and measured data is generally very
good. System calculations show significant computer time saving compared
to TRAC-BO1/MOD1.

2.3 SCDAP/RtLAPS

The objective of the SCDAP/RELAP5 project3 is to develop a best
estimate- computer code to predict system thermal hydraulic response, core
damage progression, and fission product release and transport within the
reactor coolant system. The code uses fully coupled models with system
thermal hydraulic and material transport, structural and debris behavior,
and radionudide deposition behavior described by the RELAP5, SCDAP, and
TRAP-Mfi.1 components of the code, respectively. The basic model
development effort has been completed with models in place for PWRs, BWRs.
and experimental facilities. The individual components of the integrated
code have undergone significant assessment, with limited assessment of the
integrated code as a result of simulation of the LOFT FP-2 experiment and
idealized l:-<,f cases.

The accomplishments during 1986 include addition of improved fission
product behavior models a decay heat model for deposited Mission products,
improvement of the fuel rod ballooning and double side clad oxidation
models, arid 'increased computational speed as a result of improved TRAP-MELT
numerics and vectorization of selected models. In 1987, the majority of
the program will consist of developmental assessment of the code using
available data.

2.4 MPA

The Nuclear Plant Analyzer^ Is a state-of-the-art safety analysis
and engineering tool being used to facilitate the analysis of key nuclear
power plant safety issues. The NPA has been developed to Integrate the
USNRC's reactor system simulation codes such as RELAP5, TRAC-BWR, and
TRAC-PWR into a user convenient framework with well-developed color
graphics programs and the large data base of reactor design and
experimental data. A key feature of the NPA Is the capability to allow an
analyst to interact with a REI.AP5 or TRAC calculation as it progresses.
This gives the analyst the same power plant simulation control capabilities
that the plant operator has. The NPA now resides on the Cyber 176
mainframes at the I NIL and on the CRAY-IS computers at the Los Alamos
National Laboratory and at the Kirtland Air Force Weapons Laboratory.

During 1986 a joint USNRC and Netherlands sponsored NPA project12

was Initiated that consists of training a Dutch representative to use the
RELAPS version of the NPA along with developmental Improvements. This
program will continue during 1987 while the basic program will focus on
production operation.
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3.1.i Basic Capability. The ATHENA code5 includes four basic
transient process models: two-phase system hydrodynamics; heat conduction
through solid structures with convective, adiabatic, or specified heat flux
boundary conditions; control systems including logical trips; and fission
reactor kinetics. While each of these modeling capabilities is a
significant technical achievement in its own right, the development of the
transient model for two-phase flow, and its embellishment, has required the
greatest development effort and is a major technical advance over the
previous generation of cystem modeling codes, such a ^&

The hydrcriynanic model is based on the two-fluid model for two-phase
flow that was developed for the RELAP5 code.7 It is a six equation
formulation which includes phasic conservation equations for mass,
momentum, and energy of each phase (additional continuity equations are
included when a noncondensable component is present in the vapor phase or a
solute is present in the liquid phase). The system of equations is
integrated in time using a semi-implicit finite difference solution
algorithm for each hydraulic subsystem. A draft manual that documents the
details of AlHtNA hau been prepared and will be finalized for public
release with the code in 1987.'

Ihe models that have been added to ATHENA specifically to permit
simulation of magnetic fusion systems include the multiple system
capability and the inclusion of magnetic forces in the momentum
formulation. Ihe multiple system capability was needed In order to model
the thermal interact ion between the first wall cooling system, the
secondary steam generation system, and the superconducting magnet cooling
systems. Typical coolants used in these systems include lithium, water,
and helium respectively. In order to efficiently accommodate the data for
multiple cooi<int systems, and for reasons of numerical efficiency, a
polynomial representation for equation of state data was developed. This
method eliminates the need to store- data tables for each fluid and the
necessary nuinc-rical Interpolation. In addition, fewer properties must be
specified since the polynomial representation can be differentiated to
obtain the specific heat, the coefficient of Isothermal compressibility,
and the coefficient of isobaric thermal expansion. Experience has shown
that there is little or no reduction in the computational effort directly
associated with the use of a polynomial equation of state. However, larger
time steps can be used due to the smoother nature of the polynomial
representation. She not result Is a decrease in computational effort.

Ihe HMD model Is included to account for the force that results when
an electrically conductive fluid flows In the presence of a stationary
transverse magnetic field. The motion of the fluid generates a potential
that results in the formation of electrical eddy currents. When the fluid
passage walls are also electrical conductors, they provide return paths for
the eddy currents which results In unbalanced electromagnetic forces.
Semi-ompericaI formulations for the forces, or equivalent?y, the pressure
drop, have been Incorporated Into the code.^ These correlations are in
terms of the Hartman number, the ratio of magnetic force to viscous force,
the ratio of the wall electrical conductivity to the fluid conductivity,



the wall thickness, passage thickrtss, the fluid velocity, and fluid
density. Correlations are includeo for straight passages, abrupt change in
either electrical property of the wall or passage cross section or wall
thickness or magnetic field strength, and change in flow direction such as
at a bend. The models are applied only if the Hartman number is greater
than 0.4.

3.1.2 Heat Pipe Model. A heat pipe17 is a two-phase system in
which the liquid and vapor phases are separated by capillary forces and is
a natural application for the two-fluid model for one-dimensional two-phase
flow. A schematic of a typical heat pipe is shown in figure 1. The
primary Internal components cf the heat pipe are a wick material having
small pores such that the interface between the liquid and the vapor can
have a small radius of curvature and a vapor flow passage. The curved
interface results in a pressure differential between the phases such that a
favorable pressure gradient can exist in the vapor while an adverse
pressure gradient can exist in the liquid. The varying difference in
phasic pressures Is maintained by variable curvature of the interface as
illustrated schematically on Figure 1. The favorable and adverse pressure
gradients in the vapor and liquid phases respectively result in
countercurrent flow with attendant net flux of energy from the evaporator
to the condenser. The energy transfer from the evaporator to the condenser
takes place with small temperature difference which results in highly
efficient heat transfer.

Iwo-rIu1d Model

The ATHENA two-fluid model for two-phase flow has been adapted to
model the heat pipe in a rudimentary way in order to test the basic
feasibility of the approach. This phase of the research has been completed
and refinement of the model 1s planned to extend the regimes of operation
that can be modeled. These Initial results are reported herein.

The two-fluid formulation for the heat pipe 1s obtained by starting
with the one-dimensional area average phasic momentum equations In which
two distinct phasic pressure fields are assumed to exist. I.e.

ag V 3 v g / 3 t ) f 2 °9 V d V 9 / 3 x ) * ag(dPg/ax) =

a g Pg B x - < Tw>g - TI - r g < v g ~ VI> H)

for the vapor and

<*f pf Ov f/dt) * \ of pf(dv
2
f/dx) * af (dPf/dx) =

°f "fBx - ( V f • Ti * V v f - V (2>

for the liquid. The relation between the phasic pressures must be defined
and thb wall friction, Interphase drag, and interphase momentum exchange
terms require modification for the special geometry of the heat pipe.
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The difference in phasic pressures is related to the fluid surface
tension and the curvature of the interface by the following force balance

P g - P g = (2o/rc) cos(6 c) (3)

where a is the surface tension, rc is the pore radius, and 6 C is
the angle that the meniscus makes with the vertical, see Figure 1. The
pore radius is fixed by the geometry of the wick material. The curvature
of the liquid vapor interface, or the angle 8 C, i; related to the
amount of liquid in the wick, i.e., the liquid volume fraction. The
maximum pressure difference occurs when the radius of curvature of the
interface is just rc and this occurs when the volume of vapor in the wick
is just sufficient to form a hemisphere of radius rc in each wick surface
pore. The constraint that the liquid and the vapor phases coexist and just
fill the fluid volume results in the following relation:

ag = V + 4/(rc "D> «go e I ] " V ( 1 " C)] Vc (4)

where ag 0 is the vapor volume fraction corresponding to a flat interface,
D Is the pipe diameter, and c 1s the wick porosity. The volume of vapor,
Vc, in a single pore and is defined In terms of 8C by

3 1/2 3/2
Vc = (irrjT/3) [2 • sinfBJ] [1 - s1n(6c) ] V [ 1 * s i n ^ ) ] ^ . (5)

When the volume of vapor per pore is within the limits corresponding to a
flat and a hemispherical interface then the phasic pressure difference is
defined in terms of the vapor void fraction by Equations 3, 4, and 5. If
the vapor volume lies outside these limits then the Interphase pressure
difference is either zero or a maximum according to the following
specification, for

Vc < 0, Pg - Pf = 0 (6)

and for

Vc > ?irr^/3, Pg - Pf = ?«»/rc (7)

Equations 3, 4, and 5 along with the inequalities 6 and 7, complete the
specification of the Interphase pressure forces.

Closure of the momentum specification requires that the Interphase and
wall friction forces be defined. For the purpose of the rudimentary model,
the liquid Is assumed to be sheltered from the velocity of the vapor by the
wick structure so that Interphase friction 1s negligible. This Is
consistent with the steady state operation wherein the liquid interface has
positive curvature and Is below the surface of the wick. The friction
between the liquid and the wick 1s approximated by a Darcy law formulation
In which the flow 1s assumed to be laminar and is characterized by a
constant permeability. The assumed cylindrical geometry is such that the
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vapor flow is only exposed to the wick surface and the frictional
interaction is given by the Fanning friction factor formulation using a
roughness for the wall equal to the pore diameter.

The hydrodynamic model is completed by the specification of the phasic
continuity and energy equations. These equations are formulated for
simplicity in terms of properties evaluated at the area average pressure.
Thus, the formulation of the momentum equations in terms of different
phasic pressures has no effect on the mass and energy equation
formulation. Only the constitutive models for the wall and interphase heat
transfer must be modified to correspond to the physical situation. In
particular, the wall or the wick is assumed to only exchange energy with
the liquid and the vapor likewise to only exchange energy with the liquid.
The interphase heat transfer occurs across the relatively well defined
interface in or about the wick surface. The liquid phase heat transfer to
the interface is augmented by conduction though the wick so that heat
transfer to the interface takes place by conduction through a
characteristic dimension of the same order as the pore size. Thus, the
liquid phase remains essentially at the local saturation temperature. The
vapor phase Interphase heat transfer coefficient is adequately modeled by
the DHtus-Boelter correlation for turbulent pipe flow. These refinements
remain to be added to the formulation and instead very large interphase
heat transfer coefficients have been used. This approximates an
equilibrium formulation.

Numerical Solution Method

A semi-Implicit solution scheme is employed in ATHENA that is
essentially the same as described by Ransom.7 The only difference is the
addition of the force terms in the momentum equations that are the result
of capillary forces. These terms are evaluated explicitly in the present
finite difference formulation and have no direct Impact on the
sem1-1mpl1c1t solution scheme. However, the relatively stiff nature of the
relationship between the Interphase pressure difference and the vapor void
fraction defined by Equations 3, 4, and 5 can require time integration
Intervals much less than the Courant limit In order to maintain consistent
accuracy. More implicit formulations that retain the linear and direct
solution features of the sem1-1mpl1dt scheme have been formulated and are
being Investigated as a means for overcoming this limitation.

Numerical Example

The ATHENA heat pipe model has been used by Fletcher^ to simulate
the heat pipe components of an advanced space power system. The steady
state operation of the heat pipe was first simulated as a separate
calculation. The model was subsequently Integrated with the other ATHENA
system component models in order to simulate the entire system response to
a postulated component failure. A nodalization diagram for the entire
system Including the heat pipes 1s shown in Figure 2.



The pressure and velocity profiles for the heat pipe steady state
operation arc ,h ,rj,; in Figures 3 and 4 respectively. The corresponding
interphasc [•-^sury difference due to surface tension, the favorable
pressure gradient in the vapor phase, and the adverse pressure gradient in
the liquid phase are illustrated by the pressures plotted on Figure 3. The
velocity profiles shown in Figure 4 also exhibit the expected trends. The
vapor is decelerated in the evaporator section as mass is added to the
vapor phase. Inis is followed by a slower velocity increase due to
decreased density in the adiabatic section and ultimately deceleration
occurs as concJf.-rr.at ion takes place. No data exists for comparison with
these simulations, but the trends are in agreement with the known physics
of heat pipe operation. The power flux of this heat pipe is 4.3 kW/square
centimeter and is based on wick material having a pore radius of
2.5 microns. The two-phase working fluid is lithium.

The noda 1 ization diagram for the entire system, which includes three
heat pipe components, is shown on Figure 2. The results of a transient
simulation in which one of the low temperature heat sinks is lost are shown
on Figure 5. The temperatures in the two remaining active loops (loops 2
and 3} initially increase as the core outlet temperature increases.
However, in this reactor the reactivity decreases with increased
coolant/moderator temperature so that the core power decreases and the
system stabilizes at a power level approximately 2/3 of the design power as
is shown in S-igure 6. Thus, the temperatures in loops 2 and 3 stabilize at
values less than the initial temperature.

3.2 i Xi'LRISYSTtML J U J S

A significant fraction of the effort needed to accomplish a successful
simulation of a physical system is associated with development of a system
model, preparation of code input, checkout of the model, and interpretation
of output. Experience with large thermal hydraulic simulation codes such
as RELAP5, TkAC, and ATHENA has shown that several years of experience are
required to become an expert user and that the development of a LWR system
model, for example, can require as much as a manyear. In addition, the
model synthesis stage is complicated by the massive amount of numerical
data that must be assembled in order to describe a system such as a LWR
nuclear power plant. Potentially these tasks can be simplified and the
required human resources reduced by use of expert systems as aids to the
modeling and code input preparation tasks. An added benefit of expert
systems is that they provide a means for preserving the human expertise
needed for effective use of the methods and for making this expertise
readily available to others. The feasibility of this approach is being
investigated in a research project sponsored by the Department of Energy
Office of Basic Energy Sciences. In this project experimental expert
systems have been developed for the modeling and input preparation
functions of the ATHENA code. The project scope also includes
consideration of expert systems for use in output interpretation and for
control of code execution.



-12-

The computer system that is being used for the expert system research
consists of a XEROX-1108 AI work station coupled to a Cyber-176 via a Local
Area Network (LAN). The expert systems reside on the XEROX-1108 while the
ATHENA code resides on the Cyber-176. Input, output, and control data are
communicated over the LAN. The Interlisp/LOOPS environment on the
XEROX-1108 is used vs the basic expert system building tool. This method
of coupling the symbolic and numerical environments was chosen only for
experimentation and would not be recommended for a production system.

3.2.1 Modeling Expert System. The modeling expert system assists the
user in developing an ATHENA model of a physical system. The system
provides an intelligent environment for the analyst to work in, assisting
in the high level planning and abstraction problems as well as the more
mundane aspects of modeling such as data entry and input card image
preparation. This expert system environment is the primary user interface
and the means of communication with the code.

The modeling process Involves use of a wide range of knowledge about
the system to be modeled and the specific modeling capabilities available
in the analysis code. The lowest level includes detailed Information about
the specific geometry and boundary conditions, while higher level knowledge
concerns the more general aspects of the physical domain and modeling
guidelines.

System Structure

The ATHENA modeling expert system has been built using an
object-oriented programming paradigm. Using this technique, information is
organized 1n terms of objects whose behavior is defined by classes (a kind
of template); a hierarchical structure permits specialized classes of
objects to "Inherit" information from more general categories.^ This
object/class mapping corresponds very naturally to the basic "building
blocks" provided by ATHENA. Figure 7 shows the Inheritance lattice for
objects in the ATHENA modeling expert system. The four primary component
types (hydraulics, heat structures, controls, and trips) are easily
recognized along with the substructure of each.

The object-oriented structure provides a mechanism for enabling
flexible use of knowledge. Objects "know" about themselves through their
class definitions; this knowledge is typically stored In small chunks that
can be used In a variety of ways. For example, knowledge about how to
obtain a value for a particular Input parameter and what restrictions apply
to the value of that parameter can be stored as data in the class
definition rather than in some input procedure. Thus, this knowledge is
available for use In a multiplicity of contexts rather than the limited
scope of a specific input processing routine.

The ATHENA modeling expert system has been developed to use a modular
approach, analogous to the approach used by experienced analysts, 1n
constructing an ATHENA model. The highest level modules address Issues
SJCh as modeling goals and general modeling guidelines and management of
the model development process Itself, while lower level modules are
concerned with the specifics of various ATHENA components.
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Component Modules

Most cf the research effort to date has been directed at defining the
base level input modules for the ATHENA components. Modules have been
developed for hydrodynamic systems and components (representing the fluid
flow in a system), heat structures (representing thermal energy flow via
convection and conduction), and control components (representing
information and logic flow in the system).

The hydrodynamic component module allows the analyst to set up a block
diagram of the system to be modeled. An experimental system diagram that
is being developed is illustrated in figure 8. The module uses the display
capabilities of the Interlisp/LOOPS environment on the XEROX 1108 AI work
station (this system diagram shown in Figure 8 is the basic user interface
by which a model is constructed). The user can select components from a
menu using a "mouse" and transfer them to the work sheet. The layout of
the system is controlled by the user. Once components are selected, the
user can interconnect them by simply "buttoning" on the function menu using
"add a link" and then "buttoning" on the two components to be connected.
Note that not only hydrodynamic components are selected and linked in this
manner, but hoai. structures and control components are also included.
Figure 8 illustrates a piping network that consists of several parallel
flow paths in which heat is transferred from heat structuras. The system
pressure is regulated using an open loop controller to regulate the out
flow by means of a motor valve. The graphic interface permits very easy
layout of the system structure and definition of the system topology. The
user is subsequently prompted for detailed dimensional data, material data,
etc.

The heat structure module assists the analyst in assembly of the
detailed data for heat structures that have been selected for the system
through the system interface as illustrated in Figure 8. The heat
structure module also utilizes a pictorial display for purposes of
inspecting geometric data. This process is illustrated in Figure 9 which
shows the placement of nodes for the heat conduction solver. The module
assists the analyst by embedding knowledge required to automate reasonable
modeling choices, such as node placement, while at the same time permitting
manual override of those system decisions if desired.

The controls and trips module provides the capability to model control
systems and monitor variables of Interest. The modules for handling
control and trip components represent the next higher level of abstraction
in the model, i.e., they concern the flow of information regarding the
state of Individual hydrodynamic and heat structure components. Sample
control components are Included in the experimental menu shown on Figure 8.

The capabilities provided by the base level modules are being used to
extend the system capability to manage more global modeling issues. The
objective is to be able to translate a set of relatively general modeling
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goals and guidelines (a high-level context) into the specifics of a working
model (the low-level context of hydraulics, heat structures, etc.). To
accomplish this, the system must also have knowledge about modeling
guidelines for application of the code to the physical domain of interest.

User Interface

The user interface for the modeling expert system is being developed
in a top down fashion to couple with the component modules. This work
involves human factors aspects of information display (such as illustrated
on Figure 8), data entry and editing, and task scheduling. Tradeoffs must
be made between providing as much information as possible to the analyst
without overloading the information content of the display.

The use of an intelligent environment itself tends to raise users'
expectations, especially with regard to convenience features that reduce
the burden of repetitive, time consuming, or error prone tasks. However,
real benefits accrue from incorporating such features in addition to
satisfying user expectations. Engineering units conversion is a good
example of such a feat... a. The ATHENA code requires that its input be in a
fixed set of either SI or British units; for example, lengths must be
specified in either meters or feet. The units conversion module permits
the analyst to select from a much broader set of units and performs the
necessary conversions "on the fly." The system also "learns" from the user
what units the user prefers to work In and adjusts its prompting
accordingly, thus Increasing the naturalness of the environment while still
permitting the analyst to retain control.

3.2.2 Output Analysis Expert System. Engineering analysis tasks that
are performed using computer codes typically generate several orders of
magnitude more numerical values than can reasonably be reviewed by a
human. Code output analysis is a natural application for expert systems
wherein the computer Itself can be used to survey calculated results for
Important trends anil behavior that should be brought to the attention of
the analyst. The motivation for such an application is two-fold. The
first 1s simply to bring significant features of the analysis to the
attention of the human user \n a more thorough and less costly manner in
terms of human labor. The second motivation is the use of such information
for the control of the engineering analysis task as it is being performed.
This second use involves added complexity and is discussed separately in
the next section.

The analyst surveys the results of calculations both to satisfy
himself that the results are reasonable and have no obvious errors, and to
obtain results for the engineering purpose that led to making the
calculation In the first place. Achievement of both of these objectives
could be enhanced by the use of expert systems to look at the results in a
more comprehensive manner than is possible manually. The expert system
could also be trained to look for correlations between events and
parameters of the calculations that would ordinarily be overlooked. Thus,
Improved insight to the calculated results could be obtained.
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3.2.3 Control of The Analysis Process. A logicsi extension to the use
oi an expert system for examining computed results, at least in the case of
abnormal .-c.ulis, 1-, the use of m i s information for control of the
numerical process so that any noriphysical result is eliminated. This
places a much more stringent restriction on the methods iince they must be
accomplished as the calculations progress, whereas post examination is
sufficient for output analysis. T i m part of the experiment will be
accomplished ;;y the sequential running of one or more tidie points with
ATHENA on the Cyber 176. These results will then be transmitted to the
XEROX 11 Ob vi:i the- LAN for analysis by the expert system. The control
commands for the next sequence of the AlHfNA calculations diso will be
transmitted back to the Cyber via the LAN. This mode of operation is
clearly i aip r a«. tica ' for production running of the code, but poses no
problems for !he experiment since the communication and expert system
analysis d H a y can be measured. Thus, extrapolaiion to operation on a
single host can be easily accomplished, at least as far as execution time
is concerned.

The potential benefits for the use of expert systems to control the
numerical process include: improved quality of the results by elimination
of numerical .inomalies that go undetected at present, reduction of the
elapsed time and the manpower costs associated with analysis where human
Intervention is required, and potentially faster running which could result
from simplification of the methods where possible and the elimination of
nonphysical perturbations or oscillation that are numerical in origin.

3.3 AJ1VANCjJ. _COMPJJ i F__R__HE THODS

The utility of system transient simulation methods is being enhanced
through the advances that are being made in the computing hardware. The
advances are in both the mainframe computers which have been the stalwart
of transient s Sir.:: lation methods, and in the newer super -mi r.i computers which
have grown in capability sufficiently to oiake feasible their use with large
simulation codes.

Ihe simulation advances using the mainframe computers are oriented to
Increased speed of computation in order to enable simulation in real time
or faster than rea] time. To this end, nonstandard FORTRAN 1s being
eliminated and the codes vectorized to take full advantage of the current
supercomputers such as the CRAY-IS and the Fujitsu vector computer.'9,20
Further advances in computational speed must take advantage of the parallel
processing capability of the next generation of machines now becoming
available, lhc-se include the Cray-XMP, the [TA computer, and the Floating
Point Systems computer. The primary effort to date on para 1 leiization of
the large simulation codes has emphasized the macrotask approach*1! which
can only efficiently use a relatively small number of parallel processors.
Newer machines such as the FPS computer utilize parallelization at the
microtask level which may permit effective utilization of a large number of
parallel processors. While the FPS approach holds promise, no actual
experience with the large simulation codes has been reported.
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The new generation of super-minicomputers promises to bring about
increased utility of system transient simulation by bringing computing
power approaching that of the present day mainframes to a dedicated
workstation. To most users this is the ultimate in simulation flexibility
and may result in better economics. Research in this area at the INEL is
being conducted using a MASSCOHP 5700 computer. The RELAP5/H0D2 code has
been converted to the HASSCOHP and future effort will be devoted to
conversion of the NPA to produce a user convenient stand-alone simulation
workstation. Results to date indicate that simulation speeds about
one-tenth that of the Cyber 176 are available now and by 1990 real time
simulation appears feasible.

4. CONCLUSION

Significant advances in system transient simulation capability are
being made by: adapting the LWR methods to a wider class of systems and
components, improving the useability and accessibility of the methods, and
by adapting the methods to the new generation of computing equipment. The
two-phase system simulation capability that has been developed for LWR
safety analysis has many other potential applications, two of which are
discussed in this paper, i.e., magnetic fusion systems and space reactors.

The research reported herein has shown that transient simulation
methods can be made much easier to apply and available to a wider class of
users by the development of expert systems that embody knowledge and past
experience. However, the development of expert systems Is not trivial and
a significant user base or other significant motivation is necessary to
justify the cost of development of such systems, which may be one tenth or
more of the cost to develop the basic analysis method itself.

The rapid advances in both size and speed of computing equipment are
making transient simulation capability more available. The use of
mainframe supercomputers is making it possible to use codes such as RELAP5,
TRAC, and ATHENA for real time or faster than real time simulation, while
the adaptation of such codes to the super-minicomputer Is producing a
dedicated work station concept that can be available to the individual
user. The directions in transient simulation research that are outlined In
this paper are by no means the only profitable research directions, but are
those that are emerging from the current research efforts at the INEL.
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ABSTRACT

Nuclear power plants are complex and highly interrelated systems. To
assess the response of such plants to anticipated transients, design basis
events, and beyond design basis conditions requires integral analysis codes.
Since the various processes controlling the reactor response are themselves
complex and interdependent, it is extremely important that both individual
models and their integrated response be compared to pertinent experimental
results. Only through such benchmarking and documentation of the results
can the user be given the necessary confidence level in the analytical model
as well as an appreciation of the uncertainties associated with the indi-
vidual models. Severe accident analysis codes are used as an example of how
development and benchmarking should be carried out and recorded to provide
the needed information for the user.

I. INTRODUCTION

The key to integral thermal-hydraulic codes is that they should ade-
quately represent the response of the reactor system. To this end, it is
essential that they represent the controlling physical processes for the
particular analysis of interest, whether it is normal plant behavior, design
basis calculations or an assessment of beyond design basis performance. If
a major physical process or system model is left out of the analysis, then
the conclusion drawn from the evaluation are at best qualitative, which may
be sufficient in some cases. On the other hand, burdening an integral
calculation with unnecessary detail is also undesirable in terms of both
computer execution time and focusing the attention on the controlling
process(es).

In essence, the limitation of an analysis is generally determined by
what is not included in the mathematical modeling as opposed to the level of
detail for a given model. Hand calculations are an effective means of
assessing whether a given process system should be included or should be
discarded as never contributing to the fundamental system response. Such
calculations should be part of the continuing documentation for the code
since they provide the basis for major decisions in the modeling and the
code structure. This paper provides some examples of modeling for control-
ling processes in both BWR and PWR systems, the need to benchmark both the
models and the system performance to demonstrate that the controlling
features have been included and the code documentation which is essential
reference material for the user.
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By virtue of the number of physical processes involved in the inte-
grated analyses, benchmarking exercises will include comparisons with
stand-alone experiments for the controlling phenomena, comparisons with
limited scope but more detailed analyses, small scale in-reactor integral
experiments and finally comparisons with TMI-2 observations. For all of
these, the uncertainties associated with individual phenomena should be
considered and represented as a major part of the benchmarking process. In
this regard, areas where only a very basic model is required, as opposed to
a sophisticated detailed model, should be clearly defined.

Before such an exercise is initiated, the philosophy of the benchmark-
ing exercise should be established to serve as continual guidance for (1)
what is necessary and (2) what is enough. In the following sections, a
philosophy for benchmarking severe accident codes is discussed, examples are
considered for the various types of benchmarking, how the exercise should be
done and how it should be used.

II. CONTROLLING PHYSICAL PROCESSES

Primary System Response

Accident sequences considered for both BWRs and PWRs arise from a
postulated complete and irreversible loss of all injection systems. As a
result, core water inventory is depleted due to steaming from decay heat
within the core and eventually the cladding is overheated in the steam en-
vironment and begins to oxidize. A major element of the core degradation
process involves the potential for sustaining hydrogen evolution as the core
geometry changes. These changes are due to clad ballooning, rupture and
subsequently melting of the cladding material and liquification of the
uranium dioxide fuel pellets. Geometry changes resulting from clad bal-
looning and rupture have been reasonably characterized through extensive
studies on design basis accidents [1,2]. While these influence the hydrogen
generation rate to some degree by reducing the flow and increasing the
surface area for clad oxidation, their influence is secondary compared to
that caused by melting and slumping of the core debris. Considering the
axial temperature differences developed in the core as a result of loss of
water inventory, the power profile within the core and clad oxidation, the
molten material would quickly drain into regions where freezing could be
quite rapid. With melting rates of the order 1 cm/sec, the material would
be calculated to freeze on cold cladding within a very short distance.
Consequently, molten clad melting and liquified fuel would drain downward
and freeze on colder surfaces. These colder surfaces are those which would
be available for oxidation if flow geometry changes were not effected. This
then provides for a controlling physical process on the rate of hydrogen
evolution that could occur during severe core damage events.

Core deformation limits the ability to rapidly oxidize materials within
the core region once substantial core debris has slumped into the lower
plenum thereby providing comparatively large steaming rates within the
primary system to alleviate a pre-existing steam starvation limitation.
Blockages have been observed in the Severe Fuel Damage tests [3,4,5] and
also a substantial blockage has been encountered in the TMI-2 core examina-
tion [6]. Thus, the formation of such blockages is in agreement with the
direct observations from in-reactor experiments and TMI experience and the
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hydrogen generation when steam is provided to such highly distorted config-
urations would be greatly reduced, but not eliminated. This has a direct
bearing on the energy production within the core region and also on the
hydrogen evolution rate that could be supplied to the containment during
such accidents.

With the segmented core configuration used in the BWR designs, the
influence of core deformation would be anticipated to be more dramatic than
for a PWR system. Substantial deformation within a BWR fuel assembly would
tend to eliminate steaming within the entire assembly as a practical matter,
whereas the open lattice PWR core would allow steam generation and circula-
tion within the intact configurations below the blockage. However, in both
cases, the evolution rate is dramatically reduced as a result of in-core
limitations when core slumping occurs. Benchmarking of MAAP with the TMI-2
[7,8] results are in good agreement with this conclusion.

Core Cool ability

Degradation of the core geometry by slumping and refreezing of the
material lower in the fuel assemblies results in a degradation of the core
cooling if water is added to the core later in time, as was the case in the
TMI-2 accident [9]. With an intact geometry, the core cooling rate is only
limited by the hydrodynamic stability of the steam-water mixture as it ex-
tracts the energy from overheated fuel rods. However, for the core config-
uration following melting, liquifaction, slumping and refreezing of the core
materials, crust formation at the fuel-water boundary would limit the
cooling rate of the debris within the original core boundaries. The TMI-2
accident demonstrates many of these characteristics since substantial
quantities of water were available to the core following the "B-loop pump
start" at 2.9 hours, ESF injection by the HPI systems at 3.33 hours and also
draining of the pressurizer resulting from steam condensation caused by the
HPI injection. All of these provided water to the downcomer region sur-
rounding the core and also around the core itself. However, the specific
core configuration had insufficient cooling capability to remove decay heat
until the geometry was changed by slumping of core material into the lower
plenum at about 3.75 hours into the accident. Through this change of core
geometry, the surface area available for energy transfer to the water, to
effect permanently coolability, was increased. Consequently, while the
changing core configuration has a dramatic effect o.i reducing the potential
for sustained hydrogen generation rates, it also substantially reduces the
rate of in-vessel cooling which could be achieved. Thus, the distortion of
the core is a controlling feature for both the accident progression and
recovery from a severe core damage state.

Controlling Processes for Fission Product Transport Within the Primary
System

The release of fission products from the fuel is governed by the fuel
temperature and has been correlated in Ref. [10] for the noble gas and
volatile species. Given the rate of temperature rise within the core region
as a result of decay heat and reaction heat from Zircaloy oxidation, the
release rate of volatile fission products and the inert materials from the
Zircaloy fuel cladding (BWRs and PWRs) and fuel cans (BWRs) would result in
a dense aerosol cloud emanating from the top of the core. Typical
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calculated values for the, airborne concentration in the upper plenum would
be from IOC to 1,000 g/m . With this airborne density, particle agglomera-
tion would be rapid and the deposition through sedimentation and other
mechanisms is calculated to be nearly complete by all the codes for a major
fraction of the accident initiators considered. Consequently, primary
system deposition is another controlling feature for fission product behav-
ior after being released from the fuel.

As a result of this deposition, the long term behavior of the fission
products are not so strongly dependent upon their deposition mechanisms as
their potential for being re-evolved through revaporization. This process
is generally governed by evaporation of liquids into flowing gases. Within
the primary system, this can be divided into time intervals, (1) prior to
reactor vessel failure and (2) that which follows. For the first interval,
there is little time available for such processes to occur and the heat
sinks represented by the structural materials in the primary system are
generally sufficiently massive to prevent substantial vapor pressures of de-
posited fission products. However, after reactor vessel failure, natural
circulation of gases through the primary system would be substantial leading
to a relatively uniform disposition of fission products and long term
heating of the primary system structures. In addition, the heat losses from
the primary system are also substantial and have a significant effect on the
surface temperatures, and hence, the revaporization process. Also, circula-
tory flows can exist between the primary system and containment and these
can transport fission products into the containment atmosphere. Therefore,
the energy transfer between the primary system, the containment and the
circulating gases within the primary system are the controlling mechanisms
for re-evolving and transporting fission products that were deposited
earlier in the accident.

It is essential that integrated system models characterize these pheno-
mena since primary system retention is a very important aspect of both BWR
and PWR primary system response to severe accidents. Retention of these
materials within the primary system structures could be permanent for many
systems and sequences. For those sequences where long term re-evolution
could occur, such initial deposition provides a substantial time interval
for operator actions that could ensure permanent retention on the primary
system structures or dissolution in the water used to cool the core debris.

Operator Actions

In general, the initiators for the severe accidents considered in both
BWR and PWR analyses cause an irreversible loss of all water injection to
the reactor core. This may arise as a result of a postulated station
blackout, operator error in the case of failure to switch from injection to
recirculation for PWR systems, etc. Also, the sequences are generally
evaluated with only minor operator actions considered which could arrest or
mitigate the accident progression. Experience in precursors to severe
accidents [11,12] as well as accidents themselves [9,13] demonstrate that
numerous operator actions are taken which could greatly influence the
accident progression. In general, these actions are sufficient to prevent
core damage as demonstrated by those taken during the Browns Ferry and
Crystal River incidents. During the TMI-2 accident, some operator actions,
such as shutting off the high pressure injection, led to a depletion of
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water inventory within the primary system and thus core uncovery. Such
experience clearly demonstrates that operator actions should be included in
the assessment of the potential for having a severe core damage accident.
They also clearly demonstrate that operator actions should also be con-
sidered v/hen assessing the potential for recovering from a damaged state, as
well as for mitigating the consequences of such an accident by providing for
permanent retention of fission products within the primary system or con-
tainment.

Table 1 illustrates some of the major operator actions that must be
considered for a TMI-2 benchmark calculation. As demonstrated by this
table, numerous operator actions are executed as opposed to a minimal set as
mentioned above. Some of these led to loss of water inventory within the
core, but many led to recovery of the core debris and permanent retention of
thp debris within the primary system. The IDCOR containment analyses for

2ference plants (Grand Gulf [14], Peach Bottom [15], Sequoyah [16] and
Zion [17]) include representations of key operator actions at varying points
in the variety of accidents considered in the analyses. As demonstrated by
analyses, these operator actions are most influential on the overall acci-
dent progression and substantial time is available for such actions to be
taken. Thus, operator actions are another controlling feature of severe
accidents and should be given far more attention in future analyses.

Containment Response

With the widely varying containment designs between pressure suppres-
sion containments and large dry systems, the controlling physical processes
for the system response can differ substantially as can the emergency
procedures that are recommended for various systems. However, some elements
are applicable to several of the different containment designs and are an
important part of the response of the systems during accident conditions.

Debris Cool ability

Water availability to debris can provide for quenching of the material
and an increased steam mass in the containment gas space. Quenching can be
influenced by the debris dispersal from the reactor cavity or pedestal
regions into other containment regions. While this can have some influence
on the containment response, analyses of the IDCOR reference plants have
shown this to not be a controlling feature.

The controlling process in determining the debris coolability is the
state of debris which is thermally attacking the concrete and also covered
by water. Current IDCOR assessments are that the gases evolved by thermal
attack of the concrete over a large area such as reactor cavity, pedestal or
the containment floor would provide for breakup of the overlying core
debris. Consequently, with an overlying water pool, breakup of material
into sizes of millimeters, centimeters or tens of centimeters would provide
for an ultimately cool able configuration. This has not been tested with
core materials in a configuration of sufficient size to promote such break-
up, i.e. over an area of 1 m diameter or greater. Since this does provide
for a controlling process associated with ultimate debris coolability, it
should be tested with real materials on a significant scale. For such
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Table 1

OPERATOR ACTIONS MODELED IN TMI-2 BENCHMARKING

Operator Action Modeled

Reduce HPI

Resume Letdown
Letdown Isolate
Initiate AFW

Resume Letdown
Fan Coolers in Emergency Mode
Open Steam Dumps

Idle B-Loop RCS Pump
Increase Flow to B-Loop S/G
Shut Off Feedwater to A-Loop S/G

Realign AFW to A-Loop S/G
Idle A-Loop RCS Pumps
Shut B-Loop Steam Dumps

Secure Feedwater to B-Loop S/G

Initiate Bang-Bang Controlled AFW in A-Loop S/G
Close the Block Valve

Restore AFW to B-Loop S/G
Letdown Flow Initiated
Start B-Loop Main Coolant Pump

Open B-Loop S/G PORV
Close B-Loop S/G PORV
All Feedwater Off

Open Block Valve
Close Block Valve
Initiate ESF HPI

Resume AFW

Trip Makeup Pump 1C
Open Block Valve
Letdown Flow Stopped

Time

4 min. 38 sec.

4 min. 58 sec.
6 min. 54 sec.
8 min. 18 sec.

9 min. 23 sec.
30 min.
60 min.

1.13 hr.
1.15 hr.
1.4 hr.

1.6 hr.
1.67 hr.
1.7 hr.

1.7 hr.

1.83 hr.
2.37 hr.

2.55 hr.
2.66 hr.
2.9 hr.

2.92 hr.

3.0 hr.
3.05 hr.

3.2 hr.

3.28 hr.
3.32 hr.

3.58 hr.

3.62 hr.
3.67 hr.
3.92 hr.
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tests, it is not necessary to represent internal heat generation; only the
scale is of major importance.

Another controlling aspect of water covering debris which is attacking
concrete is that this water pool would scrub the fission products released
from the debris as part of the core-concrete thermal attack. Analyses and
experiments have demonstrated that the scrubbing potential of fission
products is a function of the pool depth. For the BWR Mark II containments,
this scrubbing is a direct result of the system configuration. Therefore,
this also is a controlling physical process for configurations or accident
scenarios where a substantial water cover is available.

Heat Transfer Path

To establish permanent retention of core debris within the containment,
debris must be coolable (usually covered by water) and a heat transfer path
must be established to remove decay heat from the containment. Depending
upon the containment design, this can be established in many ways including:
(1) containment sprays recirculated through RHR heat exchangers, (2) primary
system injection with recirculation through these heat exchangers, (3) steam
condensation in fan coolers with the condensate draining back to the debris,
and (4) core debris draining into a water pool directly cooled by the RHR
system. Since the establishment of a coolable debris configuration and a
sufficient heat transport path will protect containment integrity, this is
most certainly a controlling physical process.

Core-Concrete Thermal Attack

The temperatures associated with the core-concrete thermal attack have
a significant influence on the rate of core debris attack of the surrounding
concrete structures. However, if the debris is initially released from the
primary system at an elevated temperature, the endothermic reactions re-
quired for attacking the concrete quickly extract this energy from the core
material such that its temperature approaches that required to remain in a
molten state. The rate at which the core debris temperature decreases is
also a function of the level of oxidation occurring within the melt where
unreacted metallic constituents could oxidize as a result of gases (prin-
cipally steam and carbon dioxide) released from the concrete.

Assuming the debris layer is sufficiently thin that it cannot relieve
its decay heat by conduction alone (approximately 0.1 m ) , in the long term,
the debris temperature must decrease to a level that is sufficient to
maintain it in a molten state. In this state, the rate of the concrete
attack is determined by the internal energy generation (decay heat plus
reaction heats) and the upward heat losses to the containment atmosphere.
This causes the central debris temperature to remain close to the molten
state which is necessary to alleviate the internal energy generation. As
steam and carbon dioxide are driven from the concrete, these gases can
bubble through the pool, react with unreacted metallic constituents to form
hydrogen and carbon monoxide and can also strip fission products from the
pool and transport these to the containment atmosphere where they can be
aerosolized. The stripping process is a function of the gas flow rate
through the pool and the effective vapor pressures of the constituents such
as strontium, barium, lanthanum, etc. as determined by their dominant
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chemical forms in the corium-concrete mixture. Since this is a vapor
pressure related process, the temperatures of the core debris have a sub-
stantial influence on the rate at which these materials are released.
Therefore, for those sequences in which the core debris is not quenched or
covered by a water pool, the corium-concrete reaction over a long term is a
dominant physical process that controls the rates of releases for the
non-volatile fission products.

Hydrogen Combustior

As demonstrated by the TMI-2 accident, hydrogen generation, its release
to the containment and combustion in the containment are all issues to be
addressed as part of severe core damage analyses. As stated earlier,
in-vessel hydrogen generation is limited by considerations of steam starva-
tion and the core configuration, i.e. intact fuel rods with extensive
surface area or slumped and refrozen debris with little exposed area for the
unreacted metal. Release of hydrogen to the containment is determined by
the size and location of the initial release path (large LOCA, small LOCA or
safety relief valves). The distribution of hydrogen within the containment
atmosphere and the combustion of the gases depend upon the circulatory flews
within the containment which can either be forced circulation, as in the
case of the ice condenser or the fan coolers incorporated in many large dry
containments, or buoyancy driven flows created by temperature differences
between or within compartments. These flows determine the distribution of
hydrogen and other combustible gases within the containment atmosphere and
also continually supply hydrogen to the intentional ignition sources (ig-
niters) used in the ice condenser and Mark III containment designs. Conse-
quently, in assessing the combustion of hydrogen and potentially carbon
monoxide in the containment atmosphere, it is essential that the circulatory
flows be modeled since their influence on the containment response is
substantial. Two specific examples are given below.

Igniter Performance

The design basis for ice condenser and Mark III containment designs
includes numerous igniters to prevent hydrogen accumulation to levels
typical of either global deflagrations or detonations. These igniters are
located throughout the containment such that hydrogen released through any
part of the primary system would be exposed to an ignition source. Experi-
ments with these devices have demonstrated that they begin ignition at ap-
proximately 5% hydrogen volume fraction in dry air and can consume hydrogen
at a rate equal to or greater than the generation rate for either in-vessel
hydrogen production or that created by core-concrete thermal attack.

As a result, the controlling physical process is circulation within the
containment to bring hydrogen in close proximity to the ignition devices.
Thus a meaningful description of the containment response must include a
representation of the igniter performance, the number of igniters in the
containment and their location. Lastly, the description must include a
representation of the circulatory flows created by either the forced flow
conditions or the density driven flows which would be created in these large
volume structures.
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Hydrogen Consumption in the Near Vicinity of Core Debris

Hydrogen consumption as a result of circuTatory ffows passing a hydro-
gen-oxygen mixture (or carbon monoxide and oxygen) over the top of high
temperature core debris is an issue closely related to the performance of
intentional efficient devices. Temperatures in the near vicinity of core
material undergoing core-concrete thermal attack are generally well in
excess of the hydrogen and carbon monoxide autoignition temperatures. As a
result, circulatory flows within the containment that would bring the
combustible gas mixtures and oxygen into these temperature fields would
likely result in recombination of the gases into water vapor and carbon
dioxide. Since most containment configurations are open to such flows,
modeling representations of the containmert building must include this
important feature in assessing the potential for hydrogen accumulation and
consumption within the containment atmosphere- Failure to include such
features would clearly bias the calculated response of the containment
atmosphere to one favoring hydrogen accumulation and unrealistically high
hydrogen concentrations in individual compartments.

For the two examples given above, the circulatory flows within the
containment and the assessment of the combustible gas reactions in the pres-
ence of these flows and the ignition capabilities is a controlling process
in the assessment of hydrogen accumulation within a containment. Uncer-
tainty analyses have been carried out with the MAAP codes to determine th-2
influence of uncertainties in the circulatory flows as well as the ignition
capabilities of the combustible gases. These analyses demonstrate that the
Inclusion of circulatory flows within the model have a major influence on
the overall containment response and that uncertainties associated with the
magnitude of the circulation, such as entrance losses, effective drag of
structures immersed in the flow, etc., have virtually no influence on the
containment response. In essence, the response is determined far more by
the fact that circulatory flows can exist than by their absolute magnitude.

Control}ing Processes for Fission Product Transport

Fission products released from the primary system, prior to or after
reactor vessel failure, can be deposited within the containment through a
number of mechanisms. These include aerosol sedimentation, inertial im-
pingement of aerosols, steam condensation, containment sprays, fan coolers
and scrubbing of aerosols and gases in water pools. Depending upon the
containment design, one or more of these can be very influential in prevent-
ing or mitigating the fission product releases to the environment.

Large dry containments, by virtue of the long time required to reach
the failure pressure, have long holdup times which allow for substantial
sedimentation of aerosols as well as removal by steam condensation on
structural heat sinks. In addition, the open configuration of these con-
tainments will promote large scale circulation between containment compart-
ments causing aerosol removal by inertial impingement on small structures
such as steel grating. However, the most effective containment fission
product removal is the activation of containment sprays or fan coolers.
These establish containment heat removal, thereby assuring containment
Integrity and a rapid depletion of airborne fission products.
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Ice condenser containments respond much like large dry systems eyxept
the pressure suppression feature also aids in fission product removal
through steam condensation and impingement. Also, the combination of melted
ice and RWST water can create a deep pool to scrub aerosols and vapors
bubbled throuqh the water. Like the large dry designs, activation of
containment sprays and recirculation throuqh the spray heat exchangers is
the most influential removal process and can protect containment integrity.

BWR Hark I designs can scrub the fission products in the suppression
pool, particularly if wetwell venting has been initiated. In addition,
airborne fission products can be stripped from the containment atmosphere
through the use of drywell sprays, which can also be used to establish a
heat transport path between the debris and the heat removal capabilities in
the suppression pool. Also, the secondary containment building of a Park I
system provides another large volume where substantial fission product
deposition could occur.

The unique design configuration of the BWR Mark II containment provides
the pressure suppression and drywell spray fission product removal capabili-
ties of the Mark I designs as well as an additional feature which leads tD
long term debris coolability. Core debris released from the primary system
can drain into the pressure suppression pool, be quenched by the water and
maintain lonq term coolability as well as establish the heat transport path
with the heat removal capabilities in the suppression pool. Therefore, this
provides a major controlling feature for the fission product retention in
these designs. Also, like the Mark f, the Mark II designs have secondary
containment buildings surrounding the primary containment. These would
provide for additional removal of aerosol materials.

The configuration of a BWR Mark III containmont assures that the
suppression pool is in the flow path of fission products released from the
priu^ry system. Consequently, the suppression pool provides for effective
scrubbing of the fission product aerosols and vapors as they are transported
from the drywell to the containment wetwell.

As discussed above, the controlling process(es) are dependent upon the
specific containment design. In all cases, the influence of operator
actions can be very beneficial in providing for a termination of the acci-
dent sequence and additional mitigation of the releases to the environment.
Hence, while the passive features of each containment configuration is
extremely important and can indeed remove most of the volatile and non-
volatile fission products from the containment atmosphere, the potential
operator actions that could be taken during such accidents are of equal or
greater importance.

Operator Actions

As discussed above, the principal physical processes determining the
containment response during severe accidents are the coolability of debris,
the establishment of a heat transport path, core-concrete thermal attack,
the potential for hydrogen combustion and the removal of fission product
vapors and aerosols. Individual issues have associated uncertainties which
have been considered throuqh various approaches including separate effects
analyses, intewated system analyses, separate effects experiments, etc.
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However, the major uncertainty in the containment response lies in the
assessment of operator actions which could be taken. In general, for
accidents which have occurred such as FERMI-1 and TMI-2, as well as precur-
sor events which have been adequately hand7 i to prevent core damage,
numerous operator actions have been carried - .̂ As discussed in the IDCOR
report on operator response [18], actions to be taken to protect the core
are also those which could be taken at a later time to protect containment
integrity. In addition, these operator actions also have a substantial
influence on the uncertainties associated with releases to the environment.
Table 2 summarizes several processes considered in the containment response,
their influence on sourer terms, simple operator actions and the influence
that these actions wo:1^ have on source terms. As illustrated, all of these
issues are greatly nfluenced by the simplest of operator actions and all in
the same direction, i.e. an elimination or a dramatic reduction of releases
to the environment. Consequently, operator actions are also a controlling
process fr~ the containment response during postulated severe accidents and
should be considered heavily in all such analyses.

Lastly, a controlling process that is generally understated in inte-
grated system analyses is that of operator actions taken to protect the
primary system and the containment. As discussed, relatively simple opera-
tor actions have a dramatic influence on both the primary system and the
containment response. In fact, the influences of operator actions can not
only protect the primary system and the containment but also reduce the
influences of uncertainties in the modeling process to a negligible level.
Operator actions are included in the assessment of core damage frequencies
carried out in Level 1 or full scope probabilistic risk assessments.
However, the potential for the operator limiting the extent of core damage
or protecting the containment integrity have not been treated in detail.
Considerations of the basic processes that the operator could exercise
demonstrate that, while there are positive and negative actions that could
be taken by the operator prior to uncovering of the reactor core and the
initiation of core damage, the actions taken by an operator after core
damage can do little to create large increases in reactor source terms but
large decreases can be effected by relatively simple actions.

III. BENCHMARKING

Governing Philosophy for Benchmarking Exercises

The underlying philosophy of the benchmarking exercise should be to
test and document the basic issue for which the integral analysis model was
developed. For severe accident evaluations, the basic issue addressed is
the release of fission products to the environment. While others are
interesting and necessary to investigate, they are secondary to the funda-
mental purpose of the code and only become of interest as they influence the
principal issue. A key question is whether all influential (first order)
processes have been included in the system model.

Given the basic purpose, the fundamental processes effecting fission
product environmental releases are (1) release from the fuel matrix, (2)
fission product transport and deposition, and (3) re-evolution. It is
essential that benchmarking exercises be developed to specifically test the
models employed in the analysis for each of these three areas.
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Table 2

INFLUENCE OF OPERATOR ACTIONS ON MODELING UNCERTAINTIES

Process/Uncerta i nty Influence on Source Terms Operator Action Influence on Source Terms

Direct Containment
Heating

Interfacing Systems
LOCA

Fission Product
Chemical Form

Core-Concrete
Interaction

Containment Failure
Mode

Te Release

Low Volatility
Fission Products

Postulated to cause early
containment failure. RCS
retention decreases sen-
sitivity to this issue.

Bypass of containment.

Some potential for small
increases but larger po-
tential for large
decreases.

Significant reductions
from NRC calculated re-
leases for La, etc.

Possibly some increase in
source terms for larger
failure sizes. Retention
in RCS reduces this
sensitivity.

Early release from core
tend to decrease source
term, late release tends
to increase source term.

Releases durinq core
heatup would tend to de-
crease source term. Re-
leases during core con-
concrete interaction tend
to increase source term.

Containment spray
activation.

Long accident times
give time to ensure
water addition to RCS.

Water added to RCS or
containment sprays.

Cover the debris with
water using containment
sprays.

Containment spray acti-
vation or fan cooler
operation.

Cover core debris with
water using containment
sprays.

Cover core debris with
water using containment
sprays.

Large potential to de-
crease source term by
eliminating potential for
direct heating.

Large decrease by elimi-
nating core damage

Dramatically reduce the
sensitivity to chemical
form and reduce source
term.

Scrubbing of fission
products in water dra-
matically reduces both
sensitivity to chemical
form and the source term.

Low temperatures and
water in the containment
would substantially re-
due the sensitivity to
this issue.

Scrubbing of fission
products in water greatly
reduces source term.

Scrubbing of fission
products in water greatly
reduces source term.
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Uncertainties associated with the modeling should be determined and included
in the integrated code such that their role in the decision making can be
easily evaluated. It is sufficient to develop uncertainty bands for
individual processes based upon a comparison between the model(s) and the
spectrum of experimental results reported in the literature. Also, it is
essential that the documentation for the code reflect both the comparisons
and the uncertainty bands.

Once the issues directly effecting fission product release have been
defined, one must delineate those areas in which additional processes influ-
ence these three issues. Specifically, fission product release from the
fuel matrix has been considered extensively in both out-of-reactor tests as
well as in-reactor experiments [4,5,19]. These demonstrate that the re-
leases from the fuel matrix are considered to be reasonably well understood
in terms of both the fundamental mechanisms and model descriptions for these
processes. Also, sizable uncertainties can be tolerated for this process in
the integral analysis. The issues of fission product transport and deposi-
tion are again well understood since normal convective flows govern the
transport and the deposition processes are direct vapor condensation and
well characterized aerosol deposition mechanisms [20]. Processes whereby
deposited fission products could be re-evolved are a key element of the
overall code performance and must be both considered and benchmarked where
such information is available.

In general, processes for re-evolution can be characterized as mechan-
ical, chemical and thermal effects. Mechanical effects would be the forces
acting on deposited fission products, during the depressurization following
primary system or containment failure. For this mechanism, basic experi-
ments have been performed to demonstrate that sufficient forces do not exist
to resuspend deposited materials [21]. Chemical reactions which can change
the dominant chemical species, and in particular the dominant physical state
of the radioactive elements, must be considered, and when such reactions are
demonstrated experimentally, included in the integral system description.
Lastly, the influences of re-evolution of fission products due to revapori-
zation must be part of an integrated system analyses since fission products
produce a considerable amount of local heating and can be potentially
re-evolved into flowing gaseous streams. Fundamental experiments [22] have
been performed to illustrate the potential for such revaporization. Hence,
these must b° part of any code benchmarking effort since they can have a
first order influence on the ultimate fission product distribution and
release to the environment.

HOW SHOULD IT BE DONE?

Types of Benchmarking Exercises

Code benchmarking can be divided into several types of comparisons.

• Small scale tests for a specific phenomena,

• large scale tests of individual phenomena,

• comparisons with other analyses.
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9 limited scale integral tests,

• large scale integral tests and

• industrial experience.

Such extensive comparisons are necessary to illustrate the performance of
individual models and to provide confidence in the integrated results for
code useir, In addition, system oriented codes generally sacrifice some
model sophistication to achieve (1) a description of general system perform-
ance, (2) the ability to treat a multitude of sequence variations, and (3)
tolerable execution times. Also, benchmarking of the simplified models
should be used to evaluate the uncertainties associated with such models.
These exercises should be coupled with sensitivity analyses using the
integrated code to ascertain the level of model sophistication necessary in
the decision process. Given all the above, the first question that arises
is how should such benchmarking be created for severe accident modeling and
how should it be documented.

How Should the Exercise be Documented?

Once the consideration of the basic processes controlling fission
product release, deposition and re-evolution have been carried out other
fundamental processes can be benchmarked against small scale and large scale
experiments. These comparisons are generally necessary before integral
experiments can be evaluated for their fission product behavior. Table 3
lists the major physical processes considered in the development of the
IDCOR BWR and PWR MAAP codes. As illustrated, these vary from basic phe-
nomenological descriptions, such as aerosol transport and deposition, to
specific item or component assessments like reflective insulation or fan
cooler performance. Since each of these has an influence on issues related
to core degradation, primary system failure, containment response and
ultimately containment failure, these can also affect the fission product
releases to the environment. To provide an effective benchmarking exercise,
a complete description of the simplified models along with comparisons with
pertinent data should be documented in the open literature and the essential
features of the various models should be described in the code documenta-
tion. The former provides the necessary scientific peer review recommended
by the American Physical Society Study [23]. The latter provides a conve-
nient, central location for a code user to examine the data base used to
benchmark a given model and also provides a convenient reference for dis-
playing the uncertainties associated with a given formulation. While the
documentation in the code user's manual does not need to be as extensive as
that provided in supportive reports or open literature articles, it should
include these as references along with sufficient comparisons to illustrate
the major model characteristics. With this the user can (1) obtain the
necessary level of confidence in the modeling formulation, (2) understand
the potential model limitations, (3) understand the level of uncertainties
that should be subscribed to the modeling formulation, and (4) have a
pertinent list of references that can be used for further scrutiny of a
given model.
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Accuracy Required for the Individual Models

The accuracy requirements for the benchmarks listed in Table 3 can
differ substantially. For example, since the deposition of fission products
within the primary system and the containment is greatly dependent upon the
modeling of aerosol behavior, the benchmarks necessary for validating such
models are extensive and reasonable accuracy is required in such a control-
ling process. As a result, the fundamental model for aerosol agglomeration
and deposition was compared with other detailed aerosol models reported in
the literature and the correlations which resulted from the extensive
numerical calculations have been compared to a variety of experiments with
different materials, scales and deposition mechanisms. These comparisons
have demonstrated that the fundamental description of aerosol agglomeration
and deposition is in agreement with experimental results and that the
resulting correlations for the respective asymptotes of a steady-state
aerosol distribution or a decaying aerosol are sufficient for their indi-
vidual conditions and can be used to represent a system in which varying
aerosol sources are available at different times throughout the interval of
interest.

In contrast, the igniter model used in the MAAP codes for intentional
ignition of combustible gases is a simplified representation of more de-
tailed approaches published in the literature [24]. This model is based
upon the observation that intentional ignition occurs at a hydrogen molar
concentration of about five percent in dry air and that the rate of burning
(burning velocity) increases as the hydrogen concentration increases. The
simplified model used in MAAP was formulated with a variable coefficient to
represent the mechanical interaction with the surrounding unburned gases
(drag coefficient) and comparisons with experimental results show that this
value is between 1 and 10. A smaller value represents a reduced burning
efficiency and tends to promote more hydrogen concentration in the atmos-
phere. However, sensitivity analyses carried out during the IDCOR Program
for containments equipped with igniters (ice condensers and Mark Ill's)
demonstrated that drag coefficients reduced to 10 resulted in virtually no
change in containment response. In essence, there were sufficient igniters
available (̂  100) to consume the hydrogen at the rate that it was calculated
to evolve resulting in no substantial difference in the containment perfor-
mance. Thus, the fundamental consideration is that individual igniters and
local burning are modeled and the details of the local burning process
itself are of little interest for evaluating the long term containment
behavior in the presence of a continual hydrogen evolution.

Similar considerations are applicable to the issue of debris fragmenta-
tion since this issue is only of concern for assessments of debris cool-
ability and additional Zircaloy reaction as molten core debris flows into
water during the accident progression. Questions of debris coolability and
additional oxidation both require that the debris sizes should be smaller
than 1 mm in diameter. However, models for debris fragmentation during the
quenching of molten material in water, as well as the range of experimental
results and the observations of TMI-2 lower plenum, illustrate that fragment
sizes controlled by hydrodynamically related processes result in debris
sizes of many millimeters up to 10 cm in diameter. For such sizes, neither
the coolability of debris nor additional hydrogen evolution would be in
question. Consequently, the accuracy expected from system oriented models
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in this area would be much less than that required for the key processes
related to fission product transport and deposition, i.e. the aerosol
models.

Another model wherein significant benchmarking is desirable is fission
product revaporization as a result of internal heat generation and circulat-
ing gases within the primary system and containment. Not only are these
models important in determining the long term fission product distribution
for severe accidents, but the models must be consistently used in all
regions where fission products could accumulate, i.e. primary system and
containment. In general, the basic physical processes of evaporation into a
flowing gas stream are well defined in the normal chemical and heat transfer
literature. Their application to reactor accident conditions only needs to
be benchmarked for the high temperature behavior of fluids such as cesium
iodide, cesium hydroxide and tellurium. Here again, experience shows that
the details of such circulation are not particularly influential. The key
issue is whether such processes are included in the code. As discussed
previously, fundamental experiments have been performed at Argonne National
Laboratory and these form the basis for the benchmarking exercises performed
to date on the models in the MAAP codes. However, before such models can be
adequately incorporated into the integrated system analyses, a description
must be available for natural circulation flows both within the primary
system and the containment as well as between the primary system and con-
tainment. Without these flow paths, the circulation potential and the
resulting revaporization would not be adequately characterized.

As illustrated by this brief discussion of a few modeling approaches
used in the system oriented codes, some physical processes must be con-
sidered in substantial detail and others only require a rudimentary repre-
sentation of the physical process. It is important that the benchmark
calculations performed for each of these approaches are in keeping with the
level of importance of the individual phenomena within the integrated
calculations. This, of course, is where the underlying philosophy helps to
maintain the proper level of benchmarking.

Comparisons With Integral Experiments and Experience

To insure that the important system oriented behaviors are included in
the integral analysis, it is essential that the entire system performance be
analyzed in the benchmarking effort. For example, the TMI-2 accident record
has been well documented [9,25] in terms of the normal plant data as well as
the results from the reactimeter response. Examination of the system
performance during early phases of the accident demonstrate the close
coupling between the secondary and primary systems. Therefore, to analyze
the overall response of this particular PWR design, it is necessary to have
a realistic representation of the secondary side performance and its rela-
tionship with the primary system pressure, water levels, reflux cooling to
the core, etc. Without including these dependencies, the results of the
"integral analysis" cannot be trusted for small changes in the accident
scenario. As a result, the benchmarking exercise for such integral system
responses should be used to analyze both the global influences of the
calculation (time to core uncovery, hydrogen evolved as a result of core
overheating, etc.) and the overall systems interaction given the accident
scenario.
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A case in point for the TMI-2 accident modeling is the comparison with
the core behavior during the initial clad overheating, clad oxidation and
fission product release between 112 and 174 minutes into the accident. If
an integral analysis is benchmarked against the TMI-2 behavior by stripping
out the core model and imposing the measured primary system pressure and
injection flows as boundary conditions, the integral model has not been
benchmarked against the accident scenario and in fact, fundamental informa-
tion in the measured system response would generally be overlooked. Spe-
cifically, as shown in Figure 1, the primary system pressure during this
time interval decreases from approximately 5.5 MPa (800 psi) to 4 MPa (600
psi) and then repressurizes to about 9 MPa (1300 psi) before the "B-loop"
pump start is initiated at 174 minutes. This pressure response is influ-
enced by the detailed core response and also by the A-loop and B-loop steam
generators and the closing of the block valve on the pressurizer at about
140 minutes. The magnitude and the shape of the pressure history as well as
the other primary system responses (pressurizer level, cold leg tempera-
tures, hot leg temperatures, etc.) provide substantial insight into the
behavior within the core. As pointed out in Ref. [10], the difference in
the primary system response for two different auxiliary feedwater transients
in the steam generators at slightly different times provides direct insight
into the time at which significant hydrogen evolved and even an estimate of
how much was produced early in the core heatup. Without modeling the entire
system response, this information is lost and the insights gained from the
benchmark activity for the core response is substantially diminished.

Comparisons to large scale system responses like TMI-2 require a
careful assessment of the sequence definition. In particular the large
number of operator actions related to injection flows, auxiliary feedwatei
flows, primary system pumps, opening and closing of the block valve, etc.,
necessitate a very careful and complete specification of the sequence. The
documentation for the exercise must include a complete list of the operator
actions represented, how they were modeled and what information was used to
represent the action in the code calculation. For example, how were the
auxiliary feedwater rates determined, how are the atmospheric dump valves
represented, etc. For the EPRI sponsored work on MAAP benchmarking, the
plant data was characterized as which were used to create the code input and
which were used as a check for the comparison. Table 4 shows a list of the
major plant parameters used and the manner in which they were used. Through
such specification, the user can develop confidence that the accident
sequence has been adequately represented and understand which measurements
should be examined to compare the calculated and measured system responses.

Additional benchmarking exercises for system related response have been
carried out using the LOFT-FP-2 test and the reported plant response for the
Brown's Ferry fire incident. Figure 2 shows the major events and the system
response for the LOFT experiment. A LOFT specific PWR parameter file was
created for the MAAP3 code to represent the single loop configuration used
for this containment bypass simulation. To assure a true benchmark with
MAAP, no changes were to represent the shroud placed around the Central Fuel
Module (CFM) as a thermal insulator, even through this change the open
lattice configuration modeled in the PWR code. Figure 3 illustrates the
comparison of the calculated (inner ring and outer ring are the two regions
modeled in the CFM) and the measured (TE-5L09-042) core response. As shown,
the code provides a good representation of the overall response. It should
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Table 4

AVAILABLE TMI-2 PLANT VARIABLE DATA

Ouantity

Hot Leg Temperatures

Steam Generator Levels

Makeup Tank Level

A-Loop Flow

Pressurizer Level

Primary System Pressure

Steam Generator Pressure

Cold Leg Temperatures

Source Range Monitor Data

Hydrogen Production

Source

Reactimeter/
Strip Charts

Reactimeter

Reactimeter

Reactimeter

Reactimeter

Reactimeter/
Strip Charts

Reactimeter

Reactimeter

Reactimeter

Calculations
Based on
Burn Behavior,
etc.

Use

Input/Check^*

Input-AFW Flow Rates

Input Calculations of
HPI Flow Rate for t >
1.67 hours.

Check System Inventory
at t = 1.67 hours.

Check

Check

Input/Check(b)

Check

Check Calculations of
Core Water Level

Check

*a'T1me core first uncovered estimated from A-loop hot leg data and used to
set HPI flow for t < 1.67; other information used as check.

(b) Initial depressurization rate used for steam dump position; other infor-
mation used as check.
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Figure 2 System pressure and cladding temperature histories.
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Figure 3 Comparison between MAAP 3.0 calculated CFM cladding temperature
and data at elevation 1.07 m (42"). The calculated temperature
is at the seventh axial node (0.92 - 1.07 m ) .
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be noted that specific code changes to characterize the shroud around the
CFM resulted in even better agreement.

General system response benchmarking was also performed using the
Brown's Ferry incident. While this event did result in the reactor core
being uncovered, it does provide a test of the models describing the reactor
vessel response. While detailed accounting of the incident, like that given
for THI-2 in Ref. [25], does not exist, a general description of the events
is given in Ref. [26], Figure 4 gives the comparison between the measured
and calculated response. The agreement between the two provides confidence
in the overall system response characteristics provided by the MAAP analy-
sis.

HOW SHOULD IT BE USED?

Benchmarking exercises are principally used to create a level of
confidence in both an individual model and in the code. For integral
analyses, this is essential and also complex due to the large amount of
phenomena included. A second element is the demonstration of the uncer-
tainties which should be described to individual models. How each of these
should be used is discussed further below.

Individual models are benchmarked to establish confidence in the models
and to determine the uncertainties which should be applied to the models in
the integral analyses. As discussed earlier, this is coupled with an
assessment of the sensitivity that the individual models have on the inte-
gral results since caicuiational time should not be squandered on a detailed
model which has only a small influence on the overall system response. For
these cases, wide uncertainty bands should be set and used. For the more
influential processes such as fission product deposition, uncertainty
analyses should be directly tied to the individual benchmarking activities.
Model parameters that must be varied to achieve agreement should be clearly
defined and these variables, along with their appropriate ranges, should be
provided directly 1n the code for user review. Since severe accident
analyses Involve an extensive number of phenomena and can be used by a
variety of users to make basic decisions related to plant design, operator
actions, etc., these uncertainties should be displayed directly in the code
fermat and the user's manual. In this regard, it is recommended that the
best estimate value be provided as the default case and an uncertainty band
be specified around this default value. With such a formulation the user
can evaluate the best estimate system performance and can then also selec-
tively vary individual model parameters to ascertain the influence that
these may have on the system response.

With this format, the user then bears the responsibility of providing
the influence of uncertainties on his base analysis. Such supportive
analyses must be performed for the fundamental issues influencing the
environmental release. However, the superposition of two drastically
different models to represent the same phenomenon does not represent uncer-
tainty analyses, but rather an indication that the analyses is not suffi-
ciently mature to carry out integral system response calculations.

Decisions related to severe accidents cannot be determined based upon
the results of the evaluation of a single accident scenario. As a result, a
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spectrum of accident sequences must be considered in the decision making
process. As discussed earlier, due to the considerate cost involved with
in-reactor experiments and the substantial scale differences between such
experiments and commercial reactor systems, the basis for such decisions
must be the results of integrated system analyses. These can be exercised
for a spectrum of potential accident sequences to investigate the system
response to postulated accident initiators as well as the spectrum of
anticipated operator actions. In this regard, it is essential that such
system related performance is adequately represented by the integral analy-
ses. Consequently, before such analytical models are used to support
fundamental decisions, the models should be benchmarked against available
integral system behavior, such as the TMI-2 accident to insure that either
the systems are adequately represented or that the lack of such a represen-
tation is not influential in the decision process.

IV. SUMMARY

Evaluations of the primary system behavior following a severe core
damage event suggest that the limitation to both rapid hydrogen evolution
and core coolability is the dramatic change in core geometry once melting
and liquifaction occur. In general, coolability of the damaged core will
require movement of the debris out of the core boundaries to provide suffi-
cient surface area for extracting the energy. As a result, vessel integrity
may be jeopardized.

The dominant processes for fission product deposition and transport
within the primary system are the normal aerosol deposition mechanisms and
the possible revaporization of these deposits by natural circulation flows
within the primary system. Integrated system models must Incorporate a
representation of these circulatory flows both before and after reactor
vessel failure to provide a meaningful analysis of long term fission product
behavior.

Containment response is determined by the issues of core debris cool-
ability, the establishment of a heat transport path, core-concrete thermal
attack and the potential for burning of combustible gases. The controlling
elements for the first three are the location of water within the contain-
ment and the availability of a containment heat removal mechanism. Hydrogen
and carbon monoxide combustion are greatly influenced by circulatory flows
within the containment and for some containments the performance of inten-
tional ignition systems.

Fission product deposition within the containment and adjacent plant
buildings is strongly influenced by the design of the specific containment.
While there are substantial differences in the controlling processes for the
different containment designs, they all have substantial retention capabili-
ties for the volatile and non-volatile fission product species.

In summary, the utilization of code benchmarking to demonstrate confi-
dence in the basic analyses should be heavily weiqhted toward analyzing the
entire system performance such that the overall system representation can be
trusted. This is the ultimate use of the integral benchmarking activity.
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THERMAL HYDRAULICS OF LOFT LARGE BREAK EXPERIMENTS

AND ITS SIMULATION WITH DRUFAN-02

A.B. Wahba and W. Pointner *
Gesellschaft fur Reaktorsicherheit

8046 Garching, FRG

ABSTRACT

Several large break experiments were conducted in the Loss-of-Fluid Test
(LOFT) facility in Idaho. The LOFT pressurized water reactor (PWR) was
a fully operational, 50 MW ( t ) facility and was related to a commercial
PWR through volumetric scaling principles. The main phenomena observed
during large break LOCE (Loss of Coolant Experiments) are analysed.
Most of the measurements were reproducible and so it was easy to identify
the phenomena. Four large break LOCE are discussed in detail with
special attention to early rewett and the influence of pump behavior on
such a phenomenon. Other phenomena in connection with the exit flow,
intact loop behavior and Emergency Core Coolant Injection (ECCI) are
analysed. The thermal hydraulic code DRUFAN-02 was used for pre-test
and post-test calculation of these experiment. Good agreement between
measured and calculated thermal hydraulic parameters such as system
pressure, exit flow and fluid density was found. Differences between
measured and calculated cladding temperatures are mainly due to
multidimensional effects.

1. INTRODUCTORY OVERVIEW

Double ended break of the main coolant pipe in PWR, defined as the
Design Basis Accident (DBA), was examined intensively, specially before
the TMI-2 accident. Large break LOCA (Loss of Coolant Accident) is still
the basis for the design of the Emergency Core Coolant Systems (ECCS)
and to prove the integrity of the containment of commercial PWR. In 1967
about twenty years ago large PWR's began to include ECC system for core
flooding to prevent core melt after a LOCA. At that time the LOFT
program was redirected to study the safety features of large PWR's. The
redesigned LOFT facility can model conditions present in a primary
coolant system and core of a typical PWR and associated ECCS. From 1976
to 1982 a total of 30 nuclear and seven non-nuclear experiments were
carried out In the frame of the Nuclear Regulatory Commission's (NRC)

* at the time being German resident engineer for 2D/3D in JAERI/Japan
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program. The NRC-LOFT program included large, intermediate and small
break experiments together with several operational transients which could
be simulated in LOFT. A summary of all NRC LOFT experiments is given
in / 1 / .

The first series of non-nuclear tests L1 were mainly isothermal double
ended break tests, and in the L2 series three double ended break nuclear
tests were performed in the time between Dec 1978 and June 1982.

Before the end of the NRC-LOFT program, the Nuclear Energy Agency
(NEA) of the Organization of Economic Co-operation and Development
(OECD) formed an international consortium to define a new LOFT project.
Nine OECD countries agreed on Febr. 1983 to carry out a program of 8
tests in three years. The 8 tests included one operational transient test,
two large break tests, three small leak tests and two fission product
release tests where one of them was initiated by a double ended break
test. This means that the OECD-LOFT program included also three large
break nuclear tests. The last test conducted in July 1985 was a fission
product release test with partial core damage (LP-FP-2). The facility is
now under decommissioning. A summary of the OECD LOFT porject was
presented to the International ENS/ANS conference in June 86 / 2 / .

The increased interest on the results of the fission product release tests
lead to the definition of an extended OECD-LOFT program for further
three years. The extended program is mainly to carry out non-destructive
and destructive examination of the partly molten central fuel module from
LP-FP-2 and will continue to 1989.

The value of both LOFT experimental programs are manifold, it includes:
understanding the sequence of events during each experiment,
identification of new physical phenomena, differentiation between LOFT
specific- and large PWR-phenomena and assessment of computer codes. In
the field of computer programs several generations of thermal hydraulic
codes were assessed on LOFT experiments e.g. different versions of
RELAP4, RELAP5, TRAC-PD2, TRAC-PF1, DRUrAN-01 and DRUFAN-02.
The widely used code versions in analysing the OECD-LOFT thermal
hydraulic tests are now: RELAP5/Mod2, TRAC-PFI/Modi, DRUFAN-02 and
SMABRE (Finland).

In this paper a short account of the LOFT facility and a summary of the
boundary conditions of the large break experiments are given in section 2
and 3. The thermal-hydraulic code DRUFAN-02 and the LOFT model for
DRUFAN-02 are presented in section 4 and 5. All important phenomena
observed during large break experiments together with the ability of
DRUFAN to calculate these phenomena correctly are discussed in
section 6. Conclusions are then summarized in section 7.
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2. LOFT FACILITY

The LOFT facility was a fully operational volumetrically scaled PWR
facility (LOFT/TROJAN ~ 1/50). The experimental facility as show in
fig. 1 included six major subsystems which have been instrumented such
that system variables can be measured and recorded during transient
operation. The major subsystems of LOFT were the reactor vessel, intact
loop, broken loop, blowdown suppression system, emergency core cooling
system and secondary coolant systems. The reactor vessel included the
50 MW(t) nuclear core with 1300 fuel rods arranged in five square
(15 x 15) and four triangular (corner) fuel modules. The fuel assemblies
were identical to the 15 x 15 fuel rod arrays used in commercial PWR's,
except that the active fuel length was 1.68 m compared with 3.7 m in a
commercial PWR.

The intact loop simulated three loops of a commercial, four loop PWR and
contained a steam generator (about half the height of a commercial SG).
two primary coolant pumps in parallel and a pressurizer. The pressurizer
included electrical heaters at the bottom and spray nozzles at the top.

The broken loop, was designed for loss of coolant accident simulations,
consisted of hot and cold legs that were connected to the reactor vessel
and the blowdown suppression tank header. The broken loop hot legs
contained a simulated steam generator and a simulated pump. A complete
description of LOFT is given in reference / 3 / .

3. LOFT LARGE BREAK EXPERIMENTS

Seven double ended break experiments were performed in LOFT in the
time from Dec 1978 to Dec 1984. In all these experiments the break was
located in the cold leg as it found to be the accident with highest loads
on the primary system of a PWR. The NRC-LOFT program included four
tests with the initial conditions summarized in Table 1. The first two tests
L2-2 and L2-3 were designed to be identical except for the core power.
L2-3 and L2-5 had the same power but differs in pump operation and fuel
internal pressure. In L2-5 the pumps were turned off and immediately
decoupled from the flywheel. This procedure caused a rapid coast down of
the pumps and the early core wide rewett observed in L2-2 and L2-3 was
prohibited. A new central bundle with prepressurized pins was used in
L2-5 to carry on preparatory examinations for L2-6. L2-6 was originally
planned to be the last LOFT-test and simulate core deformation test with
clad balooning and flow blockage under representative PWR bundle
geometry, rod power and system conditions. As the OECD-LOFT project
started on Febr. 1983, it was decided to redifine L2-S to be J large break
LOCA coincident with loss of off site power. The test was identified as
LP-02-6 and addressed the response of a PWR to conditions closely
resembling a USNRC "design basis accident" in that prepressurized fuel
rods were installed and minimum US emergency core coolant injections
were used.
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Table 1: Boundary conditions of large break experiments in LOFT

Test ident i f icat ion

Power level (MW)

Maximum linear heat
generation rate (KW/m)

Completion date

References

L2-2

24.9

26.4

Pressure in the hot leg (MPa) 15.6

Temperature in the hot leg (K) 580.4

Core A T (K) 22.7

Mass flow rate (kg/s) 194.2

Primary coolaut pumps

12/78

L2-3

36.7

39.4

15.06

592.9

32.2

199.8

L2-5

36.0

40.1

14.9

589.7

33.1

192.4

LP-02-6

46.0

48.8

15.09

589.0

33.1

248.7

operating operating rapid normal
coastdown coastdown

5/79 6/82 10/83

The fifth experiment LP-LB-1 was initiated from conditions representative
of a PWR operating near its licensing limits and simulated a loss of off site
power coincident with a large cold leg break LOCA. Other boundary
conditions included minimum United Kingdom safeguard assumptions for
emergency core coolant injection and rapid primary coolant pump
coastdown. The last two large break tests were conducted at the 12 and
19 of Dec. 1984. At the 12 Dec. 1984 was the 1st attempt to run the 1st
fission product release test LP-FP-1 which modelled a large break LOCA.
It was planned to delay the ECCS sufficiently to allow pressurized fuel
rods to rupture, but due to a defective indication, the plant protection
system was initiated with HPfS injection commencing at about 10 s and
accumulator injection at 18 s. The 2nd try on 19 Dec. was successfull
that pressurized fuel pins ruptured at cladding temperature of about
1100 K. There was some unintentional water injection from above the core
which led to a situation that only 8 of the 22 test pins failed. Detailed
results of the OECD-LOFT tests are restricted and therefore we
concentrate the analysis presented in this paper to the four NRC-LOFT
tests given in Table 1.

4. THERMAL-HYDRAULIC CODE DRUFAN-02

The code DRUFAN has been developed for the simulation of the blowdown
and the initial refill phase of LWR reactors. The code is applied for the
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analysis of large-, medium-sized and small breaks and selected transients

The numerical method used in DRUFAN is the "lumped parameter
approach". The physical system is described by "lumped parameter"
control volumes which are connected by flow paths. The ordinary dif-
ferentia! equation system of the thermo- and fluiddynamic model is based
on the conservation laws for vapour mass, liquid mass, overall energy
and overall momentum. The liquid and vapour phases are treated as a
homogeneous mixture, or in the case of mixture level-tracking as a
nonhomogeneous mixture /10 / .

The entire range from subcooled liquid to superheated vapour including
nonequilibrium effects is simulated by assuming either the liquid or va-
pour phase to be saturated.

The velocity difference of the liquid and vapour phase may be determined
by a drift flux model /10/ .

The table for the determination of critical discharge rate at the break is
calculated by a one-dimensional nonequilibrium model which is based on
the same four conservation equations used for the "lumped parameter"
control volumes. This model takes into account the geometry of the dis-
charge flow path / 1 1 / .

For the simulation of structures, electrical heaters and fuel rods a heat
conductor model and a point neutron kinetics model are available. The
heat transfer coefficients coupling the structure and thermal hydraulic
model are determined by a comprehensive heat transfer package. The heat
transfer package contains also a set of critical heat flux correlations. A
valve, a pump, an accumulator, a steam generator and a pressurizer
model are available for the simulation of the respective components.

The differential equations are integrated by an explicit-implicit integration
method with automatic control of time step, order of consistency and local
discretization error / 1 1 / .

5. LOFT MODEL FOR DRUFAN-02

The primary and secondary loops of LOFT were simulated by 79 control
volumes, 98 junctions and 118 heat conductors, as shown in fig. 2. The
simulation model was developed for the post-test calculation L2-3 and was
then used for pre-test calculation of L2-5 and LP-02-6.

All parts of the LOFT facility except the blowdown suppression tank were
simulated. The LOFT core was simulated by two parallel channels, as
shown in f ig . 3. The hot channel simulated the central region and
included two heat conductors with a radial power factor of 1.4 and 1.2.
The second channel simulated all pins outside the central region and
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included two heat conductors with the power factors 1.0 and 0.75. The
distribution of the 1300 fuel rods among the different heat conductors is
dependent on the radial power profit and in case of L2-5 the distribution
was: 240 pins with a power factor of 1.4, 240 with 1.2, 244 with 1.0 and
576 with 0.75. Cross flow was allowed between the two parallel channels
and was simulated by the horizontal junction 95, 97 and 98 shown in
fig. 3.

The upper plenum was divided into three levels and represented by 4
control volumes, the central part was simulated by two parallel control
volumes to simulate differences in geometry above different bundles.

Two parallel channels were used to represent the nonuniform transient
behaviour of the fluid in the downcomer. Each channel was divided into
four axial cells connected by vertical junctions. Cross flow was permitted
between the parallel channels through four horizontal junctions.

The bypass path between the top of the downcomer and the upper plenum
was represented by junction 23, which admits 5 % of the total steady-state
flow. The fluid between the core fifler pieces was represented by cell 30,
which admits a core bypass of 6 % of the steady-state flow.

The inner and outer structures were represented. The heat losses on the
primary side were assumed to be equally distributed and amounted to
150 kw.

The heat generation in the active core was determined by a point neutron
kinetic model. A value of 6000 W/m2K was used for the gap conductance.

The heat generation of the primary coolant pumps was also taken into ac-
count. The pressurizer was simulated by one control volume and a second
control volume in the surge line.

All essential parts of the LOFT steam generator are represented in the
nodalization scheme: downcomer, boiler section, riser, steam separator,
steam dome, steam generator outlet pipe, steam control valve, condenser,
feedwater pump and feedwater control valve. All essential structures in
the steam generator are simulated: the U-tubes, the shroud between the
boiler section and the downcomer, and the steam generator vessel. The
heat losses through the outer structures are assumed to be 50 kW.

The broken loop nodalization includes the steam generator and pi<mp simu-
lators. The critical discharge rate is determined by the 1-D (8LASI)
discharge model.
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6. PHENOMENA OBSERVED AND CALCULATED

The boundary conditions given in Table 1 show that the differences
between the four tetts can be reduced to two parameters namely power
level and pump behavior. L2-2 and L2-3 differ only in power level, L2-3
and L2-5 differ only in pump behavior, but L2-5 and LP-02-6 differ in
both. Irrespective of these differences, it was noticed that indenticai
phenomena with different intensities were observed in all tests. In the
following subsections the important phenomena, differences between
experiments are described and comparison with DRUFAN calculations are
given. DRUFAN-02 was used for post-test calculations and parameter
studies in case of L2-3. Pre-test calculations were carried out in case of
L2-5 and LP-02-6. Also the OECD-experiments were analysed through
post-test calculations, in some cases pre-test calculations using
DRUFAN-02 was carried out.

6.1 Sequence of events

Each experiment was initiated by opening the QOBV's (Quick Opening
Blowdown Valves < 15 ms) and the depressurization process was then
terminated by refilling the system. Complete core quench was mostly
achieved in less than 70 s. The sequence of events is described using
pressure behavior of L2-5 plotted in Fig. 4 together with the indication of
some important events. The system pressure decreased rapidly (100 ms)
after break initiation to 10.5 MPa as saturation in the brocken loop hot
leg and in the upper plenum were achieved. During this initial blowdown
phase reactor scram was activated at 14.2 MPa together with closing the
main steam valve and the valve for feed water in the secondary side. The
low core mass flow rate and the increase in voiding resulted in exeeding
the CHF conditions and start of DNB in the high power region. At about
2.5 s the whole core was at saturation condition and the exist flow
decreased to saturated break flow. In the time between 2.5 and 5 s
stagnation in core flow was reached and DNB started also in lower power
regions. Depending on pump behavior, the cold leg flow in intact loop
was sometimes higher than the broken cold leg flow. The difference in
mass flow between intact and broken cold leg entered the core through
the downcomer. This upward flow of low void caused the early rewett
observed in some LOFT experiments. In case of L2-2 and L2-3 the
positive core flow extended to 7 s and the void fraction was as low as
0 . 1 . The cooling of the core was so effective that the whole core was
rewetted at 6 s.

After 6 s the broken cold leg flow exceeded again the intact cold leg
flow, resulted In a small negative core flow, increase in the core void
fraction and start of DNB at 11 s.

A second rewett started in the upper core regions (top-down quench) at
about 12 s in all experiments but with different intensities. The top-down
quench was induced by small water amount originating from the



-61-

pressurtzer and steam generator. The pressurizer was empty at about
15 s and after 16 s the system pressure decreased to 4.3 MPa and the
accumulator injection started. At about 20 s stagnation conditions in the
core happened, the void increased to values higher than 0.95 and cere
wide dry out occurred. After 27 s the system pressure decreased to
1.0 MPa, the break mass flow was subcritical and the refill of the lower
plenum was progressing. During the blowdown phase most of the events
were controlled by the behavior of the exit flow while refill and reflood
were mainly controlled by water availability and the temperature level at
the end of blowdown. The time of total core quench differed therefore
between 55 s for L2-2 and 65 s for L2-5.

The experiment L2-5 was chosen to be the international standard problem
no. 13 and DRUFAN-02 was used for the blind catcualtions /12/ . Table 2
compares the calculated sequence of events with the measured time Most
of the differences are within the accurancy of the measurements, maximum
cladding temperature was achieved earlier in the calculation and also
partial rewett ended earlier in the calculation. Fig. 5 compares the
measured and calculated pressure in L2-5. The small differences shown
are partly due to the difference in the initial value and to differences
between measured and calculated exit flow.

Table 2: Comparison between calculated and measured sequence of events
in Experiment L2-5

Event DRUFAN Measured
Time Time
(s) (s)

Blowdown initiated
Subcooled blowdown ended
Reactor scrammed
Cladding temperature initially
deviated from saturation
Primary coolant pumps tripped
Subcooled break flow ended (cold leg)
Partial rewett initiated
Pressurizer emptied
Accumulator A injection initiated
Partial rewett ended
HPIS injection initated
Maximum cladding temperature achieved

0.0
0.07
0.097

0.67
1.0
3.3

12.5
12.1
16.02
15.0
24.05
10.0

0.0
0.043 ±
0.24 ±

0.91 ±
0.94 ±
3.4 •

12.1 ±
13.4 ±
16.8 ±
22.7 ±
23.90 ±
28.47 ±

0.01
0.01

0.2
0.01
0.5
1.0
1.0
0.1
1.0
0.02
0.02
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6.2 Exit flow

Break flow in all LOFT large break experiments was identical because of
the similarity in the break geometry. Differences in boundary conditions
like initial power or pump behavior had small influence on the break flow
as shown by comparing the break cold leg flow from experiment L2-5 with
that from experiment LP-02-6 in Fig. 6. Comparison of the break hot leg
flow of both experiments is shown in Fig. 7. There are generally four
phases for the exit flow: subcooled flow, saturated water flow, two phase
flow and steam flow. The end of subcooled break flow in the hot leg
(Fig. 7) was at about 0.2 s compared with 3.4 s in the cold leg (Fig. 6 ) .
Break flow of saturated water out of the cold leg continued to about 5 s,
then decreased continuously due to vaporization, steam flow started at
about 20 s. Phase changes in the hot leg were much faster because the
initial temperature was higher and no cooling was present in the steam
generator simulator. Break flow of saturated water out of the hot leg
ended at 0.6 s (Fig. 7 ) , then it decreased due to vaporization from
190 kg/s at 0.6 s to 20 kg/s at 3 s. From the minimum value of 20 kg/s
(steam flow) it increased again to a maximum of 80 kg/s at 7 s and then
decreased again to steam flow at about 20 s.

The so called measured mass flow rates were determined from measured
densities and measured momentum flux using a procedure given in / 7 / .
The uncertainty of the given values in Fig. 6 and 7 are greater than
± 20 kg/s, which is higher than differences in mass flow rates measured
in L2-5 and LP-02-6. Also the differences between measured and
calculated break flow rates using DRUFAN-02 shown in Fig. 8 and 9 are
within the uncertainty band of the measured values.

6.3 Pump behavior

During the initial 6 s after blowdown initiation the mass flow in the intact
loop cold leg was strongly influenced by pump speed because subcooling
of the fluid in the cold leg was dominating at that time. The start of
vaporization initiated pump degradation. In case of L2-2 and L2-3 the
pumps were running with constant speed during the transient and the
measured density in the cold leg have shown constant value till 6 s and
as vaporization started gradual decrease of the density was measured.
Also in case of normal pump coast down (LP-02-6) the cold leg mass flow
rate remained nearly constant during the initial 5 s as shown in Fig. 10.
Only in case of a rapid coast down caused by decoupling the flywheels
(L2-5) the decrease in intact cold leg flow started already by 2 s as
shown in Fig. 10, As explained in the previous section the broken cold
leg flow was nearly independent from pump behavior but the dependence
of the intact cold leg flow greatly affected the core mass flow, in case of
pumps running (L2-2 and L2-3) the intact cold leg flow exceeded that of
the broken cold /eg by about 60 kg/s at 5 s. This intact broken cold leg
flow difference resulted in 700 kg net mass of water that entered the
downcomer during L2-3. The calculated value for LP-02-6 / 8 / was given
as 135 kg and that for L2-5 was 9 kg. The difference between integrated
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intact cold leg flow in LP-02-6 and that for L2-5 as deduced from Fig. 10
amounts to ~ 450 kg. The value calculated for LP-02-6 in reference / 8 /
have then to be corrected to 460 kg. This positive flow in the downcomer
was coupled by vaporization due to depressurization and leed to a positive
flow in lower plenum and core. The positive flow in core resulted in a
decrease in core void fraction to 10 % and the core wide rewett in L2-3
which was prohibited in L2-5 by decoupling the flywheel.

6.4 Early quench phenomena

Early quench occured in all large break experiments in LOFT. With the
pumps running the difference intact-broken cold leg flow caused positive
flow of low void liquid through the core which resulted in a core wide
bottom-up quench between 5 and 9 s after blowdown initiation. Also in
case of normal pump coast down (LP-02-6) core wide bottom-up quench
was observed. The behavior of four thermocouples mounted on the same
pin (5G06) at four different axial positions are shown in Fig. 11. The
thermocouple at the lowest position TE-5G06-11 (11 inches from the bottom
of the core) quenched at about 6 s, while the thermocouple at 45 inch
elevation have been rewetted at 9 s. The upper thermocouple at 62 inch
suffered only a decrease in temperature but did not quench. The second
quench front started at the top of the core and rewetted uhe upper
thermocouple at 15 s, then moved downwords and rewetted the
thermocouple at 45 inch elevation at 17.5 s. The thermocouple indicating
the highest temperature at 30 inch elevation did not rewett from the 2nd
quenchfront. This 2nd quenchfront (top-down quench) influenced also the
peripheral bundles as shown in Fig. 12. It was caused by rest water from
the pressurizer, and small amount of water accumulated in the steam
generator inlet plenum, which then flow back through the hot leg and the
upper plenum to the top of the core. The back flow through the hot leg
was indicated by the pressure difference measurements across the hot
leg. The 2nd quenchfront did not influence the core uniformly. Fig. 13
shows that the 2nd quenchfront reached the lower half of bundle 4 earlier
(nearest bundle to the intact loop hot leg) than bundle 2, but the lower
half of bundle 6 was not influenced. On the other hand the 1st
quenchfront (bottom-up quench) rewetted the three bundles at the same
time. As a result the 1st quenchfront can be treeted as one dimensional
while the 2nd one is multidimensional. Analogous phenomena were detected
in all other large break tests. The procedure adopted in L2-5 (rapid
pump coastdown) prevented the bottom-up quench in the central bundle
as shown in Fig. 14 but did not greatly influence the phenomena in the
peripheral bundles as shown in Fig. 15.

Comparing the measured peak clad temperatures in LP-02-6 and L2-5
(Fig. 14), it is obvious that early rewett decreases the maximum
temperature and reduces the total time needed to quench the core
completely inspite of the much higher initial power level in LP-02-6
(46 MW compared with 36 MW in L2-5).
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6.5 LOFT external thermocouples

Cladding temperatures in LOFT are measured by thermocouples
laser-welded to the outside surface of the fuel rod cladding. All cladding
surface thermocouples were grounded - junction, chromel - alumel
thermocouples with a 0.1168 cm diameter titanium sheath and magnesium
oxide insulator, flattened to a thickness of 0.067 cm at the junction. As
the Zirkaloy cladding itself had a thickness of 0.064 cm which was
equivalent to that of the junction, the influence of the surface
thermocouple on the measured temperature was then examined in detail in
the PBF (Power Burst Facility) /13 / . Several in pile experiments were
carried in the PBF using four identical rods with nearly the same thermal
hydraulic boundary conditions but four different thermocouples, namely:
Surface cladding thermocouples, pellet surface thermocouples, inner
cladding thermocouples (Welded) and embedded inner cladding
thermocouples. It was found that the surface cladding thermocouples
measure the actual cladding temperatures to within 30 K. Fin cooling
effect and delay of DNB were also detected. Fuel rod thermal behavior
subsequent to the initial blowdown was not effected by the persence of
these thermocouples.

Keeping this in mind, it is then easy to notice that all rewett phenomena
shown in Fig. 11 to 15 are real, but the actual temperature level is
higher and the rewetting time is shorter. Only the behavior of the
thermocouple TE-5G06-11 in Fig. 11 at 18 s is not real. The very short
rewett was only a rewett of the thermocouple itself and not the region.

6.6 Calculated thermal core behavior

The post-test calculation of L2-3 using DRUFAN-02 was carried out se-
veral times to find out an optimum for core simulation. The three cases
analysed in detail were /14/:

A) A single thermal hydraulic channel with four different heat elements
with the power factors 1.4, 1.2, 1.0 and 0.75 to simulate the radial
power profile.

B) Two parallel channels with two heat elements connected to each channel
but without cross flow.

C) Two parallel channels and four heat elements but with cross flow
admitted between the parallel channels.

The rest of nodalization and all other parameters were kept the same.
Differences between the three cases were concentrated to the calculated
temperatures. Fig. 16 compares the measured peak cladding temperature
with the calculated values for the three cases. In case of a single channel
a delay in DNB of about 2 s was calculated and the temperature was
generally lower than the measured value. In case of a parallel hot channel
agreement in the DNB time was found and in case of cross flow also
agreement with the measured temperature was found. All other large
break tests were then calculated using two channels and a minimum of 4
heat elements to simulate the LOFT core.
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In case of L2-5, ORUFAN-02 was used to calculate the blind standard
problem no. 13 and the agreement between measured and calculated peak
clad temperatures were satisfactory as shown in Fig. 17.

It is obvious that lumped parameter codes like DRUFAN-02 or RELAP5
cannot be used to calculate multidimensional behavior like that shown in
Fig. 13 and 15. Also calculated rewetting time and 2nd DNB were not
always in agreement with measured values specially in the peripheral
bundles.

6.7 Emergency core cooling injection

In LPWR there are three ECCS (Emergency Core Coolant Systems), high
pressure injection systems (HPIS), accumulators and low pressure in-
jection sy a terns (LPIS). All these systems were available in LOFT and
designed for pressures ranging between 4 and 77 MPa. tn case of targe
break LOCA only accumulator and LPIS are effective. The accumulators
are passive systems and start injection as soon as the system pressure
decreased below the accumulator pressure of 4,2 MPa (US-Design). There
were several injection points in LOFT, but in all large break experiments
(except LP-FP-1) ECCI was only in the intact loop cold leg. The
accumulator injection started in most cases at about 17 s. First indication
of subcooling in the intact cold leg was measured for e.g. in L2-5 at
about 19 s. Most of the injected water was used to refill the lower plenum
and the downcomer. Perhaps a small amount of water was lost through the
broken cold leg (bypass flow), because first indication for subcooling in
the broken cold leg was after 40 s as the refill phase was complete. Other
important phenomena during the ECCI was the condensation spikes mea-
sured in the intact cold leg (Fig 18). Calculations carried out by
DRUFAN did not show such oscillation in the calculated density, but a
new condensation model is now under development in the GRS,

7. CONCLUSIONS

The high reproducibility of thermal hydraulic measurements in LOFT
facilitated the identification of important phenomena and its influence
parameters. For example pump behavior affects the core thermal response
to such an extent that early rewett can be prohibited through rapid pump
coastdown but the same parameter had minor influence on exit flow. All
thermal hydraulic system parameters like pressure, fluid temperature,
fluid density and mass flow rates calculated using ORUFAN-02 have shown
acceptable agreement with the corresponding measurements. The
bottom-up quench phenomena are nearly uniform and can be simulated by
one dimensional or lumped parameter codes like DRUFAN-02 and
RELAP5/Mod2. The top-down quench phenomena caused by back flow from
the steam generator increased the hetrogenity in the core and caused
multidimensional temperature response, which cannot be calculated by
lumped parameter codes.
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The external cladding thermocouples in LOFT facilitates early rewett but
does not generate it. Actual temperature level is then higher and the
rewetting time is shorter. This kind of instrumentation does not
remarkably affect the temperature measurement during reflodding and
final quench. Due to such problems with the temperature measurements, it
is concluded that the accurancy of calculated temperature is acceptable
specially if multidimensional effects are not recognized. On the other hand
condensation effects of the ECCI are seen to be important and therefore a
new condensation model for DRUFAN-02 is now under development.

LOFT was not a demonstration plant for large PWR and the phenomena
observed in LOFT are not directly tranferable to LPWR. Some phenomena
like early rewett are expected to occur in LPWR like Zion Nuclear Plant
/15 / . The main purpose of the LOFT facility was to provide data for the
development of computer codes for PWR transient analysis. LOFT-Data are
now stored in the NRC-Data Bank and are available for several years.
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ABSTRACT

Under some postulated accident conditions, decay heat is removed
from a reactor core by two-phase natural circulation or "thermosiphoning" of

the primary coolant. To assess the ability of the computer code CATHENA
(£anadian Algorithm for THermalhydraulics Jvetwork Analysis, formerly ATHENA)
to predict such events, simulations were performed of thermosiphoming tests
conducted in the RD-14 facility at the Whiteshell Nuclear Research
Establishment. Predictions for three test conditions are presented. In
general, CATHENA predictions agree well with the observed results. Non-
oscillating two-phase thermosiphoning and the onset of oscillatory flow are
well predicted. Channel heater temperatures are also well predicted. The
periods and amplitudes of oscillatory flows were not always well predicted,
but it is thought that a more detailed representation of the steam
generators will correct this problem.

1. INTRODUCTION

The computer code CATHENA has been developed primarily to analyze
postulated loss-of coolant accident (LOCA) scenarios for CANDU '" nuclear
reactors. Under some accident conditions, decay heat removal from the core
is by single or two-phase thermosiphoning. It is important to determine
that decay heat can be adequately removed in the~e situations.

Tests were conducted in the RD-14 facility to examine the rhermo-
siphoning flow behavior as a function of the initial primary fluid inven-
tory. These experiments provide data that can be used to assess the pre-
dictive capability of various theroalhydraulic codes.

In this paper, results are presented for three of the test condi-
tions examined. The test facility, the experimental procedure and the code
are described briefly. The experiments anJ the wATHENA simulations are
discussed in more detail.

Attached to WNRK from Wardrop Engineering Consultants, Winnipeg
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2. EXPERIMENTS

2.1 FACILITY DESCRIPTION

Figure 1 shows a simplified flow diagram of the RD-14 thermal-
hydraulic test facility. The emergency coolant injection system and the
blowdown lines were not used in these experiments. The facility is a
pressurized-water loop (10 HPa nominal) with the basic "figure-of-eight"
geometry of a CANOU " reactor. It has two 6 netre long, 5.5 MW horizontal
channels connected to end fitting simulators representing two passes through
a reactor core. Each channel contains 37 electrically heated fuel-element
simulators of almost the same heat capacity as reactor fuel. Heat is remov-
ed from the primary circuit through two recirculating U-tube-type steam
generators with internal pre-heaters and external downcomers. Primary fluid
circulation is provided by two high-head centrifugal pumps, which generate
channel flow rates similar to those in a single reactor channel.

The heated channels, steam generators, pumps and headers are
arranged to obtain a 1:1 vertical scale of a typical CANDU reactor. The
steam generators are also scaled approximately 1:1 with those of a typical
CANDU steam generator in terms of tube diameter and mass and heat flux, to
achieve reactor-like conditions within the steam generators. The facility
is designed to produce the same fluid mass flux, transit time, pressure and
enthalpy conditions in the primary system as those in a typical reactor
under both forced and natural circulation. Major loop parameters of RD-14
and a typical reactor are shown in Table 1.

Primary side pressure is controlled by a surge tank equipped with
an electrical heater. Secondary side pressure is controlled by a jet con-
denser in which steam is condensed by contact with cold water. The cooled
condensate is returned to the steam generator as feedwatev.

Fluid removed from the primary circuit, for these thermosiphoning
tests, is cooled and stored in an inventory tank. Level monitoring of the
inventory tank provides a record of the quantity of primary fluid removed.

Loop instrumentation consists of multi-beam, gamma-ray densi-
tometers for fluid density measurements, differential and gauge pressure
transducers, thermocouple and resistance temperature detectors. Volumetric
flow rates are measured using turbine flow meters*

2.2 EXPERIMENTAL PROCEDURE

Before each experiment, the RD-14 loop was evacuated, filled with
distilled water, degassed and final instrument calibrations completed. The
loop was then brought to conditions of stable, single-phase, natural
circulation (pumps off) of the primary fluid at the preselected heated
section power and primary and secondary pressures. After the pressurizer
was isolated and approximately 10 seconds of steady state data collected,
the experiment was begun. Two-phase conditions were induced by controlled,
intermittent draining of primary fluid from the outlet of heated section 2
into an inventory tank. In each of the first five draining operations
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approxiiaarely 2% of the initial loop inventory of 951.4 litres (excluding
pressurizer volume) was removed, in each of the subsequent draining
operations 10% was removed. In the experiments described in this paper,
intermittent draining was continued until the heater element sheath
temperatures reached b00°.

Two different secondary side pressures were chosen. The higher
pressure, 4.6 MPa, is representative of reactor secondary pressure following
a postulated loss-of-class-lV power event. The lower pressure, 0.2 MPa, is
representative of a postulated loss—of-primary—coolant, design-basis earth-
quake or main steam-line break, event. Ac each secondary side pressure a
high and a low power test was conducted. Two of the tests were checked for
repeatability with good results.

A summary of test conditions are listed in Table 2. A more
detailed discussion of the experimental results is available in reference

3. CATHENA SIMULATIONS

3.1 CODE DESCRIPTION

CATHENA is a one-dimensional therm,ilhydraulics computer code
developed at WNKE primarily to analyze postulated loss-of-coolant accident
scenarios for CAN'UU nuclear reactors. The code uses a nonequilibrium,
two-fluid thermalhydraulic model to describe fluid flow. Conservation
equations for mass, momentum and energy are solved for each phase (liquid
and vapour). Interphase transfer of mass, momentum and energy is handled by
a set of flow regime dependent constitutive relations. As well, flow regime
dependent constitutive relations for wall shear specify momentum transfer
between the fluid and the pipe surfaces.

The numerical solution method used is a staggered-mesh, semi-
implicit, finite-difference method that is not transit-time limited \2\.
Conservation of mass is achieved using a truncation error correction tech-
nique similar to that used in RELAP5/MOD2 [3j. Mass conservation is
particularly important in predicting two-phase thermosiphoning because of
its sensitivity to small changes in mass inventory. As well, the length of
the transients makes them vulnerable to the accumulation of small errors to
a point where the solution is adversely affected.

Wall energy transfer is handled by a complex wall heat transfer
package. A set of flow regime dependent constitutive relations for heat
transfer specify energy transfer between the fluid and the pipe wall and/or
fuel element surfaces. Heat transfer by conduction within the piping and
fuel can be modelled in the radial as well as the circumferential direct-
ions. Radiative heat transfer and the zirconium-steam reaction can also be
included. Built into this package is the ability to calculate heat transfer
Irom Individual groups of pins in a fuel bundle subjected to stratified
flow. Under these conditions the top pins in a bundle are exposed to steam
while the bottom pins are exposed to liquid.
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Component models, which describe the behavior of pumps, valves,
steam separators and discharge through breaks, are available to complete the
idealizations of reactor systems. A more complete description of the
CATHENA code is available in reference 1,4].

3.2 NODALIZATION

The nodalization used for these simulations is shown in Fig 2. A
total of 130 nodes and 130 links were used to model the RD-14 facility.
This idealization was previously found to be a good compromise between com-
puter time and solution convergence.

Modelling of the steam generators presented two problems that are
currently being rectified for future experiments.

Firstly, it is not clear what type of recirculation mode occurred
within the steam generator secondary side. Normal full-power operation has
fluid flow up the shell with steam carried out the top and liquid returning
to the bottom of the shell via the downcomer. However, no recirculation via
the external downcomer occurred resulting in a "kettle-like" operation of
the steam generators. Rising two-phase flow near the centre of the steam
generators and falling single phase flow near the outer shell was the prob-
able mode of recirculation. This would have resulted in the outer tubes
being exposed to mainly single phase liquid and the inner tubes seeing a two
phr.se mixture. To simplify the simulation it was assumed that all steam
generator tubes experienced the same secondary side conditions. An estimate
of the heat transfer coefficient on the outer tube surfaces was made based
on previous CATHENA predictions. The secondary side temperatures, for the
most part, were assumed to be constant and were set to the saturation temp-
erature corresponding to the experimental secondary side pressure.

Secondly, two of the experiments showed evidence of unsteady feed-
water flow in steam generator 2, which resulted in periodic drops in the
primary fluid temperature exiting the steam generator, (see Figs. 3 and 4).
Since the predictions proved to be quite sensitive to these temperature
drops, the boundary condition temperature, in the preheater section oaly,
was periodically lowered to match the experiment.

Heat losses from the loop pipework to the environment were includ-
ed. Draining was simulated by an imposed intermittent flow of liquid from
the outlet of heated section 2 into a boundary reservoir.

3.3 RESULTS

The first three test conditions shown in Taole 2 were simulated
using CATHENA and are presented here. A Drief characterization of each
experiment is followed by a comparison between the predicted and experiment-
al parameters (Figures 6 to 20.) Figure 5 shows the primary loop inventory
history. Only the high power, high pressure combination is shown, but it is
typical of all three cases. Each fall in the level indicates a draining
operation.

Experimental void fraction readings were not yet available.
Therefore the normalized experimental voltages from the gamma beam densi-
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tometers were plotted with the predicted void fraction (Figures 10, 15, ana
20). While the experimental voltages do not accurately represent the void
fraction, they indicate the arrival of void at this location.

3.3.1 High-Power, High-Pressure Test

Figures 6 to 10 show the simulation and experimental results for
the high-power (160 kW/pass) and high-pressure (4.6 MPa) test.

Generally this case is characterized by stable nonoscillating
positive flow. Some small oscillations are evident for a brief period
around 6000 seconds. Near the end of the test, at loop inventories of about
70%, sufficient void penet tes the steam generators to cause reduced
primary flow and stratification in the heated channels. The exposed top
heater pins quickly heat up and trip the power on high temperature,
terminating the experiment.

The primary side pressure history at header 1 is shown in
Figure 6. Generally good agreement between the CATtfEdA simulation and the
experimental results was achieved. A slight overestimation early in the
transient is, probably a result of small discrepancies in the initial fluid
temperatures. The slight underestimation in pressure after 3000 seconds is
thought to result from overestimating the heat removal rate from the steam
generators.

Figure 7 shows the volumetric flow at the inlet to test section 2.
Good agreement is seen until around 3200 seconds into the transient when the
prediction overestimates the primary flow. Up to this time, each draining
operation has resulted in decreased system pressure and increased test
section outlet void. The increased outlet void results in a higher driving
head and therefore higher flow rates. Also, up to this time the void con-
densed completely in the riser side of the steam generator tubes. After
3200 seconds, void was able to reach the top of the tubes and collect in the
cold-leg side, thereby retarding the flow. An overestimate in the steam
generator heat removal rate, mentioned previously, caused a delay in the
timing of void carry over, resulting in the higher predicted fiowc.

The predicted onset of oscillations at 4800 seconds, is early
compared to the onset at about 6000 seconds in the experiment.

Figures 8 and 9 show the heater pin sheath temperatures of the
uppermost pin at channel 1 inlet and a lower pin near the middle of channel
1 respectively. The effects of flow stratification were correctly captured
in the CATH~NA simulation. The code correctly predicted dryout of the top
heater pin with no dryout of the lower pin. However, timing of dryout was
slightly premature.

The void fraction downstream of the outlet of steam generator 1 is
shown in Figure 10. This figure indicates that the steam generator tubes
first become steam filled at 4800 seconds. CATHENA correctly predicted the
occurrence of void at this time but in insufficient quantities, again a
result of high heat removal rates in the steam generator. The void spike
after 6400 seconds was predicted late in the simulation.
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3.3.2 Low-Power, High-Pressure Test

Figures 11 through 15 show the simulation and experimental results
for the low-power (80 kW/pass) and high-pressure (4.6 MPa) case.

This test, like the previous test starts out in a stable non-
oscillatory forward flow mode. Around 2000 seconds and at 94% loop invent-
ory small regular oscillations begin to appear and grow in amplitude as more
primary fluid is drained. The flow oscillations occur in both halves of the
loop and are almost in phase with one another. At about 4600 seconds and
approximately 90% loop inventory, flow stagnation and fuel temperature
excursions first occurr. At 5000 seconds and at 80% loop inventory a small
less well defined oscillating negative flow develops which results in peri-
odic dryout of the upper fuel elements. After 6000 seconds and at 70% loop
inventory the flow oscillates about a zero mean, the channel flow stratifies
and high-pin-temperature trip terminates the experiment.

The primary side pressure trace, Figure 11, shows the predicted
pressure to be low up to 3500 seconds. Since similar secondary side bound-
ary conditions were used for this case as used in the high-pressure, high-
power case, excessive heat removal in the steam generators is suspected.
The effect is more pronounced because of the lower input power used in this
experiment. After 3500 seconds, pressure spikes are incorrectly predicted.
They result from excessively large flow rates and heater pin temperature
oscillations.

Figure 12 shows the predicted flow to be slightly high up to 3200
seconds. The high heat removal rate from the steam generators results in a
lower system pressure and higher test section outlet voids than occurred in
the experiment. The increased void creates a higher driving head and there-
fore increased flow rates. The onset, amplitude and period of the oscilat-
ions are, however, well predicted. After 3200 seconds the predicted oscil-
lations become much larger and longer in period than in the experiment. The
reason for this discrepancy is thought to be a result of the predicted high-
er voids, which caused a transition from previously mixed flow to an annular
flow in the vertical pipe sections. This allowed quicker movement of vapour
to the steam generators where it accumulated and slowed the flow. The
resulting annular flow that developed in the steam generator tubes also
reduced the condensation rate increasing the period of oscillation. The
relatively steady reverse flow, observed in the experiment between 5000 and
6000 seconds, was not predicted by CATHENA. The near stagnant conditions
predicted were probably a result of the overestimation in void. The drain-
ing operation after 6000 seconds, which causes the flow to stagnate in the
experiment, supports this.

The predicted heater pin sheath temperature shown in Figure 13 has
numerous spikes beginning around 3500 seconds. Dryout, of the top heater
pins, is evident in the experiment around 4000 seconds, but the actual
temperature spikes tend to be much much smaller in amplitude than the pre-
dicted spikes. Again this is caused by the large predicted flow oscillat-
ions that produce periods of flow stagnation in the channel. Dryout of the
lower heater pin did not occur in either the experiment or the simulation
(Figure 14).
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Figure 15 shows the steam generator outlet void. In the experi-
ment, the appearance of void at this location is a result of the flow
reversal observed after 5000 seconds- The void remains until 6200 seconds
because the small, steady, reverse flow persists until that time. Later,
the void disappears as flow stagnation occurs. CATHCNA predicted near-
stagnant conditions, starting around 5000 seconds and therefore did not
predict the appearance of void at this location. The spike predicted at
6400 seconds resulted from void carried through the steam generator tubes by
a positive surge in flow around 6300 seconds.

3.3.3 Low-Power, Low-Pressure Test

Figures 16 through 20 show the simulation and experimental results
for the low-power (60 kW/pass) and low-pressure (0.2 MPa) test.

In this test an intermittent flow pattern develops early at about
98% of loop inventory. Large, nearly in phase, flow surges from near-
stagnant conditions were observed in both halves of the primary circuit.
This allowed periodic dryout of the upper fuel elements. With each succes-
sive draining operation, the period of the oscillations shortened. At loop
inventories of about 70% the mean flow direction reversed and less well
defined negative flow oscillations developed. Finally, at 50% of primary
loop inventory, flow stagnation occurs resulting in a power supply trip on
high heater pin temperature and termination of the experiment.

The primary pressure shown in Figure 16 shows good agreement with
the experiment. Only a small underestimation in pressure and discrepancies
in timing the pressure rises is seen.

Figure 17 shows the predicted oscillations, up to 3400 seconds,
have the correct general shape and amplitude but the period is too long. In
addition, the flow reversal observed in the experiment after 6000 seconds,
is prematurely predicted. Since these cases are very sensitive to the
amount and distribution of void, especially in the vertical pipe legs, it
is important to correctly predict condensation within the steam generators.
Large primary side oscillations can be expected to induce void and flow
oscillations in the secondary side which affect the heat removal rate from
the primary side. The simple modelling of the secondary side, used in these
simulations, is suspected of being inadaquate in this case.

The sheath temperature of the upper heater pin, Figure 18, shows
that the predicted oscillations, before the flow reversal at 3-+00 seconds,
have the correct amplitude but a longer period than in the experiment.
After 5000 seconds large temperature excursions due to the long periods of
stagnated flow are predicted. Unlike the previous two test cases, the lower
pin location, plotted in Figure 19, approaches dryout conditions. This is
predicted well by CATHENA.

The steam generator outlet void fraction plot, Figure 20, shows
that the arrival of void, at 3600 seconds in the simulation, occurred short-
ly after a negative flow was established. The experiment also shows the
arrival of void after a negative flow developed, but not until 6400 seconds.
CATHENA predicts these events prematurely.
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4. CONCLUSIONS

The CATHiSNA code has been used to predict thermosiphoning tests
conducted in the RD-14 thermalhydraulic test facility. The code has
correctly predicted the occurrence of nonoscillating and oscillating two-
phase thermosiphoning flow behaviour.

Nonoscillating, two-phase thermosiphoning flow and the timing of
the onset of oscillations are well predicted. The use of constant boundary
conditions for the steam generator secondary side is adequate for these
conditions.

Oscillating, two-phase thermosiphoning flow is not as well
predicted. The predicted period tends to be longer and the amplitude exag-
gerated. For this type of flow, constant boundary conditions may not be
adequate. Where the period of oscillation is long and the oscillation
amplitude large, the interaction between the primary and secondary side
appears to be important.

In all cases heater pin behaviour was correctly predicted,
especially in the presence of stratified flow where upper elements became
exposed to steam and experienced temperature excursions, while the lower
elements remained cooled by single-phase liquid.
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TABLE 1

COMPARISON OF CHARACTERISTICS OF RD-14 WITH THOSE OF A TYPICAL CANDU-PHW

Characteristic

Operating Pressure (MPa)

Loop Volume (L)

Loop Piping I.D. (m)

Heated Sections:

Length (m)
Rod diameter (m)
Flow tube diameter (m)
Power (kW/channel)

Pumps:

Impeller diameter (m)
Rated flow ((cg/s)
Rated head (m)
Specific speed

Steam Generators:

Number of tubes
Tube diameter I.D. (m)
Secondary heat-transfer
area (m2)

Heated Section-to-Boiler Top
Elevation Difference (m)

RD-14

10

951.4

.074

indirect heated
37—rod bundles

6
.0131
.1034

5500.

single stage

.381
24.

224.
565

recirculating
U-tube

44
.01363

41

21.9

Typical Reactor

10

57 000.

varies

nuclear fuel
37—element bundle

12 x 0.5
.0131
.1034

5410.

same as RD-14

.813
24. (max/channel)

215.
2000

recirculating
U-tube

37/channel
.01475

32.9/channel

21.9
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TABLE 2

SUMMARY OF TEST CONDITIONS

Heated Section
Power
(kW)

160

80

60

160

Secondary
Pressure
(MPa)

4.6

4.6

0.2

0.2

Initial Primary
Pressure
(MPa)

7.1

7.1

5.1

5.1

I
Total Inventory

Drained

(L)

291

271

486

583

% Loop Volume

30

30

50

60
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Figure 3: HIGH-POWER, HIGH-PRESSURE CASE
STEAM GENERATOR 2 - PRIMARY SYSTEM OUTLET FLUID TEMP
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THE GINNA TUBE RUPTURE EVENT:
A PLANT TRANSIENT BENCHMARK FOR TRAC*

by

J. F. Lime and R. P. Jenks
Safety Code Development Group

Energy Division
Los Alamos National Laboratory

Los Alamos. MM 87545

ABSTRACT

The R E. Ginna steam-generator tube-rupture (SGTR) event on Jan-
uary 25. 1982 was simulated using the Transient Reactor Analysis Code
(TRAC). version TRAC-PFJ/MOD1. A complete TRAC model of the
Ginna plant was developed and the SGTR event was calculated to 5000 s.
The overall plant behavior was simulated with excellent to reasonable agree-
ment obtained between calculated results and measured data. A primary
objective of calculating and matching the actual reactor trip time was
achieved. The Ginna SGTR event provided a meaningful plant-transient
benchmark for reactor-safety thermal-hydraulic computer codes. The anal-
ysis presented demonstrates that TRAC can accurately simulate full-scale
plant SGTR transients.

I. INTRODUCTION
We performed a Transient Reactor Analysis Code (TRAC) calculation of the steam-

generator tube-rupture (SGTR) accident that occurred at the R. E. Ginna nuclear power
plant.1 This plant is a Westinghouse (WJ-designed 1520-MWt two-loop pressurized water
reactor (PWR) owned and operated by the Rochester Gas & Electric Corporation and located
in upper New York state. On January 25. 1982. a single tube ruptured in steam-generator (SG)
B. causing a plant transient that lasted approximately 33 h until the plant was brought to a
cold shutdown condition. Major plant parameters were recorded during this event:2 thus, the
event provided a meaningful plant-transient benchmark for reactor-safety thermal-hydraulic
computer codes. We calculated the first 5000 s of the accident and simulated the overall
plant behavior, obtaining excellent to reasonable agreement between calculated results and
measured data. The TRAC-PF1/MOD1 code3 was used for this analysis and the work was
performed under the TRAC Calculational Assistance program (FIN No. A7217) for the US
Nuclear Regulatory Commission (NRC).

* This work was funded by the US Nuclear Regulatory Commission. Office of Nuclear
Regulatory Research. Division of Accident Evaluation.
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The calculation presented herein was reported in Ref. 4. and is the second Los Alamos
TRAC calculation of the Ginna SGTR event. A preliminary TRAC calculation had been per
formed earlier that simulated the Ginna SGTR event to 51W s. That anaiysis was based on a
TRAC model of the Ginna plant developed by Argonne National Laboratory (ANL) It lacked
many of the secondary-side components, correct boundary conditions, and control sysiems
necessary for an accurate simulation. Time-dependent trips rather than setpoint-actuated
trips were used We updated and improved the ANL Ginna plant model by (1) modeling the
secondary-side steam and feedwater piping components: (2) adding the steam-generator and
steam-dump control systems: (3) improving the tube-rupture model: and (4) correcting other
modeling deficiencies and errors. Trips are now actuated by plant setpoints rather than by
time. Thus, our present calculation is significantly improved over the previous calculation

II. GINNA SGTR ACCIDENT DESCRIPTION
On January 25. 1982 at 9:25 a.m. (0 s).* multiple control-room alarms alerted the oper

ators to a reactor-coolant system (RCS) depressurization and the existence of a primary to
secondary teak, which was eventually determined to be 2 tube rupture in SG B as the transient
progressed. Turbine runback and reactor power reduction commenced at 9:26:30 am (90 s).
and all eight steam-dump valves (SDVs) opened at 9:27 a.m. (120 s) to relieve steam flow
The third charging pump was turned on at 9:27:30 a.m. (150 s) but the pressure continued to
decrease, and the reactor tripped on low pressure at 9:28:12 a.m. (192 s). Reactor trip was
followed quickly by safety injection actuation signal (SIAS) and main feedwater (MFW) trip
The reactor-power reduction was almost linear with time, and was approximately 70% at time
of reactor trip. The reactor-coolant pumps (RCPs) were manually tripped within a minute
after reactor trip at 9:29:10 a.m. (250 s). Both motor-driven auxiliary feedwater (MDAFW)
and steam-driven auxiliary feedwater (SDAFW) were delivered to the SGs. Between 9:38 and
9:39 (780 s and 840 s). the operators initiated a primary-system cooldown by decreasing
the secondary pressure. The operators operated the SDVs to control the rate of secondary
pressure decrease. The SG B was isolated at 9:40 a.m. (900 s) while decay heat continued
to be removed from SG A

The tube-rupture flow continued to fill the SG B secondary side. At 9 55 am (1800 s). the
narrow-range SG level went ofTscale and the loop B main steam line started to fill To reduce
tube-rupture flow by decreasing the primary pressure, a pressurizer power-operated relief valve
(PORV) was opened at 10:07:30 a.m. (2550 s). The PORV was operated successfully three
times, but the fourth time the valve stuck in the open position. The operator closed the PORV
block valve at about 10:10 a.m. (2700 s) to prevent further loss of inventory, and the primary
system repressurized.

The increased pressure and tube-rupture flow caused an increase in SG-B secondary
pressure that forced the safety relief valve (SRV) in steam-line B to cycle open three times.
To prevent reopening of the SRV and to reduce tube-rupture flow, safety-injection (SI) flow
was terminated at 10:37 a.m. (4320 s). Other actions subsequently were taken to equalize
the primary and secondary pressure in SG B to reduce the tube-rupture flow. By 12:30 p.m..
three hours after the initial alarm, the primary pressure and SG-B pressure were equalized.

* The times given parenthetically are relative to 9:25 a.m.
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Established plant emergency guidelines were used to bring the plant to a cold shutdown
approximately 33 h after the tube ruptured.

III . ANALYSIS ASSUMPTIONS

A. TRAC Version
TRAC-PF1/MOD1. version 12.3. was used in this study. TRAC-PF1/MOD1 was de-

veloped by Los Alamos National Laboratory to provide advanced, best-estimate predictions
of postulated accidents in PWRs The code features a two-phase, two-fluid, nonequilibriurn
hydrodynamics model with a noncondensable gas field: flow-regime-dependent constitutive
equations, either a one- or three-dimensional reactor-vessel model: complete control-systems
modeling capability: a generalized steam-generator component model: and numerous other
modeling characteristics. A detailed description of TRAC-PF1/MOD1 is given in Ref. 3.

B. Ginna Plant Model
Figure 1 shows an overview of the Ginna plant model The plant model has been ex-

tensively updated and improved from the previous plant model used in the preliminary TRAC
calculation. The major changes are the addition of the secondary-side steam and feedwater
components, an improved tube-rupture model, the correction of boundary conditions, and the
addition of steam-generator-level and steam-dump control systems. The vessel was mod-
eled in three dimensions, whereas the rest of the plant was modeled in one dimension. The
plant model contained 63 TRAC components for a total of 96 three-dimensional cells. 321
one-dimensional cells, and 15 boundary cells.

1. Reactor Vessel. Figure 2 shows the reactor-vessel noding. The vessel was divided
into 12 axial levels. 2 radial rings, and 4 azimuthal sectors. Two axial levels modeled the lower
plenum, four modeled the core, four modeled the upper plenum, and two modeled the upper
head. The inner radial ring modeled the core region, whereas the outer radial ring modeled the
downcomer annulus Internal vessel flows modeled included (1) core bypass flow. (2) upper-
head cooling-jet flow, and (3) control-rod guide-tube flow. Core-bypass and guide-tube flows
were modeled with separate PIPE components. Resistances through the core-bypass tubes
were adjusted to obtain a core-bypass flow of 4% (of total RCS flow). Upper-head cooling-jet
flow from the downcomer was modeled. The cooling-jet flow-atea resistances and the guide-
tube pipe lengths were adjusted to obtain the proportion of downcomer flow and upper-plenum
flow that gave the desired average upper-head steady-state temperature of 583 K (59CTF)

2. Primary Loops. Figure 3 shows the noding for the damaged loop B. Both loops
have identical noding except for the pressurizer. surge line, and tube rupture, all of which are
in loop B. and for modeling of charging and letdown flow. The RCP-pov/er energy input to
the reactor coolant. 2.67 MWt per pump, was modeled by a trip-controlled heat source in the
cold leg downstream of the RCP.* The Ginna pressurizer is smaller than the pressurizers on
other W two-loop PWRs. 22.65 m2 (800 ft3) vs 28.32 m3 (1000 ft3). A single pressurizer
PORV was modeled with the VALVE component. A constant-pressure BREAK component
provided valve boundary conditions.

* The PUMP component in TRAC does not have the option of adding energy to the fluid,
so this energy has to be added in another component.
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3. Steam Generators. The Gmn^ SG is a W Series 44 inverted U-tube design, which is
the series used in other W designed plants (Point Beach Turkey Point. H B Robinson, and
Indian Point). The SG model came from a H B Robinson plani model, and was modified to
reflect specific Ginna SG desipn values and to accommodate the tube-rupture modeling The
U-tube bundle is noded into 16 fluid cel1^ (see Fig 3j while tin secondary-sidt boiler rt-r.ion is
noded into eipht levels Two TEE components model ttu- moisture separator arid steam dome
regions and the downcomer annulus The flow dynamics of mechanical separators and dryers
were not modeled because TRAC does not have this capacity but we weie aole to obtain
complete liquid/steam separation with the noding configuration used, without the need of
an artificially high friction factor or large flow area Heat transfer structures in the model
include: the outer shell, tube-bundle wrapper, tubesheet. ink! and outlet plena heads dryers
and separators, and other internal structures The outer external surfaces of a!l structures are
assumed adiabalic

4. Tube-Rupture Model. Figure 4 shows the tube rupture noding We modeled the
actual tube-rupture geometry as accurately as possible. Ma»n factors considered were the
rupture location, type of rupture (whether a double-ended break or a side-opening rupture).
and tube length The ac.ual tube rupture was a ballooned sh« opening on the side of the tube
very near the hot side tube sheet. The bottom of the rupture was estimated to be 0 05 to
0.1 m (2 to 4 in ) above the tube sheet. The rupture was 0.104 m (4 1 in.) long and 0 018 m
(0.7 in.) wide and the total length of the ruptured tube was 25 25 m (994 in )

The tube-rupture model used a TEE component that modeled the flow coming through the
ruptured tube from both the inlet and outlet plena and exiting to the boiler region through the
side of the tube wall The TEE side tube modeled the secondary side next <o «he rupture, and
the side-tube junction area modeled the rupture flow area The VALVE component between
the ruptured tube and boiler region was used only to initiate the SGTR flow at the start
of th t.ansient. it was not used to control the amount of SGTR flow The cells in the
side tubes connected to each plenum are very small convergently shaped cells that serve to
minimize the tube entrance pressure-drop losses We modeled the center of the tube rupture
at 0114 m (4 5 in ) above the hot-side tube sheet and used a rupture flow area of 0.00145 m*
(2 25 in.*). The ruptured flow does not choke at this area but rather at the tube flow area on
each side of the rupture opening. For comparison, the internal flow area of a single SG tube
of 0.775-in. diameter is 3.0434 > 10 4 m2 (0 4717 in.-').

The initial TR AC-calculated rupture mass (low for this model was 31 4 kg/s (695 gpm)
SGTR flows have historically been very difficult to calculate and estimate because of the
uncertainty in nonequilibnum flow behavior occurring in the ruptured tube. Estimated initial
flows of the Ginna SGTR in various analyses have ranged from 532 to 800 gpm:7-1"-'' the NRC
has estimated the initial flow to be 760 gpm.1 The Ginna Final Safety Analysis Report gives
a value of 843 gpm for a double-ended tube break while another W analysis for two loop
plants with Senes-44 steam generators cites a value of 1065 gpm • We feel lhat the TRAC
tube-rupture model provides the best estimate to date of the Ginna SGTR flow Primary to
secondary heat transfer to the single ruptured tube was also modeled, but was found to be
insignificant
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5. Secondary-Side Modeling. The steam lines were modeled from the SG exit to the
turbine stop value and included the steam-dump lines to the condenser. The steam-line ge-
ometry from the SGs to the header just downstream of the main-steam isolation valves- reflect
actual Ginna plant geometry, with major elevation changes and line lengths modeled The
steam line downstream of the header and the steam-dump lines were approximated because
we did not have plant drawings for this section of the steam lines

There are two banks of SDVs four in each bank, which are sized to pass 40% of full-
pov/er steam flow The steam-dump control system automatically governs these valves to
relieve steam flow whenever the RCS average temperature increases above a reference tem-
perature. One bank of SDVs is programmed to open after the other bank has opened. The
SOVs operated in either a load-rejection mode or in a turbine-trip mode, or can be manually
controlled. The steam-line PORVs. one in each steam line, are programmed to open only in
a load-rejection mode

The feedwater lines were modeled from a common header just upstream of the individual
feedwater regulating valves to the SG inlet and included connections for auxiliary feedwater
(AFW). The feedwater lines modeled also reflect Ginna geometry, with major elevation changes
and exact line lengths modeled. Feedwater flow is controlled by the steam generator level
control, which controls the feedwater flow to match steam flow and maintain a given secondary
level.

6. Trip Setpoints and Boundary Assumptions. Table I presents the reactor-trip.
SIAS. steam-line SRV. steam-dump control, and other setpoints used in the analysis. The
low-pressure reactor-trip setpoint was adjusted to reflect the actual pressure at reactor trip.
The plant transient data and events sequence seem to indicate there were differences caused
by instrument uncertainty or drift. The 51. charging, and letdown flows are modeled with
FILL components. The SI flow is injected into each cold leg downstream of the RCP and has
a shutoff head of 10.68 MPa (1550 psia). The charging flow was assumed to be injected into
cold-leg B while letdown flow was assumed to be taken from the loop-B loop seal. During
steady state and prior to reactor trip, makeup and letdown flows were assumed to be the same.
The makeup flow was increased from one to three charging pumps as the SGTR transient
progressed. The letdov/n flow was terminated on a pressurizer low-level trip while charging
flow was terminated on SIAS. Later in the transient, both letdown and makeup flows were
started again by the operators and this action was modeled in the calculation.

The pressurizer PORV was sized to pass 25.2 kg/s (200000 Ib/h) of saturated steam at
the PORV-open selpoint. The PORV was programmed to open and close at the actual event
times

Main-feedwater flow was controlled by the SG level control system. The MFW temper-
ature was assumed to be 466 K (379 F). The AFW was modeled with time-dependent FILL
components. The Ginna plant has one SDAFW and two MDAFW pumps. The steam-driven
pump has a capacity of 25.03 kg/s (400 gpm). and the motor-driven pumps each have a
capacity of 12.52 kg/s (200 gpm). The AFW temperature was assumed to be 294 K (70cF).
The AFW to each SG was specified in accordance with the recorded event sequence times.

The SG secondary pressures were either calculated or specified depending on the transient
period. In the transient before reactor trip, the measured secondary pressure was specified
as a pressure boundary to simulate the turbine-runback pressure increase. After reactor
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trip but before SG B isolation and SG A cooidown. the secondary pressures were calculated.
controlled by the steam dump cont-ol system in the turbine- trip mode The SG B pressure
was also calculated after SG B was isolated The SG A pressure was specified after the SG-A
cooidown wds initialed in order lo simulate the actual secondary pressure decrease

7. Steady State Conditions. Table It compares the TkAC mode! steady state vith
plant conditions givi.ii in kef 1 The TRAC-calculated steady state .ipreed very well with the
plant steady stalt We were able to match the plant average upper-head temperature and
average RCS temperature Internal vessel flows, although noi specified except for the the
upper head cooling jet flow from the downcomer. are considered to be representative values
Reactor-coolant loop flows are slightly higher than specified but aclujl loop flows can vary
as much as 10% from specified values The TRAC feedwater flow is lower than specified but
ihis could be because of a difference in feedwater temperature The secoridjry-sidt- water and
steam volumes are well within the accuracy of the cited values The secondary side water
mass is representative of the water mass in a Series 44 SG based OR values cited for the
H. B. Robinson-2 plant

IV. TRANSIENT CALCULATION RESULTS
We calculated the first 5000 s of the accident and simulated the overall plant behavior.

obtaining excellent to reasonable agreement betv/een calcufated results and measured data
Calculated results and measured plant data were compared ioi primary and secondary pres
sures. reactor coolant temperatures and pressuri/er and SG levels The TRAC calr. uialion was
started from a full power steady state 40 s before the low pressure alarm un>< o! 9 25 am *
Initiating the TRAC calculation in this manner allowed the calculated primary pttssure to
match the measured plant data at the low pressure ala'm time a*, we!! as at the reactor-trip
time While we were concerned with simulating the overall transient as accurately as possi-
ble, our analysis focused on the early part the transient namely the system depressurization
before reactor trip, the time of reactor trip the rapid dcprcssunzation after reactor trip, and
the slow system repressunzation after RCP trip For this reason we show and discuss the
TRAC calculation and comparison with plant data for two time periods from 40 s to 600 s
and from 0 s to 5000 s The major event sequence is shown in Table III with actual times
compared to calcuiaied times

Plant dal.i recorded during the event included pressures measured in the pressurizer.
reactor-coolant loop, and SGs; hot and cold-leg temperatures (ho! leg temperatures were
available only for the first 300 s of the transient), and AP calculated indicated levelb for the
pressun/er and SGs. The exact measurement locations were not specified

A. Results from 40 s to 600 s.
Figure S compares the calculated and measured primary and secondary pressures, re-

spectively Following the initial rupture, the primary system depressurized at a constant rate
until turhine runback and power reduction were started at about 90 s The pressure leveled
and increased slightly from the increase in secondary pressure caused by the turbine runback
At 140 s. the primary system continued to depressunze and the reactor tripped at 194 s on

* The TRAC calculation times are shifted so that zero time coincided with 9:25 am . the
time- generally cited as the start of the SGTR event
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a low-pressure setpoint (actual reactor trip time was 192 s.). Automatic SIA5 and MFW
trip followed within seconds after reactor trip. The primary pressure decreased very rapidly
to about 8 MPa (1200 psia) and then slowly repressunzed to 10 MPa (1450 psia) by 600 s.
AFW was started at about 230 s and the RCPs were manually tripped at 250 s.

The secondary pressures were constant until the turbine runback caused the pressure to
increase from 5.36 MPa (778 psia) to 6.21 MPa (900 psia). Following reactor trip and TSV
closure, the secondary pressure increased to about 6.6 MPa (957 psia). The steam-dump
control system then controlled the secondary pressure in a turbine-trip mode to maintain a
constant RCS average temperature. The TRAC calculation simulated the opening and closing
of the SDVs reasonably well both before and after reactor trip, as can be seen from the 5DV
open and close tines given in Table III. The two SG calculated pressures were the same until
300 s and then started to slowly diverge, the SG-B pressure increasing and the SG-A pressure
decreasing.

The calculated and measured pressures agreed very well before and immediately after
reactor trip The calculated primary pressure after RCP trip was higher than that in the plant
data. At 510 s. for example, the calculated pressure was 9.82 MPa (1424 psia;. compared to
9.05 MPa (1312 psia) for the plant data. The secondary calculated and measured pressures
before reactor trip should agree since the measured pressure was a specified pressure boundary
during that time. After reactor trip, the secondary pressures agreed extremely well to about
300 s. The calculated secondary pressures started to differ beyond that time, the SG-A
pressure decreasing slightly, following the trend of the plant data, while the SG-B pressure
increased sfightly. The slight decrease of the plant secondary pressure may be a result of
steam extraction for the steam-driven AFW pump, which the calculation did not account for.
The one datum point at 500 s for SGB showed the measured SG-B pressure to be about
1.38 MPa (200 psi) lower than the calculated SG-A pressure. There were no plant data for
SG A to compare with between 360 s and 1200 s.

Figure 6 shov/s the hot- and cold-leg temperatures for loop a compared to measured
temperatures. The temperature comparison for loop B is virtually identical. The calculated
temperatures agreed extremely well with the plant data during the time before reactor trip:
the calculation simulated the change in both the hot- and cold-leg temperatures that occurred
with turbine runback and power reduction. The calculated and measured temperatures also
agreed extremely well following reactor trip but started to differ after RCP trip. The plant data
showed a slower divergence between the hot- and cold-leg temperature than did the calculation.
This may be because the RCP coastdown was not as rapid as calculated. A slower coastdown
would result in higher loop mass flows, which would reduce the difference between the hot-
and cold-leg temperatures. Another possible explanation for the temperature difference may
be that the cold-leg temperature measurement is affected by the colder SI flow because of
thermal stratification in the vicinity of the instrumentation taps, which are located downstream
of the SI port. Note that there is a larger temperature difference between the calculated and
measured cold-leg temperatures than there is between the calculated and measured hot-leg
temperatures.

Figure 7 shows the calculated pressurrzer indicated level compared to plant data. The
indicated level is based on the pressure difference between two pressure taps located at different
elevations in the pressurizer. The TRAC AP-calculated level is approximate because the exact



pressure-tap locations were not known The scaimp. and ofKet factors used in calculating the
level were adjusted so that the calculated level agreed with the plant data at 100 s and at
250 s Consequently the THAC AP calculated level may be rrroneous at higher levcl1-

The pressuri?er emptied after rea<tor trip and remained empty tor about 50 s The iurg*
line also emptied and a small amount of vapo' entered (IT do; ie« The pressun/f" then
partially refilled between 280 s and 400 s with suhcocled M.JCtor coolant flow The AP
calculated level does not show this refilling because the lower pressure tap was at a (uglier
elevation

Figure 8 show, the TRAC-calculated levels for SG A arid SG B compared to pl.int data
The SG indicated ievel is the narrow range instrumented level, so that even a; zero level, there
is still considerable water left in the SG. As in the pressurize;-level calculation the calculated
SG levels are approximate because the exact pressure tap locations were not known The seal
ing and offset factors used in the TRAC calculated level were adjusted so that the calculated
level agreed with the plant data at 250 s. Because of the approximation. TRAC-caLulated
SG levels can be expected to be erroneous at higher levels and at off power condition'. Even
though the TRAC-calculated levels are approximate, they do simulate the plant indicated lev
els reasonably well, matching the level increase in SG B from SGTR flow, the level variations
caused by turbine runback and power reduction, and the level increase from AFVV

B. Results f rom 0 s to 5000 s.
Figure 9 shows the calculated and measured primary and secondary pressures The

calculated pressure increased after RCP trip to a level of about 10 MP d (1450 psia). and
stayed at that level except for a slight pressure decrease between 800 s and 1200 s caused by
pressurizer condensation and secondary side cooiinp The prt-ssun/er condensation resulted
from the subcooled reactor coolant that partially refilled the pressunzer between 280 s and
400 s. At 2550 s the primary pressure was rapidly reduced by opening one of the pressurizer
PORVs. The PORV was operated successfully three tune- but it failed to close on the
fourth opening forcing the operator t r close the PORV block valve to prevent further loss
of inventory Safely injection (SI) flow was terminated at 4320 s to reduce the SGTR flow
thereby preventing further SRV lifts in the isolated-SG steam line

A cooldown of the primary system was initiated at 80i> s by manually controlling the
SDVs to decrease the secondary pressure The calculated SG A pressure reflected a scaled
specified pressure boundary of the actual secondary pressure to simulate the cooldown The
calculated SG A pressure at 800 s was higher than the plant pressure ,it 800 s. so the specified
cooldown pressure boundary was increased to match the calculated pressure Consequently,
the calculated SG-A pressure remained higher throughout the calculation

The calculated primary pressure agreed reasonably well with the plant data except for
the time between RCP trip and PORV opening where the calculated pressure was higher than
the plant data by about 0.9 MPa (140 psid) The plant data also showed a large pressure
decrease between 600 s and 1000 s that we were only partially able to simulat". We do not
know what caused the overall pressure difference or the pressure-decrease anomaly Possible
reasons for the difference between the calculated and measured p; assures might be. (1) steam
extraction for the SDAFW pump. (2) earlier initiation time of SG A cooldown. (3) a higher
AFW flow and/or lower AFW temperature. (4) a lower SI flow. (5) external primary system
heat losses. (C) residual pressurizer spray or (7) TRAC pressunzer condensation modeling
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The plant data showed a slower repressurization after the PORV block valve closing and a
lower pressure after SI flow termination

The ruptured SG was isolated at 900 s by closing the main steam isolation valve (MSIV).
The steam-line A PORV block valve was also closed, which forced the secondary pressure to
ma ease to the first SRV setpomt The pressure stayed at the SRV open and closed setpoints
for the rest of the transient The SG B eventually filled and overflowed into the steam line
and by 3000 s two-phase flow was being passed out the SRV.

The calculated SG-B pressure increased immediately when the SG was isolated at 900 s
However, the measured SG-B pressure continued to decrease after SG isolation to about 1200 s
before increasing. The pressure decrease after SG isolation could have been caused by leakage
through the closed MSIV or by AFW that continued to be delivered to SG B even though
the recorded events indicated that all AFW was terminated at time of SG isolation. There
may be some basis to the latter because SDAFW. which is common to both SGs. was not
terminated in SG A until 1260 s. The measured SG-B pressure also decreased when SI flow
was terminated at 4320 s. whereas the calculated pressure did not. This pressure decrease
vmy indicate that the SG-B SRV developed a leak as a result of the continual opening and
closing of the valve.

The calculated secondary pressures were higher than the measured pressure throughout
the transient, which might account for the calculated primary pressure being higher than the
plant primary pressure. However, the preliminary TRAC Ginna SGTR calculation.4 which used
the measured secondary pressures as specified pressure boundaries, also showed the calculated
primary pressure to be higher than the measured pressure. Figure 10 shows a comparison
of the calculated primary and secondary pressures for the present and previous TRAC Ginna
calculations. The measured plant pressures are also shown for reference The comparison is
only for the time before the PORV opening because the previous TRAC calculation did not
have a correctly sized PORV area. As can be seen, the secondary pressures of the previous
calculation are lower than those in the present catculation but the primary pressures of both
calculations are about the same.

Figure 11 shows the calculated and measured cold-leg temperatures. The cold-leg A cal-
culated and measured temperatures agreed extremely well. The measured cold-leg temperature
lagged the effect of the PORV opening and did not show the effect of SI flow termination. The
measured cold-leg B temperature was much lower than the calculated temperature between
1000 s and 3000 s. The low temperature, indicative of the Sl-flow temperature, resulted from a
loss of natural circulation at about 900 s. which may have been caused by the primary-pressure
decrease during that time. It might be noted that other Ginna SGTR analyses, performed with
another thermal-hydraulics code, have shown the same difficulty in simulating the cold-leg 6
temperature.7*

There was concern that the downcomer would also experience the low temperatures of
cold-leg B. However, the TRAC calculation showed that the downcomer temperature directly
below cold-leg B was only 4-12 K (7-22'F) lower than the temperature in cold-leg A. Thus,
we believe that cold downcomer temperatures were not a problem in the Ginna SGTR event.

Figure 12 shows the AP-calculated pressurizer level compared to plant data. Figure 13
shows the AP-calculated levels for SG A and SG B compared to plant data. As mentioned



earlier, the TRAC-calculated indicated levels are approximate These comparisons do show
however, that the calculated levels have the same general behavior as (he plant levels

Figure 14 shows the SGTR. makeup, letdown, and SI mass flows. Note that when
the PORV was opened, reverse flow occurred (or a short period in the ruptured tune The
integrated mass flows in and out of the primary system ar«- shown in Fig 15 The net
difference showed that the mass injected int the system exceeded the mass lost The mass
lost also included the flow lost out the PORV which amounted to 620 kg The primary
system mass increased by about 14000 kg (30865 Ib) at 5000 s equivalent to a 12% increase
in primary system mass. Of this additional mass. 1142 kg (2518 Ib) went into the pressunzer
as a result of opening the PORV. The rest was absorbed into the RCS from reactor-coolant
volume shrinkage caused by the decrease in RCS temperature.

Figure 16 shows the vessel upper-head temperature. The upper head saturated when the
PORV was opened at 2550 s. causing a steam bubble to form in the upper head The upper
head did not saturate at reactor-trip time. Figure 17 shows the volume of steam formed in
the jpper head as a result of opening the PORV. Once the PORV block valve was closed, the
Steam volume started to decrease rapidly as the primary pressure increased

Figure 18 shows the SG-B steam-line vapor fractions at the steam line entrance and at
the SRV location. The flow out the SRV quickly became two-phase when the SG overfilled
and by 4000 s the SRV flow was almost all liquid The top of the steam line remained partially
voided even though the steam line was rapidly being tilled with liquid The steam line was
about 83% full at the end of the calculation. The steam line and SG B contained an additional
17500 kg (38580 Ib) and 59500 kg (131175 Ib) of water, respectively at 5000 s Most of this
was SGTR flow but part of it was also AFW flow.

C. Computer Time Used.
The TRAC calculation was performed on a Cray-1 computer. The total computer CPU

time used for the transient time of 5040 s was 9777 s. giving an overall ratio of CPU time to
transient time of slightly less than two.

V. CONCLUSIONS AND RECOMMENDATIONS
Our analysis of the Ginna SGTR event has shown that TRAC can simulate full scale plant

SGTR transients. We achieved our primary objective of calculating the actual reactor trip time
for a SGTR transient. We also simulated reasonably well the overall plant behavior for the
selected transient time The analysis also showed the importance of modeling the secondary
side steam and feedwater components and related steam-generator and steam-dump control
systems Without modeling these components and control systems, it would have been
virtually impossible to accurately simulate the early part of the transient and calculate the
actual reactor trip time. There still remain differences and uncertainties in the analysis and
plant event, which can only be resolved with additional parametric studies. Areas that can be
studied are the effects of RCP coastdown rate. SG-cooldown initiation time. AFW flow and
temperature. SI flow. SG-B valve leakage, pressuri/er condensation modeling, and external heat
losses. We recommend further analysis of the Ginna SGTR event during the time between
RCP trip and PORV opening to resolve the differences between the TRAC calculation and the
plant measured data during that period
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Reactor trip, low pressure

SIAS

SI flow delivery

RCP trip

Steam-line safety valves
SRV 1

SRVs 2. 3. and 4

PORV

5team-dump valves

(1) Turbine-trip mode

SDV bank 1

SDV bank 2

(2) Load-rejection mode

SDV bank 1

SDV bank 2

PORV

TABLE 1

TRIP SETPOINTS

13.10 MPa

12.14 MPa

(1900 psia)

(1760 psia)

5 s after SIAS assuming
sufficient delivery pressure

50 s after i

close 7.357
open 7.584

close 7.729
open 7.963

close 7.240
open 7.450

Tavg-Tref*
K (°F)

0 (0)
10 (18)

10 (18)
16.7 (30)

Tavg-Tref**
K (°F)

1.11 (2)
6.72 (12)

6.72 (12)
9.2 (16.5)

9.2 (16.5)
18.1 (32.5)

SIAS (manual trip)

MPa (1067 psia)
MPa (1100 psia)

MPa (1121 psia)
MPa (1155 psia)

MPa (1050 psia)
MPa (1080 psia)

Valve area
fraction

0.0
1.0

0.0
1.0

Valve area
fraction

0.0
1.0
0.0

1.0

0.0
1.0

*T r e f - 557 K (543°F).

f e f is a function of transient time to simulate effect of turbine runback
using the recorded Tavg-Tref deviations at 160 s and 205 s.

Time
(s)
0

120
160
205

1
K

573.7
573.7
564.4
567.6

refo

(573)
(573)
(556)
(562)
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TABLE II

GINNA STEADY-STATE CONDITIONS

Parameter

Reactor power

Pressurizer pressure

Hot-leg temperature

Reactor-coolant average temperature

Cold-leg temperature

Average upper-head temperature

Vessel internal flows (% of total loop flow)
Upper-head cooling-jet flow
Guide-tube flow into upper head
Core bypass flow

RCP flow, each pump

SG exit pressure

Steam and FW flow (average)

SG recirculation ratio (boiler flow/steam flow)

FW temperature

. SG secondary-side water volume

SG secondary-side steam volume

SG secondary-side total water mass

Units

MW

(%)

MPa
(psia)

K

K
(=F)

K

(°F)
K

(°F)

%
%
%

kg/s
(lbm/s)
MPa
(psia)

kg/s
(lbm/s)
-

K
(°F)
m3

(ft3)
m3

(ft3)

kg
(lbm)

TRAC

15201

(100)

15.5"
(2250)

589
(601)

573
(572)

557
(543)

583
(590)

0.29
3.2
4.0

4345
(9579)

5.36"
(778)

391
(862)

3.8

466a

(379)

49.0
(1731)

80.7
(2848)

40393
(89050)

Plant

1520
(100)

15.5
(2250)

N/A''

573
(572)

N/A

583
(590)

0.29
N/A
N/A

4051
(8931)

5.31
(770)

416
(917)

N/A

N/A

47.6
(1681)

82.1
(2898)

N/A

" Specified values.
'' N/A indicates value was not available.
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TABLE III

GINIMA SGTR SEQUENCE OF EVENTS

Plant Event

Tube initially ruptured

Control room alarms sounded

Turbine runback and
power redurtion started

All SDVs opened

Third charging pump started

Four SDVs closed

Reactor trip signal reached

Turbine stop valve closed

SIAS and MFW trip occurred

MDAFW delivered to SGs

RCPs tripped

SDAFW delivered to SGs

All SDVs closed

MDAFW to SG B stopped

SG A cooldown initiated

SG B isolated and
SDAFW to SG B stopped

All AFW to SG A stopped

Pressurizer PORV first opened

PORV block valve closed

MDAFW delivered to SG A

MDAFW to SG A stopped

SI flow terminated

Calculation terminated

Plant Event
Clock Time

(a.m.)

09:24:20"

09.25

09:26:30

09:27

09:27:30

09:27:45

09:28:12

09:28:13

09:28:20

09:28:50

09:29:10

09:29:15

09:30:30

09:32

09:38-39

09:40

09:46

10:07:30

10:10

10:17

10:29

10:37

10:48:20

Transient
Plant

(*)

-40

0

90

120

150

165

192

193

200

230

250

255

330

420

780-840

900

1260

2550

2700

3120

3840

4320

5000

Time
TRAC

(*)

-40

0

90

120

150

180

194

195

201

232

251

258

290

422

800

900

1261

2550

2705

3120

3840

4320

5000

Estimated time of rupture: the actual time of rupture is not known.
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CODES
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ABSTRACT

A procedur to estimate the sensitivity of a dependent vari-
able of the computer simulation codes with respect to a set of
inpendent variables in the code is developed. The methodology is
applied to thecomputer code COBRA-II which simulate the thermal-
Hydraulics of the nuclear reactors at subchannel level. The me-
thod uses Stratified Fractional Factorial Sampling for data pre-
paration. The mathematical method of orthogonal central composite
design is used to develop a response surface in form of a complete
polynomial. The sensiLivity is determined by differentiating the
model with respect to each parameter while all the other parame-
ters are kept at their nominal values.
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INTRODUCTION

There are currently a large library of computer codes avai-
lable in nuclear engineering at data base and code centers such
as Argonne National Laboratory, the Oak Ridge National Laboratory
and the Brookhaven National Laboratory simulating all aspects of
nuclear engineering and power plant design and operation in U. S.

It has been said that the software is inherently much more
complicated than hardware.[1] This complexity is enhanced when
they become the -..eans of simulating aspects of even more complex
and multi-discipline systems such as current large nuclear power
plants. With all these complexities, unfortunately, it does not
seem there is any widely accepted and standardized method avai-
lable for sensitivity analysis of these simulation codes. This
area of nuclear engineering and reactor calculation is still
under development,

In this paper the statistical approach to sensitivity of a
state dependent variable with respect to a group of parameters
in the simulation codes is investigated and the mathematical
procedures are search and compiled. The methodology is then
applied to a computer simulation code simulating thermal-
Hydraulics of a Boiling Water Reactor(BWR) at subchannel level.

Procedure Development.

Literature review indicates that the methodology development
for systematic sensitivity analysis applicable to the computer
simulation codes In nuclear engineering started during nineteen
seventies. Two parallel trends with essentially different philo-
sophies were approached.
1- Deterministic or purely theoretical approach.
2- Statistical and to some extend experimental approach.
In deterministic approach a sensitivity function is derived
throug mathematical tools such as variational principal and per-
turbation theory or some kinds of mechanistic and physical con-
dition analysis. These techniques ultimately use the adjoint
equation of the governing equations to establish the performance
parameters some computer simulation code, such as DOT that solves
transport equation, are able to calculate the adjoint function
as well as the function itself numerically).

During nineteen seventies a series of developmental investi-
gations using deterministic approach to sensitivity analysis were
pioneered at Oak Ridge National Laboratory [2-7]. They defined
the sensitivity- function of the performance parameter R with
respect to an input varaible q as the relative change of R to
the relative change of q. The sensitivity is then given by the
following ratio.
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S = ( dR/R ) / ( dq(r)/ q ) (1)
Rq

Where q is the parameter at phase space position of r. The
performance parameter is obtained through relation (2)

R = < <t> , H 0 > / < * , H <J> > (2)
n d

*
Where <P and <J> are the function of interest and its adjoint.
H n and H d are the proper operators. The symbol <• •> indicates
integration over the phase space. [ 8 ] It is said that the
adjoint technique is an efficient theoretical approach to sensi-
tivity analysis of linear and non-linear systems. [ 9 ]

Statistical Approach to Sensitivity Analysis.

Literatur survey reveals that the statistical approach to
sensitivity analysis started during the middle of nieteen seventy
A project initiated by EPRI at Westinghouse resulted in a final
report published in nieteen seventy six and is titled the
"Methodology Development for Statistical Evaluation of Reactor
Safety Analysis". [ 10 ] It reviews a number of techniques for
sampling and statistical analysis. Since then there have been
other investigations in this area at various institutions
including the Argonne National Lab, the EG&G Idaho, Battlle
Columbous Laboratories, Los Alamos scientific Laboratory and
other places. [ 11 ] Almost all of them applied their
results to some kind of computer simulation code in nuclear
safety and reactor core transients.

In this paper the steps to select important parameters of
a computer code, the systematic sampling, the mathematical mani-
polation and the regression analysis to correlate the data are
described. After building the model the sensitivity of the de-
pendent parameter with respect to each independent parameters is
obtained by differentiating the function with respect to each
of its constituent parameters as indcated by formula (3)

S = 6f(X , X , ,X )/ 6X . (3)
i 1 2 n i

Sources of parameter and their range of Variation.

The sources of concerned parameters are drawn from
i- The initial and boundary conditions of the governing

equations of the simulation code,
ii- The coefficients of empirical correlation or other such
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formulas utilized in the simulation code.
iii- The geometrical tolerances and uncertainties of physical

properties, etc..

After choosing the parameters, the range of variation for
each parameter can be determined either by fixed value or by
variable value method. In fixed value method a constant percen-
tage of nominal value of each parameter is assumed as the range
of variation for that parameter. In variable method the range of
varaition for each parameter is determined independently. The
criterion for determining these ranges may come from

i- The uncertainty analysis of each parameter,
ii- the experimental results and professional judgements.

After selecting the parameters of interest with acceptable
range of variation, preliminiary analysis technique such as
One-at-a-time method can be employed to screen the parameters.

In One-at-a-t.ime method the range of variation of a parame-
ter is divided into several levels(e.g. two or more) and a computer
run is made for each level while all other parameters are kept at
their nominal values. The results are then analized and those
parameters that have very little or no effect on the state depen-
dent variable are ignored.

Data Preparation (Sampling).

After choosing the more important parameters, the proper
arrangement of their combinations are necessary for effective
statistical analysis. The array of data listed in definit order
is called sampling. [ 13 ] In general there are three types of
sampling.
1- Systematic sampling.
2- Completely random sampling.
3- Combined systematic and random sampling.

Among the systematic sampling, the factorial and the latine
hypercube were used for data processing. In this investigation
a subset of factorial sampling called the Fractional Factorial
Sampling in stradified form is employed. In factorial sampling
the range of variation of a parameter is divided into I levels
or intervals. To generate responses for all possible situations
within the range of interest for K parameters a total of IK

designs should be considered. The overwhelming majority of fac-
torial sampling is two level factorial design. As it is easily
understood this design only considers the upper and lower limit
of the range of variation. Therefor for K parameters the
possible combinations are as shown by relation (5)
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K K
= 2 (5)

When K, the number of varaibles in the investigation, grows this
number increases enormously. Table I. illustrates the number of
possible combinations for two and three level factorial sampling.

TABLE I. Number of Possible Combinations

# of parameters
K

K K
= 2

K
= 3

1
2
3
4
5
6
7
8
9

2
4
8
16
32
64
128
256
512

3
9
27
81
243
729
2187
6561
19683

As Table I. indicates when number of parameters increases a huge
number of runs are necessary to have the responses to all
possible combinations. Especially when the degree of polynomial
that will be representing the model increase. If a first degree
polynomial is not acceptable, the lowest non-linear polynomial
is a quadratic polynomial. To build a model of this form one
needs at least three level sampling! the simplest curve needs
three points to be realized). As Table I. indicates for nine
parameters the total number of possible combination is 19683.
This number of computer runs is prohibitively large. Fortunately
there are mathematical tools to avoid this huge number and yet
have a quadratic model for response surface. The orthogonal
central composite method enables us to use two level factorial
sampling rather than three level factorial sampling for quadratic
model. This will reduce the number of runs from 19683 to 512.
This number of run can further be reduced by choosing proper
resolution. A complete quadratic form can have a maximum of two
parameters in multiple form in each term. Therfore a design of
resolution five (V) will be sufficient. In this design no first
order effect or second order effects are confounded with each
other or other effects less than two, but they could be con-
founded with higher effects. [12] By adapting the resolution
(V), a fraction of the total sample size will be enough to build
a quadratic form response surface that increases the accuracy of
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the sensitivity analysis. Therfore instead of 19683 runs a frac
tion of 512 or 128 is enough to cover all combinations of the
sample space. Relation (6) shows this fraction

K-P 9-2
= 1 2 8 (6)

This number supplemented by 2K+1=19 with sum total of 147 is
sufficient for a model with nine parameters. The general form
of model is shown in equation (7).

K K 2 K K-i
f(X ,..,X )= a +i a X + i a X + £ * a X .X i=j=l,9

1 n 0 i=l i i i=l ii ii i=l j=i+l ij i j (7)

After building the model, the sensitivity is obtained through
formula (3) repeated here again.

S(X ) = e>f(X , X
i 1 2

t>X (3)
n

Application of procedure to the computer simulation code COBRA.

The above procedure is applied to the computer code COBRA.
The Minimum Critical Heat Flux Ratio(MCHFR) or its equivalent the
Minimum Critical Power Ration(MCPR) is taken as the state
dependent variable and twelve parameters were assumed as the
parameters affecting MCHFR. Table II. tabulatesthese parameters

TABLE II.
Some of the Parameters that Have influence on MCHFR

NO

1
2
3
4
5
6
7
8
9
10
11
12

Parameter Parameter
Name

Enthaplpy
Heat Flux
Mass Velocity
Pressure
Local Peaking Power Factor
Axial Peaking Power Factor
Rod Diameter
Friction Factor Coefficient
Boiling Mixing Coefficient
Non-Boiling Mixing Coefficinet
dT Subcooling
CHF(CP)

Symbol

h
q"
G
P
LPF
APF
R
a
P
»'

dT
CP

Nominal
Value

527.7 BTU/lb
1.6 M-BTU/hr-ft
1.2 M-lb/hr-ft2

1055 psi
*
*

0.483 in

*
*
*

variable

A spectrum instead of a single value for these variables.
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The preliminiary analysis using One-at-a-time and fixed range
method showed that the boiling mixing factor has absolutely no
effect on MCPR and the effects of friction factor and non-boiling
mixing coefficient are negligible. After eliminating these para-
meters from further investigation the parameters of interest and
their domaine of variations are tabulated in Table III.

TABLE III.
Selected Parametrs and Their Range of Variation

NO Parameter Symbol Range of Change

1 Enthalpy
2 Heat Flux
3 Mass velocity
4 Pressure
5 Local Peaking Factor
6 Axial Peaking Factor
7 dT Subcooling
8 CHF(CP) Correlation
9 Rod Diameter

h
q"
G
P
LPF
APF
dT
CP
R

,- 4 %
" 4 %

5 %
2 %
4 %
4 %
10 %
20 %
0.003

Assuming a quadratic form for the response surface dictates
a design of resolution V with two level fractional factorial de-
sign as is symbolized in equation (8)

K-P 9-2
128 (8)

This number of runs supplemented by 2K+1=19 with sum total of 147
runs makes the number of rows in our design matrix. The results
of these designs(i.e. the responses of the simulation code) can
be put in the form of a linear system for regression analysis [13]
Equation (9) shows this system of linear equations in compact
form

R = A a (9)

Where R is the vector containing the responses obtained from the
computer code, A is the design matrix of dimension 147x55 and 'a'
is the vector of unknown coefficients. The number of columns in
design matrix is dictated by quadratic form of the model and the
number of parameters. According to Yate's algorithm a complete
quadratic polynomial with K parameters has K number of first order
effects, K number of pure second order effects, K(K+l)/2 number
of second order effects of mixed form and a constant. For K=9
this sum is 55. Following the method of regression analysis for
linear system of the form of equation (9) the solution is given
by equation (10) [11,13]
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A'R = A'Aa
— 1

a = (A'A) A'R (10)

where A1 is the transpose of matrix A.

The elements of the first ten columns in matrix A contains a
constant and nine computer inputs normalized to +1 and -1 repre-
senting the upper and the lower limits of the parameter range in
two level factorial design. The other columns are obtained by
multiplication of these columns following the response surface
methodology. [12] Matrix A'A is a sparse matrix. It is diagona-
lized through the mathematical procedure of orthogonal central
composite method. After diagonalization of matrix A'A, equation
(10) is easily solved for vector "a* and the results are the
coefficients of the equation (11)

9 9 2 9 9- i i = 1 . . 9
Ln(MCHFR)= a + * a X + * a X - r l z a X . X (11)

0 i= l i i i= l i i i i i= l j=i+l i j i j

As is seen, there is a constant, nine first order effects, nine
second order effects and thirty six second order effects of mixed
form. This complete quadratic polynomial is the response sur-
face. Geometrically it is a hyper-parabola that the linear
part is a hyper-plane that support the hyper-parabola. Accor-
ding to Guass-Markof theorem, this is the Best Linear Unbiased
Estimate (BLUE) of MCHFR. [13] The accuracy of the model is
verified through the statistical analysis such as ANlysis Of Vari-
ance (ANOVA). Table IV tabulates the ANOVA for the above model.

TABLE IV.
ANalysis Of Variance (ANOVA) For the Above Regression.

Source of Degree of Sum of Mean F
Variance Freedom Squares Square Ratio

Regression 55 38.230 0.695
Residual 92 0.580 0.006 110.31

Total 147

The F ratio extracted from the standard statistical table for
this regression is as follows

F( m, n, a ) = F( 55, 92, 0.01) = 1.855 << 110.31
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The above relation is an indication of a good estimator.
Another test that is done for statistical analysis is R square
test defined as follows [13]

Sum of squares due to regression

Total Sum of squares
= 0.9850

As is seen R is very close to one, an indication of goodness of
fit. Direct comparison of the results obtained for MCHFR through
code and that of the model for the same set of data is shown in
FIG 1.

2.0

1.0

0.0

MODEL PREDICTION
COMPUTER SIMULATION •

2S.0 SO.O ?5 0 100.0

RUN NUMBER IN DESIGN MATRIX

F i g 1 . Companion of Mod*l * Computer Sun

12S.0 150.0

Sensitivity of MCHFR to Parameters of Interest.

After building the model that can play the role of the state
equation correlating the Ln(HCHFR) to a set of parameters of
interest the sensitivity is obtained from formula (3). The
results of differentiation is tabulated in Table V.

SIX ) =•
i

oLn(MCHFR)

oX all other X,s kept constant
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TABLE V.
Sensitivity of CHFR With Respect to Thermal-Hydraulic Parameters

Parameter Range of Sensitivity Normalized
Variation Percentage Absolute Value

CHF Correlation +,- 20 % + 18.68 20.30

it
Local Power peaking Factor
Axial
Heat Flux
Enthalpy
Mass Flux
Pressure

, - 2 0 '•
» 4 •
1. 4 .

. . 4 .

. . 4 i

II 5 i
t. 2 '

" 10 '

s +
•
1

1

1 +
1 +
• -
1 +

0.003in

18.68
3.93
3.70
3.29
2.52
2.42
2.16
1.56
0.90

4.27
4.02
3.58
2.74
2.68
2.35

dT Subcooling " 10 " + 1 . 5 6 1.63
Rod Diameter 0.003in - 0.90 1.00

Conclusion.

The statistical sensitivity analysis using response surface
methodology including the fractional factorial sampling along
with mathematical manipulation such as orthogonal central compo-
site method is a systematic, rather simple but effective approach
that can be used for sensitivity analysis of computer simulation
codes.
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ABSTRACT

The LINK* RETACT (Real-Time Advanced Core and
Thermohydraulic) code computes hydraulics and heat transfer
within the pressurized water reactor's primary coolant system and
the second sides of steam generators, and within the boiling
water reactor's vessel and steam lines. The code is capable of
dealing with the nonhomogeneous and noneguilibrium two-phase flow
conditions that could exist in the systems. Capabilities of the
stand-alone RETACT code, for application to the modeling of mild
and severe transients and accidents, were previously published
(Refs. 1 - 4).

Starting from late 1984. RETACT had been incorporated in
the TMI-1 advanced simulator, which successfully passed the
customer acceptance testing recently . This paper will briefly
describe the TMI-1 simulator, its computer complex, and the
thermohydraulic models used in RETACT. Also presented in this
paper are comparisons of two transients, each run under the plant
integrated environment.

* A trademark of The Singer Company
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1.0 Introduction

Ever since the integration of RETACT with the TMI-1
balance-of-plant (BOP) systems, there has been great interest and
concern expressed over the performance of the integrated RETACT
and the overall simulator responses. There are many
circumstances, besides the high public visibility of the TMI
plants after the TMI-2 accident, that make the TMI-1 project so
special.

First, this is the first attempt to incorporate
engineering grade NSSS simulation code in a real-time simulator.
There is no doubt about the stand-alone RETACT's engineerng
predictive ability; it has been demonstrated in many tests, as
described in the references. However, it is still quite a
challenge to be able to simulate all modes of plant operations
and yet retain RETACT's engineering capabilities under the fixed
time step, real-time, and plant integrated conditions. The
real-time requirement and the CPU spare time requirement imposed
on the simulator require that RETACT run at a fixed cycling rate
and fixed nodalization for all kinds of transients.

Secondly, the TMI-1 plant has a B&W lowered loop design;
its once-through steam generators (OTSG) usually cause more
modeling difficulties than the U-tube steam generators. The
unique characteristics of the B&W plants that make real-time
simulation difficult include superheated operation in the OTSGs
for powered conditions, low mass inventory inside OTSG,
especially at low power operation, and fast power maneuvers under
the control of the integrated control system (ICS).

The last, but not the least, consideration concerns the
stringent contract requirements on the TMI-1 simulator. It will
be able to simulate all modes of operation including:

Core physics tests
Prestart checks
Hot and cold startup to full-load operation
Maneuvers throughout the power range
Reactor scrams and equipment trips
System malfunctions and recovery
Hot and cold shutdown
Surveillance testing as conducted from the

simulated panels,

and it will have to satisfy all accuracy requirements of the
version of ANSI/ANS-3.5 in effect at the time of the award of
contract, plus any additional requirements of the specification.
In addition, the discrepancy tolerance for critical parameters
was narrowed from ± 2% to ± 1% and for non-critical parameters
from + 10% to + 5*.
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After careful study, it was decided to div.de the TMI-1
NSSS into 52 fluid cells and to cycle RETACT modules at a speed
of 8 Hz in the simulator. These have been proven to be an
optimal combination for both accuracy and computer timing. To
date, we can report that the move to implement RETACT in a
real-tiri'? simulator was correct and the overall performance is up
to our expectations.

2.0 TMI-1 Advanced Simulator

The TMI-1 plant has a B&W lowered loop PWR design (see
Figure 1). It has two OTSG's. The OTSG's are in superheated
condition for powered operations. They have very low mass
inventory at low power. In order to increase electricity output,
the boiling length in the riser will have to be increased by
increasing the steam generator levels, in addition to raising
core power and the steam flow rate to the turbines. Depending on
their functions and tap locations, there are three different
Kinds of level indicators in each of the steam generators -
start-up range level, full range level and operating range
level. Only the operating level is temperature or density
compensated; the others are not.

On the reactor coolant system (RCS) side, there are two
hot legs and four cold legs. Each cold leg has a Westinghouse
centrifugal reactor coolant pump (RCP). For normal power
maneuvering, the RCS average temperature, reactor core power,
main steam header pressure, turbine control valve opening and the
output electric megawatts are all under the control of the ICS.
Normally, the RCS average temperature is kept at 579°F and main
steam turbine header pressure at 900 psia in spite of power
change.

The TMI-1 simulator project was awarded to Link SSD in
July 1983. Due to the public attention drawn to the TMI projects
after the TMI-2 accident, as well as the stringent contract
requirements. Link SSD decided to apply the most up-to-date
real-time modeling and computer technologies to this project.
These technologies include:

a) RETACT is used for TMI-1 NSSS.

b) Nodal core model is used for the simulation of the
core neutronics. The core model is a modified
version of that presented in the 1982 Summer
Computer Simulation Conference (Ref. 5). A special
quick, matrix solving technique, called QSMRT.
developed at Link SSD is employed to tackle nodal
neutron diffusion problems. The model is executed
on the Gould 32/8750 Computer.
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c) An automated single-phase flow network technology
is used on various fluid systems. This ingenious
technology can, through an input file,
automatically generate the optimized coding needed
for the simulation of a complex flow network. The
same QSMRT matrix technique is also used. This
technology turns formidable flow network problems
into easy, quick and stable solutions.

d) The LINK* Simulation Software Support (S3)
System is also used. The S-* system is employed
for the support of development, documentation,
interactive debugging, real-time execution, and
testing of a complete simulator software package.

The TMI-1 simulator computer complex consists of three
Gould 32/87 super mini-computers. One 32/8750 computer (with 1
CPU, no IPU) is totally dedicated to the software of the RETACT
and core neutronic model, one 32/8780 computer (1 CPU and 1 IPU)
is used for the simulation of the balance of plant (BOP) systems,
while the third 32/8750 serves as the plant process computer.

RETACT is running at a constant cycling rate of 8 Hz,
which is the optimal choice for computer timing and numerical
accuracy, under the real-time and CPU spare time requirements.
The interface between RETACT/core model in the 32/8750 computer
and the BOP systems in the 32/8780 is via the shared memory.

3.0 RETACT Models and TMI-1 NSSS

3.1 Nodalization

RETACT is a one-dimensional, multi-node, nonhomogeneous
and nonequilibrium simulation code. The simulated system's nodal
structure can be defined through an input database file.

The TMI-1 NSSS is first subdivided into three separate
regions, the reactor coolant system and the two secondary sides
of the steam generators. Each region contains several loops
which may have parallel subloops (e.g.. the cold legs) and
several appendices. Figure 2 is the nodalization diagram of the
reactor coolant system (RCS) and the once through steam
generators (OTSG) of the TMI-1 plant. A total of 52 fluid cells
(computational nodes) are assigned to the overall system, 8 in
each of the steam generators and 36 in the reactor coolant syster
loops and pressurizer. The pressurizer and steam generator dome
are treated as appendices connected to the loops.

6 heat slabs in the cure region accurately simulate the
heat transfer there. The tubing in each steam generator is
represented by 12 heat slabs.
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3.2 Conservation Equations

The set of conservation equations in the TMl-l RETACT
model consists of three mass equations (fcr liquid, vapor and the
noncondensibles), two energy equations (for gas phase and the
liquid/gas mixture) and one momentum equation for gas/liquid
mixture. The term "gas" referred to in this paper denotes the
mixture of vapor and noncondensibles. In addition to the above
mentioned conservation equations, three transport equations --
one for boron, one for radioactivity in the liquid and one for
the radioactivity in the gas phase -- are also included for each
fluid cell. These equations are subsequently discretized in
standard fashion over the flow path lengths, leading to a set of
interconnected control volumes. The resulting set of ordinary
differential equations is then solved by the explicit finite
difference method. These basic equations are listed below; only
nonstandard nomenclature is defined.

(l)Liquid mass:

3(l-a)pL 3WL
A T = E6_Sr -
A 3t 3z s s L

(2) Vapor mass:

3WV+ — 1 = E6SSV + Af
3t 3z S

(3) Non-condensible mass:

8WN

3t 3z

(4) Boron mass, dissolved in liquid:

A - — (1 - a)B + - — WB = 8SSB
3t 3z

(5) Gas radioactivity:

—• aXG + |_ W X Q = & SS X G - AXGaXG

(6) Liquid radioactivity:

A |_(l-a)XL+^_Wx = 6SSX -AXL(l-a)XL
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(7) Energy of "gas" (vapor/noncondensible gas mixture)

i- -— WGnG = A[qwG-qGi + ThvSAT
oz

•t v a(.|l + VG |P)] + |8ssGhSG
di oZ t>

(8) Energy of Mixture

A |- ph + |_ (WGhG+WLhL) = A{qw + |P + [aVG
ot at 3t

+ (l-a)VL) ||} + §6sShs

(9) Mixture Momentum (based on Drift Flux concept)

!_W + ̂

at 3

= - A(i^ + f + 8FF - SPMPAPPMP + Pg) + £«s
svs

dZ S

Where : S = external source of mass flow to the cell (wh

8S * 0)

T = source of- vapor due to flashing/
vaporization

Tx = radioactivity transfer rate, from

liquid to "gas" due to flashing.

\x = radioactivity decay time constant

f = friction contribution to Ap

6pF = local form losses, where 5p ^ 0

Subscripts: L = liquid
G = vapor/gas mixture

N = non-cond. gas

V = vapor



-137-

S = of the source

PMP = from the pump (when
* 0)

WG = from wall to "gas"

Gi = "gas" to interface

r = relative (as defined by drift
flux relations)

The T-H constitutive relations employed in RETACT.
together with the numerical solution technique are described in
Ref. 2 and will not be repeated here. It should be pointed out
that computation of all thermodynamic properties is based on the
region-averaged pressure and, therefore, propagation of sonic
waves within the region cannot be addressed.

All of the above listed conservation equations, except
the momentum equation, are solved for each cell. The "full
blown" momentum equation is integrated over each loop/subloop to
determine local mixture flow rates and the drift flux relations
are used to determine local phasic flow rates. The region
pressure is found by iteration so that all mass and energy
conservation laws are satisfied in each cell in that region.

3.3 Heat Transfer

All solids, where heat flows are to be addressed, are
subdivided into axially connected "heat slabs." Three basic
types of heat slabs are considered: (a) fuel rods, (b) S.G.
tubing, and (c) piping/vessel walls.

a) Fuel Rods Heat Slabs:

Each fuel heat slab is radially discretized into
several radial segments. The inner segments,
associated with the fuel pellets, communicate
thermally with the outer segments (cladding) via a
dynamic gap conductance which reflects the effects
of thermal expansion of fuel pellets and the
cladding as well as fuel pellet restructuring due
to burnout. Radial heat conduction within fuel
heat slabs is computed implicitly. Heat transfer
at the outer segment of the cladding is
characterized by the heat transfer coefficient to
the fluid. Heat generation and hydrogen generation
due to metal/steam reaction at clad surface are
also considered, together with a simplified model
for clad rupture at high temperatures. Each fuel
cell contains several axially stacked heat slabs in
each string.
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b) Steam Generator Tubing Heat Slabs:

Profiled lumped parameter model is used, so that
the surface temperatures are computed on each side
of the tube. Presence of crud is also considered.
Therefore, such heat slabs contain two zones of
different thermal conductivities.

c) Piping/Vessel Wall Heat Slabs:

A pure lumped parameter model is utilized, with
surface temperatures being computed considering
conduction temperature drop through one half of the
wall thickness.

Calculation of the local heat transfer coefficient
(surface-to-fluid) is computed in the same way for each fuel and
S.G. heat slab. It considers the following heat transfer
regimes: forced/natural convection to liquid; subcooled and
saturated boiling; post-CHF regime; forced/natural convection to
"gas"; and vapor condensation. The critical heat flux, which
serves to distinguish between pre- and post-CHF regimes, is
modeled with Biasi correlation when the local mass flux exceeds
the lower limit of its validity, and by the Griffith/Zuber model
for very low mass fluxes, with linear interpolation between these
two for intermediate values of mass flux. The condensation heat
transfer model also considers the effects of non-condensible
gas. A somewhat simpler heat transfer coefficient model is used
for piping/vessel walls.

3.4 Brief Summary of Other Features

The centrifugal pumps are modeled in the same way as in
the well known systems codes such as TRAC, RELAP5. and RETRAN. in
single-phase and two-phase regimes. Choked flow through valves
and break/ruptures are computed based on algorithms that consider
the type of fluid reaching the point of discharge, including the
effects of non-condensible gas. "Unchoking" and flow reversals
are also considered.

The non-condensible gases that are tracked throughout
the reactor coolant system may originate from: PWR accumulators
(N 2), metal-water reaction at high cladding temperatures
(H2). and volatile fission products released from ruptured fuel
rods.

The collapsed liquid levels, as seen by plant operators,
are computed from the local pressure differentials obtained by
solving the momentum equation. The "froth" levels are also
tracked at predefined portions of tf.e system. They are used for
the determination of the donor cell indices.
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4.0 RETACT Model Comparisons

Comparisons of two transients are reported here. The
two transients are of particular interest; one involves the
actuation of the emergency feedwater (EFW) flow and the other
investigates the natural recirculation ability for low or nc
steam generator levels.

The EFW flow to the steam generator can provide for core
and NSSS cooling when main feedwater is not available or under
conditions of natural recirculation. When EFW is actuated, water
is injected between the upper most tube support plate and the
upper tube sheet, through individual nozzles into the tube
bundles (Figures 3 & 4). The heat transfer process is initiated
as cold water sprays on the steam generator tubes at the
injection points. Some of the saturated or near saturated water
will fall to the first tube support plate, which can provide a
means for collecting and then spreading the water to locations
deeper within the tube bundle. The heat transfer area (or wetted
area) is a function of the EFW flow rate and the number of tube
support plates crossed before reaching the waterpool at the
bottom. The heat transfer process may become very
heterogeneous. While the wetted surface may be in nucleate or
film boiling regime, the unwetted surface may be in another
regime. This makes the simulation of the EFW cooling challenging.

The TMI-1 plant has an older B&W lowered loop design.
The bottom of the two OTSG's are at a relative elevation oi 284
feet, while the bottom of the reactor vessel is at 290 feet. It
is important to address the ability to switch into the natural
recirculation mode after the loss of all RCP's. During such a
malfunction, the ICS will try to use EFW flow to maintain the
steam generator at 50% of the operating range level (Figure 3).
By doing this, it can guarantee to provide positive hydraulic
heads to RCS loops for a smooth transition from forced flow to a
natural recirculation mode. There have been controversies,
however, about what will happen to the RCS loop flows if the OTSG
levels are so low that they fail to provide positive heads to RCS
loops.

4.1 Loss of the Off-Site Power Transient

After the loss of power, the four RCPs will trip and EFW
will be actuated. The test on the simulator was done on a
beginning-o -cycle core with a history of 0.5 effective full
power days. The test data are from the loop test conducted at
the TMI-2 plant, which is a sister plant of TMI-1. Both have the
same B&W design and similarly-sized RCS and steam generators.
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a) Scenario

The plant was at 15% power steady state with
turbine and electric generator on line before the
test.

Immediately after the power loss, tne reactor
coolant pumps and feedwater pumps tripped, and then
the reactor and turbine tripped also. Within half
a minute after the reactor trip, the diesel
generators were started up automatically and then
500 gpm emergency feedwater (EFW) came in to each
of the steam generators. EFW was terminated at
approximately 12 minutes when the startup level
reached 165 inches.

b) Comparison and Discussion

This is a good benchmark test for the heat transfer
between the primary and secondary fluids, and the
steam condensation rate in the OTSG secondary sides
under the condition of EFW injection. Due to the
fact that KFW flow effects are more
multi-dimensional than one-dimensional on the
OTSG's. most one-dimensional engineering codes
overestimated the heat transfer to the OTSG's. This
caused a high OTSG pressure and low RCS Tave
(average of the hot leg and cold leg temperatures)
in the transient. The RETACT code models the
surface area wetted by EFW to be proportional to
EFW flow rate and a function of elevation
difference to the point of injection. This
produces good agreement with the plant data.

Figure 5 shows the change of the steam generator
pressure during the transient. The OTSG pressure
shoots up almost immediately after the turbine trip
until the turbine bypass valves are open at 1025
psia. The steam generator pressure remains around
1025 psia until EFW comes in at 40 seconds. The
condensation of the steam in OTSG due to the
actuation of EFW. aided by the reduced heat
transfer due to the continuous coastdown of the
four reactor coolant pumps, causes the OTSG
pressure to drop until the EFW pumps are tripped at
approximately 12 minutes.

Plotted in Figure 6 are the pressurizer and OTSG
startup levels. The pressurizer level decreases as
the RCS is being cooled down. Makeup water is
pumped into the RCS through the cold legs at 3
minutes, but the level doas not start to recover



until 8 minutes. Tht OTSG startup level drops
initially when steam is re leased through the bypass
valves and it recovers immediately when EFW comes
in. Unlike the cases of reactor trip at high
power, the stearo flow going out or the OTSG through
the bypass valves is never high enough to causa an
overshoot of the OTSG levels. Figure 7 compares
the responses of the Tave. tne average of hot and
cold leg temperatures.

4.2 Natural Recirculation at Low Steam Generator Levels

The test done on the simulator shows, alter loss of all
RCP's. that the loop flows start to oscillate when ste^m
generator startup levels drop below 65 inches. Further reduction
of the levels make the flow oscillations wore evident. This is
contradictory to the belief of some engineers that the
circulation should stop whenever the OTSG thermal center is lower
than the reactor core thermal center. Later RELAP5 MOD2 results
and B&W MIST experiments support RETACT predictions.

a) Scenario:

The simulator has been running at 100'i power.
steady state, with full amount of dr-r,<y h^at before
the four RCP's are tripped. Immediately after the
pump trip, reactor and turbine both trip. The
operator also trips one of the two main feedwater
(FW) pumps and blocks the EFW. These- prevent any
flow into the steam generators for a period of IS
minutes before the stoam generator startup levels
hit low level limit. Then ICS starts to modulate
the FW valves to maintain the startup levels at 28
inches.

At the beginning of th« transient, the OTSG levels
overshoot seconds after turbifi" Ui;; because the
high steam generator pressures open the
safety/relief valves. The huge steam flow going
out of the steam generators causes high pressure
differences between the upper and lower level
taps.

After closure of the safety/relief valves, the
steam flow goes out through the turbine bypass
valves to the condensers and the drying process
continues. ICS modulates the open or close of the
bypass valves around the setpoint of 1026 psia.

b) Comparison and Discussion

Although we have a run of the REI.APS MOD2 code for
the same transient, the set up for the RCP
coastdown time is much too short and OTSG level
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control is much too stiff. Figure 8 shows an
unrealistic RCP coastdown time of less than 2
minutes and Figure 9 shows a drop of OTSG startup
level from 160 inches to 28 inches in 20 seconds.
These make the RELAP5 results meaningful only after
the first 10 minutes or so.

Both RETACT and RELAP show the same oscillatory
behavior on the RCS loop flow when the OTSG levels
are low, and both have nearly the same oscillation
amplitude and period. The cold leg flow even
reverses if the codes are run long enough (see
Figure 8). Recent B&WjqlST test results also shown
very similar behavior.

Although feedwater flows come into the two steam
generators to maintain a constant level at 28
inches, they don't provide enough heat sink for the
reactor coolant system. The hot leg temperature
continues to heat up after the initial dip (See
Figure 10). Pressurizer pressure shows the same
trend. It drops about 200 psi in one minute after
the reactor trip and starts to climb until it hits
2450 psia and causes the PORV to open. The cold
leg temperature remains pretty much constant. The
decouple between the hot leg and cold leg
temperatures is caused by the degradation of the
loop flow. Similar oscillations occur, but the RCS
heats up much faster, when both OTSG's are totally
dry.

It has been noticed that although the simulator
shows the same flow oscillations as in the RELAP5
and the MIST test results, the oscillations in the
simulator are more regular and smoother. This may
be caused by the smoothing techniques used for
real-time simulation. It may also have something
to do with the loop integral momentum method
employed in the RETACT code.

Also noticed in the transient is that the flow
through the reactor vessel internal vent valves can
affect the flow oscillation. There are several
vent valves installed between the upper plenum and
the top of a downcomer. The setpoint for opening
these valves is only a fraction of a psi. For
normal plant operation, the valves are closed
because the upper plenum has a lower pressure than
the downcomer. Tor some abnormal transients, such
as LOCA's, the upper plenum pressure may be
slightly higher than the downcomer; that is enough
to open the vent valves to form an internal flow
loop inside the reactor vessel.
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In the natural recirculation test, the internal
vent valves open periodically. An increase of the
vent valve flow can reduce the RCS loop flow
oscillation period and amplitude slightly. The
total elimination of these valves will not dampen
the oscillations, but will increase the oscillation
period and amplitude.

5.0 Conclusion

It has been a fact that the industry is in need of an
NSSS simulation code that has the capability of predicting, with
engineering accuracy, the dynamics of an integrated plant and.
yet. can run fast enough to achieve a real-time goa: . RBTACT
meets both requirements.

The code's simulation range covers any possible
transient that may be encountered in normal plant operation
maneuvers and off-normal conditions. Effort in smoothing the
discontinuities between different correlations and the
sensitivity studies on the stability limits of these correlations
enable us to run the code, at a constant cycling rate (constant
time step), for a higher than real time speed.

The comparisons published in earlier papers have already
proved that RETACT can be used as an engineering analysis tool
for plant safety study. The REDACT code exceeds some present
codes in the emphasis on nonequi 1 ibrium and nonncniogeneous models
and its consideration of noncondensible gases, and accomplishes
these in real-time with the whole simulator. The successful
implementation of RETACT a real-time simulator and the predictive
power demonstrated l the tests even suggest that JiETACT will
play a very important role in the next generation engineering
simulator.
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DEVELOPMENT OF A THREE-DIMENSIONAL SIMULATOR
OP A DIDO-TYPE REACTOR

Erik Nonbol
Rise National Laboratory

Postbox 49
DK-4000 Roskilde, Denmark

Abstract. A three-dimensional neutronic simulator of
the Danish research reactor DR3 has been developed. The
demands of a more effective utilization of the reactor
and its facilities have required a more detailed cal-
culational tool than ha? been applied so far. Thus, the
capabilities of the simulator should be to calculate
reactivity changes, burnup distributions and flux di-
stributions in three dimensions on an off-line, non-
real time computer. A great deal of attention has been
devoted to the treatment of the coarse control arms.
The model has been tested against measurements with
satisfying results. Furthermore, the model has been
used to analyse a proposal for a new core design called
ring-core, where four central fuel elements are replaced
by four dummy ones with heavy water to increase the
thermal flux in the center of the reactor.

1. INTRODUCTION

A project was started two years ago with the purpose of devel-
oping a three-dimensional neutronic calculational model of the
Danish research reactor DR3, a DIDO type reactor [1], Demands
of more effective utilization of the reactor and its facilities
have required a more detailed calculational tool than has been
applied so far. It comprises a calculation of burnup, reactivity,
flux distribution in different irradiation tubes an<? study of
new fuel element designs. Also the conversion from a high to
low enrichment of uranium fuel would benefit from a reactor
simulator when evaluating the changes in fast, epithermal and
thermal neutron flux. Finally, the DR3 staff wanted to reduce
the number of their rather troublesome flux measurements in
favour of calculations.
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2. DESCRIPTION OF THE DR3 REACTOR

The DR3 reactor is a 10-MW heavy water-cooled and -moderated
research reactor with highly enriched U-Al fuel elements. Its
design is similar to that of the British "Pluto"; it began
operating in 1960 [2],

The DR3 design is illustrated in Figs. 1 <?nd 2 showing vertical
and horizontal cross sections through the reactor, respectively.
The core consists of 26 fuel elements, each one containing four
concentric aluminiumclad fuel tubes, which are arranged to
provide a 5-cm centre hole for making experiments, as shown in
Fig. 3.

The reactor core and heavy water are contained in an aluminium
tanK of 200 cm diameter. Vertical and horizontal 10 and 17.5 cm
test holes are located in the radial D2O reflector. Outside the
aluminium tank is a 30-cm graphite reflector with 10-cm vertical
test holes. The reactor data are shown in Table 1.

The reactor power level is controlled by means of cadmium
absorbers. There are seven coarse control arms and one fine
control rod. The coarse control arms move like signal arms
between the rows of fuel elements. The fine control rod and two
safety rods are situated in the corners of the core.

A full reactor cycle is 28 days with 23.5 days at full power
and 4.5 days shut-down for change of experiments, refuelling
and maintenance.

The horizontal beam ports are used for solid-state physics
experiments with spectrometers.

The centre holes in the fuel elements are among others used to
enable fuel pin testing, isotope production and other activities
to take place.

Finally, the vertical tubes in the D2O and graphite reflectors
are used for neutron transmutation doping of silicon by the
process [3]:

51 3 0 + n - Sf1 + y

5131 2?6h p31 + P

This last rspplication in particular has been increased in the
last few years and created a demand for a better flux calcu-
lational tool.
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Table 1.

REACTOR DATA

Maximum thermal flux
Maximum fast flux
Maximum nuclear heat
Number of fuel elements
Length of active zone in a fuel element
Fuel enrichment
Average fuel content in (he core
Maximum fuel plate heat llux
Increase in DiO lemperature (along fuel element)
Heavy water ouilot lemperature
Heavy water flow
Mean coolant velocity through fuel elements
Thermal pov/er in secondary cooling system

1.5> 10" n/em'sec
4.5>"J01J n/cm:sec
1 8 W/'g Al
26
61 cm
60% in U"5

2500 g U"1

82 W/cmJ

6.6 C
40 45 C
360 kg.'sec
3 6 m..v:-c
10 UW

Heavy water moderator

Loop return lubes

Fig. 1. Vertical cross section through DR3.
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Fig.3. Fuel clement design

3. DESCRIPTION OF THE SIMULATOR DR3/SIM

The neutron transport in the model is based on diffusion theory
with three energy groups. The diffusion equation is expressed as

3
,Z
9*9 9

9 = 1,2,3

where

*g(r) is the neutron flux

Dg(r) is the diffusion coefficient
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£gg(rJ is the removal cross section

Eqg (r) is the scattering cross section

£f(r) is the fission cross section

Xg is fission spectrum

v is number of neutrons produced per fission

*• is the reciprocal effective multiplication factor

The numerical approach when solving the equations in three
dimensions is a mesh-corned finite-difference technique. The
discretization is done according to the ususal 7-point scheme
and successive line overlaxation is applied together with dif-
ferent accelerating devices among these extrapolation technique
[4, 5].

Solving the eigenvalue equation only one single inner iteration
per outer has shown to be necessary to achive convergence,
in which case the neutron balance or Equipoise method is
applied.

When using a finite-difference technique the mesh size has to
be small in order to obtained accurate flux values. Thus, with a
mesh size of about 7 cm the total number of meshes for the whole
reactor comprises about 27,000. The mesh size is variable to fa-
cilitate the positions of the different rig tubes. Furthermore,
the cubic material meshes may be divided into two prisms by
means of diagonal planes to describe the circular circumference
of the reflector boundaries.

3.1. Representation of the cross sections

The cross sections of the fuel elements are given as a function
of fuel type and burnup. They are calculated from the UKNDL-73
library with 76 energy groups as basis, applying a collision
probability code called CCCMO [6] for the detailed burnup dis-
tribution in the four concentric fuel regions. This code uses
the method of sub-groups [7] for calculating the resonance self-
shielding in the concentric fuel regions. Finally, the fuel
cross sections are homogenized and condensed to three energy
groups with the following energy limits:

Group 1: 15.0 MeV - 5.53 keV

Group 2: 5.53 keV - 0.625 eV

Group 3: 0.625 eV - 0.1 meV
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The DR3 staff measures the thermal flux by means of Co-wires,
and the fast flux with Ki-wires in the center of the fuel el-
ements. Therefore, the microscopic cross sections of these
two materials are calculated in the center of the fuel elements
taking disadvantage factors into account. These cross sections
are also given as functions of fuel type and burnup. Thus, it
is possible to compare directly reaction rates in Ni and Co
calculated with the simulator and reaction rates measured by
the DR3 staff.

The cross sections of the test rigs in the center of the fuel
elements are represented explicitly without being homogenized
with those of the fuel elements. This representation is chosen
to enable the simulation of change of experiment in the test
hole without changing the fuel element itself. Actually the
cross sections of the center rigs are obtained from a difference
calculation between a fuel element with an occupied rig and one
with an empty rig. Only the absorption and fission cross section
in the thermal energy group are taken into account in this
difference calculation. Thus, the following expression is ap-
plied:

(Fuel+Rig) Fuel Rig

Ith - Ith + Ith

The program CCCMO is also used for calculating homogenized three
group cross sections of the different rig tubes and their ir-
radiation speciments in the heavy water and graphite reflectors.

3.2. Representation of the coarse control arms CCA

The representation in the model of the seven coarse control
arms made of cadmium that move like signal arms between the
rows of fuel elements, has given us a great deal of trouble.

The control arms are suspended on top of the reactor and move
from an angle of 30° with a vertical plane at the start of a
reactor cycle to an angle of 60° at the end. Normally, the
travel of the seven control arms is locked together but during
shut-down it is possible to move them individually.

In the safety analysis of the reactor it is assumed that one
control arm by accident can drop from normal operating position
to vertical position outside the core (see Fig. 4 ) . Therefore,
it has been necessary in the model to allow individual travel
from horizontal to vertical position of each coarse control arm.

A model has been chosen where the cross sections of the control
arms are added to that of the adjacent meshes which varies with
the coarse control angle CCA.
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Two-dimensional calculations of the following type have been
made:

CCA-absorber
fuel

iCCA 1CCA 1 »CCA

the homogenized 3 group cross sections of a fuel element
with a 1/2, 1/ 1 1/2 and 2 control arms as neighbours are
determined. These calculations are compared with the corre-
sponding calculation without control arms. Because the threshold
value of Cd is within the third energy group, only this group is
considered. A subtraction gives the third group cross section
of the control arms for a different number of control arms.

The results show the following variation of the CCA-cross sec-
tion:

= K * (0.4'x2 + 0.5-x) (3.1)

where K is a constant and x the number of adjacent control arms
of the considered mesh. Thus the resulting third group absorp-
tion cross section of a mesh with control arms is represented
as

rRes _ rFuel . vCd
i3 " i-3 + £3

and the corresponding diffusion coefficient as

= V(1/Dfuel

In Fig. 4 a vertical cross section of the reactor with the
control arms and the corresponding mesh grid is shown.
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Fig.4. Vertical cross section of part of DR3 showing the
coarse coarse control arms at 2 different angles.

In the model the intersections between the CCA-outlines and the
mesh grid are calculated as a function of the CCA-angle. Applying
this it is possible to determine the adjacent area occupied by
CCA-arms for each mesh in the z-y plane. This area relative to
the total z-y area of the mesh concerned is substituted for x in
expression (3.1), which thereby determines the absorption cross
section of the coarse control arms to be added to the mesh ab-
sorption.

Theoretical diffusion theory is not valid for strong absorber
materials such as Cd, but as shown later it has been sufficient
for the representation of the control arms in this simulation
model.

3.3. Computer requirements

The programming language applied in the simulator DR3/SIM is
BURROUGHS ALGOL and the memory requirements are about 250k
words.

The CPU time for a typical reactor calculation is about 400
seconds per burnup step. This holds for a BURROUGHS B7800
machine which is comparable with a CDC 750 regarding run times.
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4. VERIFICATION OF THE MODEL

Because of the extensive instrumentation of the Danish research
reactor there has been a great opportunity to verify the results
provided by the simulator.

In Fig. 5 a coarse control arm calibration curve calculated
with the simulator, called DR3/SIM is compared with measure-
ments obtained by the inverse kinetics method. A CCA-calibration
curve, that is reactivity versus CCA position in degrees. It is
applied by routine of the DR3 staff for converting from degrees
to reactivity. In spite of the rather simple model of the coarse
control arms there seems to be good agreement through the whole
operating area.

25 03

22 c,0

o

a:

20 00

I 7.SO

15 00

12.50

10 00

7.50

5 00

2.50

0.00 •—*
0 00 5.00 10.00 i5.00 20 00 it 00 13 00 75 00 40 00

:< A ANT.LE (DE'"-REEC)

Fig. 5. Ccnparison between measured and calculated
coarse control arm calibration curve.
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The calculation of reactivity versus burnup is verified through
comparison with CCA-balances, which are CCA-angles corresponding
to critical conditions measured during a reactor cycle of 23
days. The time step applied for the burnup calculation is one
day.

Table 2 shows the results from this balance calculation. There
seems to be an increase in the effective multiplication factor
towards the end of the reactor cycle, but still the reactivity
is less than 500 pcm.

Table 2. Measured and calculated CCA-balances

Time(days)

0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23

CCA(degrees)

15.0
16.4
17.8
18.0
18.3
18.6
18.9
19.3
19.7
20.1
20.4
21.0
21.3
21.7
22.1
22.5
23.0
23.5
24.2
24.9
25.6
26.3
27.2
28.0

keff(measured)

1.0000
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
—•

keff(DR3/SIM)

0.9980
0.9997
1.0000
1.0017
1 .0021
1.0021
1 .0018
1.0022
1.0024
1.0015
1.0017
1.0023
1.0031
1.0034
1.0033
1.0035
1 .0040
1 .0042
1.0041
1.0044
1.0045
1.0044
1.0047
1.0046
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Figure 6 shows a comparison between the measured and calculated
thermal flux in the axial direction in a fuel element and Fig.
7 the corresponding fast flux. The thermal flux is both measured
and calculated as reaction rate in Co and then converted to a
flux quantity through division by 36 barn. In a similar way the
fast flux is obtained as reaction rate in Ni and converted to a
flux quantity through division by 0.11 barn.

The co-ordinate x = -30 cm corresponds to the bottom of the
core and x = +30 cm to the top of the core. The results seem to
agree very well with the measurements with a standard deviation
of about 5%.

This good agreement holds for all 26 fuel elements except for a
few elements at the reflector boundary where the standard
deviation is about 20%.

Fig. 8 shows the axial thermal flux in rig no. 7V4 and Fig. 9
the flux in rig no. 4VGR2. (The position of the rigs can be
seen in Fig. 2). The thermal flux in 7V4 is about one order of
magnitude smaller and the flux in 4VGR2 two orders of magnitude
compared with the thermal flux in the fuel elements but still
the calculations are in accordance with the measurements.

THERMAL TLUX (U/CtA*'2> 1 0 " 1 4} FUEL ELEMENT •_
2.00

1 50

1.00

o so

f "

' , 1 1 . (

DR3/SIU CALCUUViCN'"

A ^ WFASdRCwrNTS

<=<:RIOD V20 . . n - - , ; ••

STANDARD DCVIATION-- f ?

\

-50 -30 0 "50
DiSWIC^ TROW L.^Rr cfNTRAi. PLANT v -M1

Fig. 6. Axial thermal flux in a fuel element.
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Fig. 7. Axial fast flux in a fuel element.
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Fig. 8. Axial thermal flux in r ig no. 7V4.
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Fig. 9. Axial thermal flux in r ig no. 4VGR2.

5. CORE DESIGN CALCULATION

The U.S. demand of conversion from a high to low enrichment of
uranium fuel for the Danish research reactor has given us a
great deal of trouble. The experimenters want to sustain in
particular the high thermal flux level after the conversion.
On the other hand nobody wants to increase the annual fuel
costs.

Applying 20% U 2 3 5 instead of 93% U 2 3 5 means a reduction in the
thermal flux of about 15% with the power level sustained at 10
MW because the absorption in u 2 3^ is increased.

By increasing the power level to 12 MW the thermal flux level
is sustained to that of the 10 MW highly enriched case at the
expense of increased fuel costs.
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Therefore, a proposal for a new core design to overcome decreased
thermal flux and increased fuel costs has been studied. In this
proposal four central fuel elements B3, B4, C3 and C4 (see Pig.
2) are replaced by four dummy elements with heavy water but no
fuel [8], The u235 content of the 22 remaining elements is
increased to give the same total amount of u235 in the reactor
and the power level sustained at 10 MW.

Thus, with this new design it should be possible to obtain a
greater thermal flux in the center of the core compared with
the normal low enriched design without increasing the fuel
costs.

All three cases have been analysed with the simulator DR3/SIM
[9]. Below some results from the last case, called ring-
core design will be shown.

Figure 10 shows the thermal flux in a horizontal plane in the
center of the core for the ring-core design. By comparing this
figure with 11, showing the flux for the old design, it is
quite clear how the thermal flux in the center of the core is
increased.

Figs. 12 and 13 show the corresponding fast fluxes. It is clear
how the removal of the four central fuel elements produces a
"hole" in the fast flux.

While the four last figures gave qualitative pictures of the
fluxes, Figs. 14 and 15 are more quantitative. Fig. 14 again
shows the thermal flux in a horizontal plane through the center
of the core, but this time the flux is calculated along a
diameter through the fuel element row C1 - C6 in Fig. 2. Fig.
15 shows the corresponding fast flux.

A comparison between the thermal flux of the ring-core design
and the old design shows that the increase in thermal flux in
the center of the core produces a decrease outside. The calcu-
lations show an increase of about 11% in the center of the core
and a decrease of about 12% outside.

Thus, the proposal to a new core design, ring-core, has turned
out to be less attractive than first assumed.
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THERMAL FLUX IN THE CORE OF DR3
RING CORE DESIGN
Z(CCP)=O
CCA=18

Fig, lo . Ihermal flux for the ring-core design.

THERMAL FLUX IN THE CORE OF DR3
PERIODE NO 303
Z(CCP)=O
CCA=18

Fig. 11. Thermal flux for the old design.
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FAST FLUX IN THE CORE OF DR3
RING CORE DESIGN
Z(CCP)=O
CCA=18

Fig. 12. Fast flux for the ring-core design.

FAST FLUX IN THE CORE OF DR3
PERIODE NO 3 0 3
Z(CCP)=O
CCA=I8

Fig. 13. Fast flux for the old design.



i.oo

! 50

1.00

o c.o

-140

FUJX (N/CM«2-iO-»ii)

-159-

RADiAL FLUX ALON;, • — • 1 AT

-100

/

J

cc :

w\\
\ •

LOPr

•

v !

Fig. 14. Radial thermal flux for the old design
cenpared with the ring-core design.

eoo

00

4 00

J.00

2.00

1.00

,'N/CM».2«10«»13) RADiAL FLUX ALONG -r - I AT C

CRAPHITf:

0 00
-140 - 100

CORE

n. n nr<;,r»j
PWG-CO<?<: orsico
CCA- 17 0 r L R - 2 5 0

45 •»*>

Di r ,T/, fJCr n ? 0 W CORE

TRAPHITC

130 140

Fig. 15. Radial fast flux for the old o^sign
conoared with the ring-core design.



-170-

6. CONCLUSION

To conclude it can be said that until now development of three-
dimensional core simulators has concentrated om power reactor
applications using nodal methods with finite difference methods
used only as reference solutions because of their large CPU-
time consumption. The development of a simulator for a rather
small research reactor thus represents a new application area
where it is popsible to obtain a very comprehensive verification
against measurements. This can be achieved with rather exact
numerical methods and still be within limited CPU-time consump-
tion.

The simulation of the effect of coarse control arms in spite of
their rather special signal arm design has been shown to be
possible, even after applying diffusion theory.

Reactivity calculations on critical configurations show agree-
ment within 0.5%.

The model has proven its applicability to the analysis of steady-
state reactor physics conditions for new core design of the
DIDO-type reactors.

Finally the simulator is going to be applied as reference code
of the Danish authorities at the licencing of the DR3 reactor to
use low enriched uranium fuel.
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ABSTRACT

In recent years a new branch of computer science has
emerged, known as Artificial Intelligence. It represents a
radical departure from standard procedural programming
techniques currently in use. As such it has certain very
interesting and powerfull properties that can be exploited to
solve problems beyond the scope of standard programming methods.

The aim of the work currently being done by the authors is
to exploit the new techniques available in the area of
Artificial Intelligence to create an expert system to help
operators determine the specific nature of a given Primary Heat
Transport System (PHTS) accident. The expert system will also be
capable of recommending the appropriate actions that should be
taken.

The paper will have three parts. The first is an
introduction to the field of Expert Systems. The second will be
an examination of expert systems currently being developed in
the nuclear industry and other potential applications. The third
will be a discription of the expert system currently being
developed by the authors to treat PHTS accidents.

EXPRIME
UN SYSTEME EXPERT D'ANALYSE

D'ACCIDENTS DANS LE SYSTEME CALOPORTEUR PRIMAIRE

Ces dernières années l'intelligence artificielle est
devenue une nouvelle branche de l'informatique. Elle représente
une evolution radicale par rapport aux techniques de
programmation actuellement utilisées. De ce fait elle possède
des propriétés intrinsèques très efficaces pour la resolution de
problèmes hors de portée des méthodes de programmation
ordinaires.

L'objet du travail entrepris par les auteurs consiste a
exploiter les nouvelles techniques disponibles grace a
l'intelligence artificielle pour créer un système expert d'aide
aux operateurs leur permettant de mieux cerner la nature d'un
accident dans le système caloporteur primaire. Le système expert
sera également capable d'émettre des recommandations sur les
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actions correctrices a entreprende.

Ce rapport est divise en trois parties. La premiere
présente les systèmes experts. La seconde analyse les systèmes
actuellement développes dans l'industrie nucléaire ainsi que
quelques applications potentielles. La triosieme partie est une
description du système expert en cours de développement par les
auteurs et dont le but est de traiter les accidents pouvant
survenir dans le système caloporteur primaire.

1.0 INTRODUCTION

One of the most important aspects of the proper handling of
a Loss of Coolant Accident (LOCA) in a nuclear reactor is how to
best ensure that the reactor core is kept full and cool. Thi3,
quite simply put, means that the operator must make sure that
sufficient Primary Heat Transport System (PHTS) inventory is
available at all times. To carry out this task the operator has
the use of both process and emergency systems.

This paper will discuss the possibility of using an expert
system to help the operator diagnose PHTS accidents such that he
will be able to make a more informed decision as to the best
course of action to take. The paper will also examine some of
the capabilities of an expert system that is currently being
developed by the authors for this task.

In order to be able to discuss the implementation of an
expert system in any field, an introduction to expert systems is
first necessary. For this reason the paper has been broken down
into three parts. The first is an introduction to the field of
expert systems. The second is an examination of various types of
expert systems and their current uses in both nuclear and non-
nuclear fields. The third section is an examination of "EXPRIME"
which is the expert system for PHTS accident analysis that is
currently being developed by the authors.

2.0 INTRODUCTION TO EXPERT SYSTEMS

In the early 1950's a branch of computer science known as
Artificial Inteligence began to attract some interest in both
academic and research circles. It was originaly believed that
computers could be made to duplicate most of the basic reasoning
and information processing functions that humans characterise
as intelligent behaviour. The basic idea was that due to their
increadibly fast processing speeds, computers could simply be
fed huge data bases and using basic comparison and combination
techniques solve any problem that was put to them. This led to
the creation of such early systems as the General Problem Solver
(6PS). Unfortunately due to the large amount of time needed,
even at high computer speeds, to exhaustively search the very
large data bases involved GPS type systems never lived up to the
early expectations made of them. This is in fact true of most of
the branches of Artificial Intelligence research c e n today. The



-174-

one notable exeptton being expert systems.

2.1 WHAT ARE EXPERT SYSTEMS ?

Although, as has already been said, much of the work done
in the area of Arificial Intelligence has not proven to be as
sucessfull as originaly hoped it has produced some very usefull
data base search techniques and some very powerfull programming
languages that are better suited to the processing of ideas than
numbers.

Expert systems are sophisticated computer programs that use
these techniques and languages to solve problems that involve
the manipulation of knowledge in a given domain, to make
decisions and to solve problems for which experts are normally
required.

2.2 BASIC EXPERT SYSTEM COMPONENTS

There are three main components to an expert system, these
are the knowledge base, the inference engine, and the working
memory.

2.2.1 Knowledge Base

The knowledge base of an expert system contains all the
available information pertinent to the domain of application of
the expert system. The information consists of facts about the
system such ( in our case a nuclear reactor ) as operating
limits on temperature, pressure and various other operational
parameters. The knowledge base also contains heuristics which
are personal rules of thumb that the experts use in guiding
their examination of a given problem.

Both the facts and the heuristics are represented as
production rules in the knowledge base. Production rules have
the following form.

IF (CONDITION) THEN (CONCLUSION)

It is possible for a production rule to have more than one
condition and/or more than one conclusion. For cases where the
conclusion is not completely certain the rules may have
confidence factors associated with them.

IF (CONDITION)
THEN (CONCLUSION) (0.75)

Which means, if the condition(s) is true with 100%
confidence the conclusion is only true 75% of the time.
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2.2.2 Inference Engine

The inference engine is the control mechanism of the expert
system. It manipulates the rules in the knowledge base to reach
conclusions. It compares facts that are currently known about
the system with rules in the knowledge base looking for a rule
that incorporates this fact. Thus matching known facts and rules
until a conclusion is reached. There are two main types of
inference engines Backward chaining and Forward chaining.

Backward Chaining

Backward chaining inference engines start with an assumed
conclusion and try to find a set of rules that connect the known
facts to this conclusion. The inference engine searches the
rules and tries to find on whose antecedents (or "if" part)
matches the known facts and lead to the conclusion. If not all
the antecedents are known directly they become the new goal to
be satisfied in the inference process.

Forward Chaining

Forward chaining inference engines work by searching the
rules until a rule is found whose antecedents match the known
facts. The inference engine then activates this rule and adds
its conclusion to the list of facts and deactivates other rules.
This process is repeated until all the known facts are
correlated and a final conclusion is reached. An inference
engine very similar to this is the event-driven type. In which
each succesive step is based on new data or on the results of
previous steps. This inference engine is applicable to the
analysis of transient data, particularly in real time analysis
such as the task "EXPRIME" performs.

2.2.3 Working Memory

The working memory of an expert system is much like the
memory of a human being. It keeps track of the current status of
•the problem and presents state and history of any important
variables.

2.3 WHY CREATE AN EXPERT SYSTEM

Some of the more commonly sited benefits to the
implementers that are realized by the creation of expert systems
are listed below.

Expert systems can be used in operator training. Their use
is in the area of self directed study using simulators. Trainees
are presented with a given accident which they attempt to handle
on the simulator. The expert system will analyze the given
actions and inform the trainee of the cause of the problem and
the most effective solution(s). Expert systems also aid in the
presentation and distribution of rare expertise. This means
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that as experts retire their knowledge will be retained for use
by others in the field. A further advantage of having expert
systems available to both trainees and operators is that they
can provide case experience for given accidents. The process of
creating an expert system also leads to the codification of
knowledge previously known only as rules of thumb by a limited
number of experts. Information overload under accident condition
can be more effectively handled by operators, since expert
systems can analyze the alarms and present only the most
important ones to the operator. Expert systems can also be
interfaced with simulator codes to do quick approximations that
can provide usefull information for accident analysis.

While all of these reasons are valid, we believe that it is
a severe omission on the part of most researchers to ignore the
area of human response under accident conditions.

A great deal of work has been done in the area of human
performance under stress. Tyhurst in 1951 made observations of
people during a crisis and found that about 15 percent show
organized, efficient behaviour. The majority, approximately 70
percent are still able to function with some effectiveness, but
do show varing degrees of disorientation. The remaining 15
percent are completely disorganized, they either panic or simply
freeze up. Regardless of the response, they are unable to
function.

Another study by Hebb in 1972 shows roughly the same
result. The figure below shows the level of performance versus
the level of stress.

t i u u us. PExratmiKE CURUE (IMK HBB>

trass
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3.0 CURRENT AND POTENTIAL USES OF
EXPERT SYSTEMS

Most of the research going on in the field of expert
system technology is devoted to production rule (if ... then)
type systems since they are percieved as being the most likely
to yield results, at least in the short term.

Below we present (6) a list of some of the types of
production rule expert systems currently being looked at and an
explanation of the tasks which they perform.

Catagory Problem Addressed

Intepretation Inferring situation descriptions from sensor data

Prediction Inferring likely consequences of given situations

Diagnosis Inferring system malfuctions from observables

Planning Designing actions

Monitoring Comparing observables to operating constraints

Debugging Prescribing remedies for malfuctions

Control Interpreting, predicting, repairing and
monitoring the behavior of the system

Interpretation systems infer situation descriptions from
observable data. Such a system explains the observed data by
assigning to it a symbolic meaning describing the situation or
the state of the system accounting for the data. This system is
essentially a table look up that has the ability to make a
conclusion about the state of a process or piece of equipment
then cross reference the conclusions using other indicators
which should lead to the same conclusion. It c^n then offer a
conclusion that has a probability factor associated, with it.

Prediction systems infer likely outcomes to current or
postulated situations. As in the interpretation systems,
prediction systems can give numerical probability factors to all
generated outcomes.

Diagnostic systems infer system malfunctions from observed
data. There are two different techniques typically used in such
systems to relate operational irregularities to observations,
the first involves a simple table of associations between
observations and their underlying cause. The other method uses
knowledge of potential problem areas in design, operation or
equipment to produce a list of malfunctions which are consistent
with the observations.
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Planning systems are generally used by the military to plan
attack strategies. They could however be used to plan repair
strategies so as to minimize exposure time in high radiation
fields.

Monitoring systems perform much the same function as the
computer system currently in use in CANDU REACTORS. However they
use a knowledge based control structure as opposed to the
algorithm control now in use.

Debugging systems offer solutions for malfunctions or
courses of treatment of human diseases. These systems rely on
planning, design data and prediction capabilities to generate
recommendations for correcting the problea. Such systems use the
expert knowledge at their disposal to generate a number of
solutions to the current problem and then carry then out in the
computer to determine the best solution.

Control systems are by far the most complex of all the
expert systems now in use. Such systems adaptively govern the
overall behavior of a system. To accomplish this the control
systems must repeatedly interpret the data describing the
situation, predict the future from this data, effect any changes
needed to prevent any system constraints from being violated,
diagnose the cause of any problems that arise and generate
solutions to these problems. In short, they must embody all the
skills of the other expert systems that were mentioned.
Predictably, such systems are few and far between.

3.1 NON NUCLEAR APPLICATIONS

The following is an examination of some of the most well
known expert systems in use today in some of the areas discussed
above.

Interpretation

Dendral and Meta-Dendral

These two expert systems were developed by Stanford
University and are used in the area of mass spectroscopy.

Dendral generates plausible chemical structures of organic
molecules by analysing data obtained in the area of mass
spectroscopy. Meta-Dendral looks for new rules for the behavior
of fragments in mass spectroscopy by comparing all the facts
used by Dendral in reaching a conclusion and searching for new
correlations between the facts and the conclusion.
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Diagnosis

Mycin

Mycin is a diagnosis and treatment system in the field of
infectious blood diseases. It was developed by Shortliff at
Stanford in the early 1970's. It is regarded as being one of the
most successfull expert systems ever written and is in part
responsible for the large interest in expert systems today.
Mycin contains over 400 rules and uses a backward chaining
inference engine. It was also the first expert system to
implement a consistency checking routine. When tested against
both medical experts and interns Mycin was found to perform as
well or better than the human experts.

Control

Picon

Picon is a real-time plant control expert system. It
operates on a parallel processing Lisp Machine. It has the
potential to use up to 2000 rules. Some of its capabilities
include giving recommendations and making diagnoses on plant
conditions, economic optimization and emergency actions.

3.2 NUCLEAR APPLICATIONS

In the nuclear industry expert systems are being developed
to assist operators in the handling of some of their more
complex activities. These include starting up the reactor and
handling accidents.

Two examples of expert systems being developed in the
nuclear industry are the following.

An expert system being developed by Electricite de France
(9) to analyze alarms during accidents and shut off any alarms
that are nothing but a consequence of the accidents and not
actually linked to it. The expert system has 2500 "if...then"
type rules and uses zeroth order predicate calculus as an
implementation

A production rule type expert system to assist operators in
the startup of BWR being developed by Hitachi (7). The system
has 55 rules covering constraints to the startup, corrective
action for problems, the behaviour of Xenon transients and meta-
knowledge for controlling the inference process.

These expert systems" and others like them in the nuclear
industry are of the diagnosis type. They represent a first step
towards the development of a complex, overall plant control
system, such as Picon, for the nuclear industry.
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4.0 EXPRIME

"EXPRIME" is an experimental version of an expert system
currently being written by the authors to assist operators in
the diagnosis and handling of Loss of Coolant Accidents (LOCA).
Its functions are to determine the nature of the accident (ie.
Large or Small Break LOCA), determine the location of the break,
determine whether or not there is adaquate cooling in the core
and recommend actions, if any, that can be taken to optimize the
effectiveness of the Emergency Coolant Injection System (ECIS).

"EXPRIME" is currently implemented on an IBM PC-AT with
over 2 Mega-bytes of memory in Gold Hill Common LISP large
memory format.

Some of the features of "EXPRIME" include an event driven
diference engine capable of handling time varying data, and a
set of simple steam tables that are used for quick calculations.
Also included is a routine for predicting stagnation for
accidents with Loss of Class IV power.

4.1 STRUCTURE OF EXPRIME

There are two schools of thought as to how best to treat
accidents. These are known as Event-Based Procedures and
Symptoms-Based Procedures.

Event-Based Procedure

Event-Based Procedures involve a set of specific actions
the operator must follow for a specific accident. This
naturally requires a correct diagnosis of the accident on the
part of the operator prior to any action being taken.

Symptoms-Based Procedures

Symptoms-Based Procedures involve the use of a given set of
actions dependant on the physical condition of the plant only.
This type of procedure completely disregards the specific nature
of the accident. The advantage of this type of procedure is
that it will work for any accident regardless of the operators
ability to diagnose the accident.

Two versions of "EXPRIME" currently exist, one which implements
the Event-Based procedure for accident treatment and one which
implements the symptoms based procedure.

The symptoms-based system is not an expert system in the
true sense of the term since no inference structure is needed to
implement it. This type of system is essentially a triggered
data base that outputs the appropriate actions for each
identified symptom. The only point in favour of making any
further effort on the development of this version of "EXPRIME"
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is that it could be used as a backup if the event-based version
is incapable of making a firm diagnosis.

The most promising version and the one that will be
examined in depth is the event driven inference engine. This
version of "EXPRIME" uses a working memory that keeps a constant
record of the previous 30 minutes worth of the most important
plant parameters and an alarm status table.

The Expert System cycles through the preliminary data
aqui3ition section until a major alarm (eg. PHT pressure low)
triggers the start of the inference process.

Once the inference process is started the working memory is
frozen and only updated in bursts from a memory buffer. This is
due to the fact that the host computer is incapable of parallel
activities.

The inference engine uses the available information one
piece at a time (alarms first) and looks for rules that have
this piece of information in their "if" part, then uses the
"then" part of the rule as an additional piece of information to
continue the seerch for a conclusion if needed or simply
identifies the accident. The following section gives a more
detailed view of EXPRIME's Inference Engine.

4.2 EXPRIME'S INFERENCE ENGINE

Due to the large number of rule3 needed to adequately
describe the behavior of a Nuclear Reactor Primary Heat
Transport System under all possible accident conditions it was
necessary to develop an efficient real time inference engine.
Furthermore this inference engine was required to be able to
handle transient data. These requirements lead us to adopt a
forward chaining event-driven inference engine for "EXPRIME".
Two additional features were added to this inference engine, the
first being a confidence factor calculating algorithm, the
second a consistency checker to allow for the transient nature
of the data.

4.2.1 Event Driven Inference Engine

A forward chaining event-driven inference engine works in
much the same way as a purely forward chaining inference engine.
The main difference being that in an event-based inference
engine each succesive step is based only on available data or on
the results of previous steps. This differs from the pure
forward chaining inference engine in that it will not set
antecedents (the "if" part of an "if ...then" rule) as a sub-
goal to be proved first. This requires a much more careful1
ordering of the rules in an event-driven expert system but
provides us with a much faster response time.
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4.2.2 Confidence Factors

In most areas where human expertise is used conclusions are
rarely certain. This is particularly true in the analysis of
large systems where there are many factors interacting to
influence the overall behavior of the system.

To account for this in an expert system, confidence factors
are used. A confidence factor is a number that reflects the
experts confidence in a conclusion if all the antecedents of the
rule are true with 100% confidence.

ie. IF CONDITION A
AND B
AND C

THEN CONCLUSION D (0.8)

The 0.8 reflects the experts confidence in the rule.

In systems involving multiple rules confidence factors
interact in the following manner.

Independent Checks Of The Same Conclusion

If we have more than one rule with a given conclusion and
all these rules are found to be true it is reasonable to assume
that our confidence in the conclusion can be higher than the
largest of the independent confidence factors.

CONCLUSION Dl (0.8)
CONCLUSION D2 (.75)

The overall confidence factor is calculated in the
following manner.

R = C / (1 - C) C = R / (R + 1)
Rl = 0.8 /(I - 0.8) = 4
R2 = 0.75 /(I - 0.75) = 3
R(total) = 3 * 4 = 12
C(total) = 12 / (12 + 1) = 0.923

That is to say that we have a confidence factor of 0.923
that conclusion D is true due to the independent confirmation of
the conclusion by two different means.

Uncertainty Propagation

The final confidence factor of a rule assumes that all
antecedents are known with complete confidence. If however the
antecedents are the results of previous steps their confidence
may be less than 1. To handle this accuratly we use the
following procedure.
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IF CONDITION A ( .75)
B (0.9)
C (0.6)

THEN CONCLUSION (0.8)

Rconc = 0.8 / (1 - 0.8) - 4
Ra = 0.75 / (1 - 0.75) = 3
Bb= 0.9/ (1-0.9) = 9
Re = 0.6 / (1 - 0.6) = 1.5
Rfinal = Rconc * Ra/Rconc * Rb/Rconc * Rc/Rconc
Rfinal = 4 * 3/4 * 9/4 * 1.5/4 = 2.531
Cconc = Rfinal / (1 + Rfinal)
Cconc = 2.531 / (1 + 2.531) = .7168

This means that, we have a confidence factor of 0.7168 due
to the interaction of the uncertainties in the conditions and
the conclusion.

4.2.3 Transient Data Analysis

Most expert systems that are currently being developed to
analyse transient data use a consistency checking method that
operates in the following manner:

STEP 1: Look at all operational parameters one at a time
and use them as facts

STEP 2: Use the values of these parameters to reach a given
conclusion

STEP 3: Check to see that the values of the operational
parameters used have not changed by any significant amount

STEP 4: *: If they have changed go to the last occurence of
a rule that was found to be true before the application of the
now changed parameter and restart the inference process from
this point

*: if they have not changed output the conclusion

It is claimed by that this method of analysis allows an
expert system to analyse transient data and a valid conclusion
to be reached.

We propose the following method as another way of handling
transient data.

Consider a Secondary Side break within containment.
Initialy we would have a fact of the form: PHTS PRESSURE LOW
(due to over cooling). Some time later (assuming a loss of
forced circulation) the primary side pressure would be high due
to the loss of heat removal from the system. This would lead to
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a new fact of the form: PHTS PRESSURE HIGH and to the discarding
of the previously known fact about the pressure being low.

Most expert systems currently designed to handle transient
data using the consitency checking approach would simply restart
the analysis from the last rule that was found to be true before
the use of the changed fact.

The method implemented in "EXPRIME" is to use knowledge
that the PHTS pressure was once low and is now high to create a
new fact of the form: PHTS PRESSURE CHANGE LOW TO HIGH.
"EXPRIME" then backtracks to the last occurence of a rule that
was found to be true before the use of the changed factand
continues the analysis using not only the fact that the PHTS
pressure is high but that in was at one time low and is now
high.

We feel that this method of transient analysis used in
"EXPRIME" yields a more accurate result than the more commonly
implemented consistency checking method. This is due to the fact
that the transient, which is a property of a particular
accident is not forgotten.

4.3 EXPRIME'S INFERENCE ENGINE

The following is an english translation of the major
functions of the inference engine implemented in "EXPRIME".

1: Examine working memory for state of alarms
Examine working memory for state of plant parameters
Are there any alarms or problems with parameters ?

NO: goto 1

YES: start diagnosis procedure

DIAGNOSIS

2: Look for rule containing alarm and/or parameter in question
in its "IF" part
Conclude the "THEN" part of the rule is true
Add the conclusion to the list of known facts
Calculate confidence factor
Has accident been determined ?

NO: goto 2

YES: Has anything changed significantly ?

NO: Give accident with confidence factor
and recommended action
stop

YES: Create new fact reflecting the change
goto 2
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4.4 EXAMPLE OF EXPRIME AT WORK

The following is an english translation of some of the
rules in "EXPRIME" and the method in which they interact during
the solution of a problem. The complete set of rules includes
confidence factors for conditions and conclusions and contains
multiple condition and conclusion chains, which cannot all be
written out in this paper.

The example treated deals with locating a large break LOCA
and taking steps to optimize the effectivness of the ECI system.
The first task will be to determine the location of the break,
which for this example will be taken to be in the North-East
Reactor Outlet Header. The next step will involve closing the
ECI flow to the broken header.

Step 1: Determine if we have a LOCA.

(IF ((PHT PRESSURE LOW)
OR (PRESSURIZER LEVEL LOW)

AND (CONTAINMENT PRESSURE HIGH)
OR (ACTIVITY IN CONTAINMENT))

THEN (LOCA))

Step 2: Determine size of LOCA.

(IF ((PHT FLOW LOW)
OR (HIGH NEUTRON POWER)
OR (NEURON LOG RATE HIGH))
THEN (LARGE LOCA)
ELSE (SMALL LOCA))

Step 3: Ensure ECI.

(IF ((ECI VALVES OPEN)
AND (ECI PUMP RUNNING)
AND (ECI FLOW > 1000 KG/S (HP) OR 500 KG/S (LP))
THEN (ECI SYSTEM OK)
ELSE (INFORM OPERATOR ECI NOT ESTABLISHED))

Step 4: Confirm break size from ECI pump characteristics.

(IF ((ECI PUMP PRESSURE < 3.0 MPA))
THEN (LARGE LOCA)
ELSE (SMALL LOCA))

We now wish to locate the break.

Step 5: Determination of LOOP

(IF ((PHTS PRESSURE IN NORTH LOOP > SOUTH LOOP))
THEN (BREAK IN NORTH LOOP)
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ELSE (BREAK IN SOUTH LOOP))

Step 6: Determine side of Reactor which was Break.

(IF ((FEEDER CABINET W TEMP. > FEEDER CABINET E TEMP.))
THEN (BREAK IN WEST HEADER)
ELSE (BREAK IN EAST HEADER))

(IF ((FEEDER CABINET W HUM. > FEEDER CABINET E HUM.)
THEN (BREAK IN WEST HEADER)
ELSE (BREAK IN EAST HEADER))

(IF ((FEEDER CABINET W PRESS. > FEEDER CABINET E PRESS.))
THEN (BREAK IN WEST HEADER)
ELSE (BREAK IN EAST HEADER))

More than forty of these steps are required to assess with
a high degree of confidence the side of the reactor that
experiences a break and to display a recommendation to the
operator which states to close the corresponding ECI valves.

ouch a complicated information handling and decision making
process, incorporating transient data cannot be done easily by
an operator during emergency situations, but an expert system
like "EXPRIME" can provide a very usefull diagnosis .

CONCLUSION

"EXPRIME" is currently fully developed in the conceptual
stage. Additional programming has to be done in the inference
engine to give a satisfactory diagnosis and in the near future
"EXPRIME" will be assessed against a simulated LOCA. It is the
authors' intention to use the basic frame work of "EXPRIME" and
to expand it in an "all accident" diagnosis tool. The authors
believe that such a tool can be implemented in all nuclear
stations and training centers for diagnosis and operator action
recommendations.
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SCALING LAWS FOR SIMULATING THE CANDU HEAT TRANSPORT SYSTEM

by

P.J. Ingham, V.S. Krishnan, P. Sergejewich and K.H. Ardron

Atomic Energy of Canada Limited
Whiteshell Nuclear Research Establishment

Pinawa, Manitoba ROE 1L0

ABSTRACT

The RD-14 test facility at Whiteshell Nuclear Research Establish-
ment is a full-elevation model of a typical CANDU primary heat transport
loop. It consists of two full-scale, full-power electrically heated chan-
nels, full-scale feeders and two full-height steam generators. The loop is
designed so that fluid mass flux, transit times, and pressure and enthalpy
distributions in the primary system are the same as in a typical power
reactor in both forced and natural circulation.

To study the interaction between parallel channels In thermo-
siphoning and blowdown/ernergency coolant injection transients, it is pro-
posed to modify RD-14 to a multiple-channel configuration. A scaling ratio-
nale has been developed from a consideration of the one-dimensional, homo-
geneous, two-phase-flow conservation equations. The scaling laws show that
to represent the CANDUT system correctly, particularly under thermosiphon-
ing conditions, the model loop must possess the full linear dimensions and
elevation changes of the reactor.

The paper will describe the development of the scaling laws and
their application In defining the sizes of the major loop components of the
proposed multiple-channel RD-14 loop.

* Nuclear Safety and Studies Department, Ontario Hydro
** Central Electricity Generating Board, Barnwood, U.K.
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NOMENCLATURE

A

Cw

d

e

f

g

G

h

K

1

m

m

Nfi

NC

Area (m2)

Specific heat (j/(kg.°C))

Diameter (m)

Internal energy (J/kg)

Ap 2d
D'Arcy friction factor = —*—

Acceleration due to gravity (m/s?)

Mass flux (kg/(m2*s))

Enthalpy (J/kg)

Pressure loss coefficient

Pipe length (m)

Mass (kg)

Mass per unit flow volume (kg/m3)

Friction numbar = (~) (— + K)
A ^ d i

Number of channels per pass

p Pressure (N/m2)

q» Pin power rating (W/m)

Re Reynolds number

Q Heat loss or gain per unit flow volume for pipe (W/m3)

Qf Heat entering fluid from wall/unit time (J/s)

^LS Heat loss per unit time (J/s)

t Time (s)

T Temperature (°C)

u Velocity (m/s)

Vj Fluid volume (in3)

W Mass flow rate (kg/s)

X Quality

z Length coordinate (m)
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Greek

a Void fraction

P Function defined by Equation (13) (kg/m3)

Ahgjjg Subcooling (J/kg)

T) Factor (for pipes below header = 1, for pipes above header = N c)

2 .dp dp
$ Two phase multiplier = [—L,p / [—)^Q
to dz dz

p Density (kg/m3)

0£ Upward inclination from horizontal

Subscripts

g Steam property

f Water property

fo Value if two-phase mixture flowed as liquid at same mass flow rate

gf Difference between fluid and gas properties (e.g., h -> hf- h )

0 Reference property

1 Property of i'th pipe section

( ) R Ratio between model and reactor values. (Re)B > model—
K K Kereactor

SAT Saturation property

W Property of pipewall

EF Property of end fitting

TP Property of two-phase flow

Superscript

* Dimensionless quantity

Steady state variable
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INTRODUCTION

The RD-14 test facility (Figure 1) is a full elevation-model of a
typical CANDU™ primary heat transport loop. It consists of two full-scale,
full-power electrically heated channels, full-scale headers and two iull-
height steam generators in a figure-of-eight configuration. The number of U
tubes in the steam generators is reduced in direct proportion to the heated
channels to give the correctly scaled heat transfer area. The loop is
designed so that fluid mass flux, transit times and pressure and enthalpy
distribution terms in the primary system of the loop are the same as those
in a typical reactor under both forced and natural circulation.

To study the interaction between parallel channels in thennosipho-
ning and blowdown/emergency coolant injection (ECI) transients the loop will
be modified to a multichannel geometry. This paper describes the scaling
rationale developed for this modification. Scaling requirements for the new
configuration are identified. The scaling laws are used to define the sizes
of major loop components in the multichannel RD-14 loop.

SCALING REQUIREMENTS

The primary requirement of the modified loop is that it must rep-
resent reasonably well the behaviour that occurs in a reactor during thermo-
siphoning and blowdown/ECI transients. Ideally, dynamic similarity should
exist between the reactor and its model. If this is true, known scaling
laws can be applied to experimental data, and reactor behaviour can be
deduced.

In constructing a scale model of single-phase flow in a reactor,
the necessary scaling requirements to achieve dynamic similarity can be
derived by expressing the governing thermo-fluid equations in dimensionless
form. Dynamic similarity between the model and the actual reactor is
assured by matching the diraensionless parameters that appear in these
equations. For example, Reynolds numbers in both model and reactor must be
the same. Unfortunately, the application of this method to two-phase flow
is not so simple is because the governing equations for two-phase flow
depend on a large number of dimensionless groups. Simultaneous matching of
all dimenaionless groups in a scale model is usually impossible.

However, by using a simple set of conservation equations, like
those of the homogeneous equilibrium model or drift-flux model, to represent
the two-phase-flow, scaling criteria can be developed. Using this as-
sumption, Ishii and Kataoka [1] developed a scaling rationale to model a
Light Water Reactor (LWR) natural circulation loop. If the void/quality
equation for the two phase mixture is of the form

a » a (X, gas properties, liquid properties) (1)

their scaling rules are valid. Equation (1) is obviously true for homogene-
ous two-phase flow, although Ishii and Kataoka suggest it may also apply to
certain types of churn-turbulent flow.
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In this paper the approach of Ishii and Kataoka [1] is used to
develop scaling criteria for multichannel RD-14 loop. The importance of
certain dimensionless groups in CANDU reactor geometries (identified by
Ishii and Kataoka for LWR's) will be highlighted. Model development is
described below.

DEVELOPMENT OF SCALING LAWS

Characteristic Parameters

The multichannel RD-14 test loop is assumed to consist of N c chan-
nels per pass (Figure 2). At steady thermosiphoning conditions, with the
loop operating at reactor typical temperatures and pressures, the mass flow
in all channels is assumed equal.

Most of the loop can be described as several pipe lengths of
uniform area connected in series and parallel. These pipe lengths can
represent sections of a feeder, a riser, a heated channel, or a bank of
parallel boiler tubes. Channel end fittings, and headers, cannot be
represented as simple pipes and are considered separately.

If the steady thermosiphoning flow rate in the feeders and heated
channels is 0 O, then the flow rate in pipe sections above the headers is
N W . If p. is the saturated liquid density and AQ the flow area of the
channel, then the characteristic velocity u Q can be defined as

uo - -2— (2)
PoAo

Analysis

To simplify development we will neglect interphase slip, and
momentum flux terns, which are small at the low mass velocities encountered
In thermosiphoning. The headers will be considered as a point source with
no volume, and hence no mass energy.

Assuming one-dimensional flow, the transient conservation equa-
tions in pipe section 1 can be written as follows:

Mass Conservation

a P l + S<Piul> - 0 (3)
at dz

Momentum Balance

Pl fa + u^X _ -apj
\dt 5z / oz

,
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FIGURE 2: Schematic of Multichannel Facility In Steady Thermoslphonlng
(Single Pass Only Shown)
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Energy Balance

?. (5)
dt dt

The mean volumetric heat source, Q,, consists of components due to a heat

'* QiHS' w^t'1^n t'le P*Pe sectii
and the accumulated heat term

source, Q^JJCJ within the pipe section, heat loss through the pipe wall,
rid the

In a transient, an Important component of the volumetric heat source Is due
to the release of thermal energy stored in the pipe walls and fuel [1,2].
This can be written as

<*iA - - MwiCwi j^wi (7)
dt

where M ^ is the wall mass per unit flow volume for pipe section 1. In slow
transients, the wall temperature, Tw,can be assumed as equal to the fluid
temperature, T, Equation (7) becomes

dP/SAT dt

Substituting Equation (7) into (5), we get

cwl fill _ i
dt dt i V * K / S A T

If we define the following dimensionless parameters:

* 1 * t U M * A * _-

1 • •=-» t J —Is A • =-, u » i—,

hgf To

Where lQt is the reference length, p o is the reference pressure, T o the
reference temperature ant hgfthe latent heat of vaporization at pressure
prt, we can rewrite equations (3), (4) and (9) in dimensionless form.Po»

Mass

_±.+ »_ (p u ") - 0 (10)

* N »2 (11)
f 1 foi
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DX± / * * Po \ Dp±* T

PfDt* + T 1 Po"hgf/DT*L

Where B* is defined as follows:

SAT hgfPo at* hgfPouc

/dh v
I—S.)
V d P '«

X+
SAT

Auxiliary Equations

Density p
relationship:

Pi " Pi C

(1-X)

(12)

(13)

SAT

is related to Xi, the quality, by the following

, gas properties, fluid properties)

The two-phase friction factor can be expressed in various ways.
assume the following form:

*foi * *foi (xi»Gi» 8as properties, liquid properties)

(14)

We will

(15)

The equations of Dukler et al. [3], Baroczy [4] and Thorn [5] are
all expressed in this empirical form.

Scaling Laws

For the loop model to have the same transient response as the
reactor, the nondimensional paramenters appearing as coefficients in Equa-
tions (10), (11), and (12) must be equal In both model and reactor. For
example, the ratio of Reynolds number in the model to the Reynolds numbers
in the reactor (Re)R must equal unity.

Therefore for dynamic similarly between the model and reactor the
following scaling laws must be obeyed.

(16)

(17)

(18)

(sln0j)R - 1

( N f l ) R - 1

<MwiCwl>R "

<20>

(22)

(23)
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(24)

(25)

(26)

Some of Che dimensionless group are automatically satisfied because of equa-
tions (10), (11), (12), (14) and (15), and the fact that the model operates
at the same pressure as the reactor. If we remove the redundant equations,
seven fundamental scaling laws are apparent.

sections below headers ,,-,..

sections above headers < 2 7'

(28)

(29)

(30)

(31)

<32>

d o ) R - 1 ' (33)

Equations (27) to (29) imply similarity of pipe length and areas between
model and reactor. The most suprislng scaling requirement is Equation (33).
This implies that the model must h^e full-scale pipe lengths and be of full
height. Ishii and Kataoka [1] Identified their requirement in their scaling
analysis for an LWR type system, but did not stress its importance. The
full-length requirement arises because of a component in the pressure

dp*
gradient term, — - , in Equations (11) and (12). An important parameter in

characterising this gradient is the gravitational group that appears in

<V>R a

(sin91)p

<Nfi>R '

Wi>R -

<MwiCwi>

u
• 1

, - 1

1

1

R - l

pipe
pipe

Equation (ll),f _2_ 1, which contains the full length requirement term, 1 .

\ V
If it is not met quality changes around the loop caused by elevation changes
will not be reproduced. Boiling as a result of elevation change is impor-
tant in determining the void distribution in a CANDU system during two-phase
thermoslphoning [6,7]. Partial length scaling will reduce the importance of
this effect and will generate distortions in the transient response of the
system.

Equations (27) to (33) form the complete set of scaling laws.
When obeyed, transient and steady-state thermoslphoning behaviour will be
the same in both reactor and model. These scaling laws only apply if the
homogeneous flow model, used to describe the system, is valid.



LOOP SPECIFICATIONS

Heated Sections

A CANDU reactor has up to 120 parallel channels per pass per loop.
The coolant flow in each channel Is approximately one hundredth of the
system flow per loop. To simulate the parallel-channel behaviour of CANDU
reactor it is desirable to have as many channels as possible. However, the
size and number of channels in the RD-14 test facility is limited by the
design of the existing loop.

Steam generators and pumps In RD-14 ware scaled for a single
37-element, 5.5 MW channel per pass. Loop flow areas were similarily
scaled. Thus for a multichannel geometry, the sum of the individual channel
flow areas must correspond to that of a single 37-element channel. Other
criteria must also be satisfied.

To maintain the same element heat flux at a given power, the total
number of elements In a multichannel pass should equal the original single
channel design. The heaters should also have a ring geometry as in a CANDU
reactor. Three parallel channel geometries will satisfy these requirements:
(a) two 18-element channels (b) three 12-element channels and (c) five
7-element channels per pair.

Very strong interactions between channels are expected to occur
with the two and three channel geometries. This would not be representative
of a typical CANDU reactor. The five-channel geometry was chosen for two
reasons. It has weaker channel to channel interactions, and seven element
channels were used in earlier RD-12 experiments.

Each channel will have the full heated length of 6 m, satisfying
Equation (33). Seven electrically heated fuel element simulators (FES), as
per current RD-14 design, will be used in each channel. The geometry of the
FES will correspond to the seven central elements of a typical CANDU fuel
bundle. Since a typical CANDU bundle contains 37 fuel elements, the flow in
a seven-element channel will be reduced proportionately. Major characteris-
tics of the heated channels are listed in Table 1. Based on this heated
channel design, the scaling ratios given in Equations (27) to (32) are
listed in Table 2. Certain nominal operating conditions for thermosiphoning
flow have been assumed for both loop and reactor. These conditions, based
on available RD-14 data, are an average pin power rating q. • 0.9 kW/m,

p_ • 4 MPa and u_ * 0.36 m/s. These values correspond to a reactor channel
decay power of 200 kW and a channel flow of 1 kg/s. It should also be noted
that with the proposed channel design, Equation (31) requires that the
average pin power rating, q^, be the same in both loop and reactor.

Channel End Fittings

It is obvious that these end fittings cannot be represented as
uniform area pipes. The previously developed scaling rules are therefore
not applicable. Pressure and heat losses, plus heat capacity requirements
for the end fittings can, however, be developed. To obtain approximate
scaling rules for the end fitting geometry, we write integral momentum and
energy balances, as shown below.
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TABLE 1

HEATED CHANNEL CHARACTERISTICS

Flow Tube Diameter (mm)
Flow Area (mm2)
Flow Tube Thickness (mm)
Hydraulic Diameter (mm)
Pin Outside Diameter (mm)
Pin Number
Pin Heat Capacity
(at 250°C) (kJ/(m.°C))

RD-14

44.8
647.2
6.1
6.07
13
7
0.38

Reactor

103
3421

4.3
7.5
13
37
0.37

TABLE 2

VALUES OF SCALING RATIOS FOR HEATED SECTION

1

di)R

1

(sin©^

1

<Nfi>R

1.29<a>

<Qi>R

1.01<b>

OWR

1.03<c>

Notes:
(a) K factors are neglected.
(b) Assumes heat loss for multichannel loop is 550 W and reactor channel

heat loss is 8 kW
(c) Assume heat capacity of reactor fuel and FES are 0.37 kJ/(m-°C)[10] and

0.38 kJ/(m.°C), respectively.
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Th e frictlonal pressure loss in the end fitting when steady two-
phase flow occurs is

*fo KEF Y Pouo2 <34>

Written in dlmensionless form, Equation (34) becomes

* 2 2
A p = *fo KEF ^pouo ^Po^ (35^

2
But p , p and $f are the same in both model and reactor. The scaling
requirement becomes

(K E F) R = 1 (36)

The frictional pressure loss coefficient K E F is expressed in terms of the
velocity head of the heated channel.

The integral energy balance for the fluid inside the end fitting
is

V §— (ep) = -WAh + Q (37)
f &t w

where Qw, is the energy in the form of heat entering the wall per unit time,
Vf, is the fluid volume and e, the fluid internal energy.

For the end—fitting metal work the energy balance can be written
as

/OT\ .
-M C |—£|= Q
c wldt / w

+ Q (38)
HL

Eliminating Q w and transforming the dimensionless variables we get

(39)=-[_f_j5_ (e"p ) _
. . . .

For similarity the following scaling laws must be satisfied.

(V f/A O1 O) R=1 (40)

Equations (40) to (42) show that fluid volume and heat capacity of the end
fittings should be scaled in direct proportion to channel volume. End-fit-
ting heat losses must be reduced in direct proportion to channel flow area.

For similarity, Equations (36) and (40) to (42) should be
satisfied. End fitting scaling ratios are given in Table 3.
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TABLE 3

SCALING RATIOS FOR END FITTING

( K
E F ) R

I

<Wo>R

1

<Vv'Vo>R

1

« W V R

0.9(a)

Notes; (a) Reactor-end fitting heat loss was taken as 3 kW. Model end-
fitting heat loss was estimated from RD-14 measurements. A
value approximating to 7/37 of the RD-14 37-element channel end
fitting heat loss was used.

Feeders

Five reactor-channel/feeder geometries have been selected to
represent CANDU feeders; three middle channels, one top channel and one
bottom channel. Channels were chosen as follows:

(1) The channels should cover the full range of elevation differences.
(2) The five-channel average powers should equal the core average

power.
(3) The five-channel average flows should equal the core average

flow.
(4) Feeder geometries should cover the range of pipe diameters,

horizontal lengths, and flow restricting orifices present in the
reactor.

(5) Nozzle angles, at header connections, should cover the range found
in a reactor.

Table 4 lists relevant data for selected channel/feeder geometries
or a typical CANDU reactor. Figure 3 chows the feeder geometry for reactor
channel X 12.

Model feeders, where possible, will have the same lengths and
geometries as reactor feeders. Diameters and wall thicknesses should be
reduced according to the scaling requirements of Equations (27) and (32).
To manufacture piping sections with the exact diameters and wall thicknesses
specified by the scaling laws would be costly. For practical purposes,
commercially available pipe sizes will be used. This will result in some
scaling distortions (see Table 5).

Data from the existing RD-14 loop indicates that, at a 4 MPa
operating pressure, heat losses from lagged feeders in the multichannel loop
will be 5-10 kW/channel. At thermosiphoning conditions, where power levels
are at decay levels, with an average pin power rating of 0.9 kW/m, 12-25% of
the channel input power could be dissipated through heat losses. This is a
significant heat loss when compared with reactor feeder losses.

In a reactor, feeder lines are enclosed in cabinets. At 4 MPa,
and typical reactor decay power levels, heat losses are expected to be less
than one percent of the channel power.
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This discrepancy between the multichannel loop and the reactor
will lead to a significant distortion in (Q.)_ ratios. A more serious
problem is that with such high heat losses in the multichannel loop the
void distribution around the loop will not be reactor typical. To avoid
this problem feed pipework in the multichannel loop will be trace heated to
eliminate heat losses.

FIGURE 3: Reactor Feeder Geometry for Channel (X 12)

Pipework Above Headers

Existing RD-14 pipework will be used above the headers-
ratios with respect to a CANDU 600 reactor are given in Table 6.

Scaling

Significant distortions from ideality are apparent. However, the
deviations are not considered critical since they will not have a major
effect on loop behaviour. Primarily this is because the above header pipe
lengths in both reactor and the multichannel facility are small when com-
pared to the rest of the primary circuit. Pressure drops for the above
header pipework in both the RD-14 facility and a typical reactor are com-
parable. (=20% of the total loop pressure drop.)

Boilers

The RD-14 boilers are recirculating U-tube steam generators. They
closely resemble reactor boilers and have a reduced number of tubes. Boiler
characteristics are summarized in Table 7.

unity.
Scaling ratios are listed in Table 8. All values are close to
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TABLE 5

SCALING RATIOS FOR FEEDER X 12

REACTOR
NOMINAL

(a)

2
2J
3

PIPE
SIZE

MULTICHANNEL
PIPE NOMINAL

(b)

1
U
11

LOOP
SIZE

(

1
1
1

.55

.86

.19

(N,ri^R

(c)

0
0
1

.74

.53
7

<Qi>R

(d)

1
1
1

1
0
0

.14

.85

.98

Notes:
(a) Schedule 80 pipe
(b) Schedule 40 pipe
(c) K factor's neglected
(d) Assume Qj=O In reactor and multichannel loop.

TABLE 6

SCALING RATIOS FOR PIPES ABOVE HEADERS
(CANDU 600 REACTOR GEOMETRY)

DESCRIPTION

Steam Generator
Inlet

Pump Suction

Pump Discharge

(A^/N

4.

4.

3.

c>R

3

3

6

(1

0

0

1

*%
i'R

.9

.8

.6

(Sln01)R

-

-

-

(N

0

0

0

fi>R

.34

.3

.99

<Qi>R

j(a)

l(a)

(MwC

1.

1.

2.

w>R

7

7

4

Notes: (a) Assume Q = 0 In multichannel loop and reactor.
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TABLE 7

RD-14 BOILER CHARACTERISTICS

Number of tubes
Tube I.D. (mm)
Tube O.D. (mm)
Tube wall thickness (mm)
Tube material
Average tube length (m)

RD-14

44
13.6
15.8
1.1

Incaloy—800
18.8<aJ

Reactor

3550
13.8
16.0
1.1

Incaloy-800
17.5?a)

Notes: (a) Average based on total heat transfer area.

TABLE 8

SCALING RATIOS FOR BOILER TUBE BANK

1.2 1.1

(Sin01)R

1.0

<Nfi>R

0.7

(Qi>R

1.0

<MwCw>R

1.0

Headers

Flow patterns in the headers will be highly three dimensional.
This means that scaling laws developed for pipe components cannot be
applied.

In certain two-phase thermosiphoning transients, and during blow-
down and refill in a reactor loop, the flow in the headers will most likely
stratify. Stratified flow will affect the quality of fluid supplied to the
channels connected to the headers.

To simulate the correct quality distribution in the multichannel
loop, headers will be constructed with the same feeder to header-diameter
ratio as in a typical reactor. Feeders in the multichannel loop will be
positioned at angles typical of a reactor. These requirements will effec-
tively simulate phase separation and feeder nozzle uncovering phenomena in
the modified loop. However, with this geometry, scaling of fluid flow path
lengths is not possible, although transit times will be maintained since
volumes will be scaled.
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To obtain the desired wall temperatures and stored heat terms in
the modified loop, the metal mass of the headers should be correctly scaled.
Given that the previous scaling rationale for the headers is followed, the
headers would have to be constructed from thin piping. To satisfy pressure
vessel code requirements, and to maintain structural integrity, piping of a
much larger thickness must be used. The header design is shown in Figure 4.

DISCUSSION

The scaling laws developed are applicable to two-phase flows that
occur in thermosiphoning and in blowdown/emergency-coolant injection tran-
sients. The scaling rationale only applies if the flow is well mixed and
the void/quality relationship for homogeneous flow can be applied (Equation
(14)). For separated flow behaviour, like horizontal stratified flow or
horizontal/vertical annular flow, Equation (14) is not usually valid. If
these flow regimes occur, departures from similarity between reactor and
loop behaviour are expected. A brief discussion of some of the expected
departures from homogeneous flow In horizontal and vertical loop pipework is
included below.

Horizontal Channel Behaviour

The onset of stratified flow in horizontal channels is expected to
be important in determining the behaviour of the test facility in thermo-
siphoning. Flow stratification will uncover the upper elements of fuel
assemblies, leading to reduced channel to coolant heat transfer. With per-
fect scaling, flow stratification in the loop and reactor would occur at
identical conditions.

Kowalski and Krishnan [8] made detailed studies of the transition
to stratified flow In a seven-rod channel. The channel geometry used was
almost identical to that proposed for heated sections in the modified
multichannel loop. In their study they developed a correlation for the
transition to stratified flow. The correlation agreed well with both their
own experimental data and that of Aly [9] and Sawatnura et al. [10]. The
latter workers used a 37 rod CANDU channel geometry.

Using dimensionless variables defined previously, Kowalski and
Krishnan's correlation can be written

p .u* - f(X, fluid and gas properties) / ̂ o (43)

Stratified flow will occur If the left hand side of Equation (43) is less
than the right hand side.

Since p*, u*, X, uQ, gas and fluid properties will be equal when

scaling laws are obeyed, If > / ( A
0 /

< ' O ) R *S unity, stratification will occur
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under similar conditions in both the loop and the reactor. The actual

scaling ratio is in fact given by ^(A 0/d 0) K = 0.66. This implies that
stratified flow will occur at a loop mass flux, which is approximately 30%
lower than in a typical reactor. This is well within uncertainties normally
associated with predictions of flow regime transitions.

Figure 5 shows the transition to stratified flow for 7- and 37-rod
geometries as predicted by the Kowalski-Krishnan model. Sawamura's data
[10] is also shown. There is reasonable agreement between the two curves.

Feeder Geometries

Under some conditions the penetration cf water downwards into the
feeders may be limited by flooding caused by steam upflow [11]. This
phenomenon is expected during loop blowdown and refill. In a feeder, the
minimum steam upflow, to prevent water downflow, is expected to follow an
equation of the form:

(gdPfg/p)
i - K (44)

where K is a constant fixed by feeder geometry. Transforming Equation (44)
to a dimensionless form, we get

(p u )min = f (x, gas properties, fluid properties) fgd/u I5 (45)

The model feeders have approximately one quarter the cross sectional area of
reactor feeders. Therefore liquid downflow in the modified loop will be
prevented at a steam mass flux, which is 70% of that in a typical reactor.
As a consequence, channel refilling in the loop may take longer than in a
reactor.

SUMMARY AND CONCLUSIONS

Scaling laws have been developed and applied to the design of a
multichannel loop. Consideration has been given to themosiphoning, blow
down and ECI transients. The scaling laws are consistent with those derived
by Ishii and Kataoka [1].

The importance of maintaining full linear dimensions and elevation
changes present in a typical CANDU reactor has been stressed. If this
requirement is not met, simulation of the reactor void distribution, caused
by elevation induced flashing, will not be possible in the multichannel
loop.

The main features of the multichannel loop design are summarized
in Table 9.
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Channel Geometries. Data of Sawamura et al. [10]
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TABLE 9

DESIGN FEATURES OF PROPOSED FACILITY

Heated Channels

End Fittings

Feeders

Headers

Components Above Headers

Heat Losses

5 channels/pass. 7 full-heated length FES/
channel.

(Model channel flow area)/(Reactor channel
flow area = 7/37

(Model fitting metalwork mass)/(Reactor end-
fitting metalwork mass) =* 7/37

Model end-fitting fluid Vol.)/(Reactor end-
fitting vol.) = 7/37

Model end-fitting K factor) » (Reactor end-
fitting K factor)

Model feeders - full-length scale, height
scale models of typical reator feeders for
one top, one bottom and three middle channels

(Model feeder flow area)/(Reactor feeder
flow area) = 0.2 - 0.3

Feeder nozzles at reactor-typical angles
(Header to feeder diameter) R » 1

Unchanged from present build of RD-14

Feeders, headers, SG inlet, exit pipework
surrounded by guard heaters to reduce heat
losses to reactor levels



-209-

REFERENCES

1- M. Ishii and I. Kataoka, "Similarity Analysis and Scaling Criteria
for LWR's Under Single-Phase and Two-Phase Natural Circulation",
Argonne National Laboratory Report, NUREG/CR-3267 (1983).

2. R.L. Kiang, "Scaling Criteria for Nuclear Reactor Thermal
Hydraulics", Nucl. Sci. Eng. 89_, 207-216 (1985).

3. A.E. Dukler, M. Wicks and B. Cleveland, "Frictional Pressure Drop
in Two-Phase Flow: An Approach Through Similarity Analysis",
AIChE J. 10, 44-51 (1984).

4. C.J. Baroczy, "A Systematic Correlation for Two-Phase Pressure
Drop", Chem Eng. Prog. Symp. Ser. 62_, 232-249 (1965).

5. J.R.S. Thorn, "Prediction of Pressure Drop Daring forced
Circulation Boiling of Water", Int. J. Ht. Mass Transfer _7»
709-724 (1964). ~

6. K.H. Ardron and V.S. Krishnan, "Stability of Two-phase Natural
Circulation in a Natural Circulation Loop with FIgure-of-Eight
Geometry", Proc. 3rd Multiphase Flow and Heat Transfer Symposium
Workshop, Miami Beach, Fla, USA, 1983 April 18-20.

7. N.J. Spinks, A.CD. Wright, M.Z. Caplan and S. Prawirosoehardjo,
"Thetmosiphoning in the CANDU Reactor", paper presented at IAEA
Specialists Mtg. on Experimental and Modelling of SBLOCA,
Budapest, Hungary, 1983 Oct.

8. J.E. Kowalski and V.S. Krishnan, "Flow Regime Transitions in
Horizontal Pipes Containing Rod Bundles", International Symposium
on Fundamental Aspects of Gas-Liquid Flows", ASME Winter Meeting,
Miami, USA, Nov. 17-21, 1985.

9. A.M.M. Aly, "Flow Regime Boundaries for an Interior Subchannel of
a Horizontal 37-Element Bundle", Can. J. Chem. Eng. 59, 158-163
(1981). ~~

10. 0. Sawamura, M. Wakayama, A. Hosokawa, H. Kusurokl, j. Nagashioa
and A. Inoue, "Experimental and Analytical Study of Flow
Stratification in a Horizontal Fuel Channel", Proc. 3rd CNS Annual
Conf,, Toronto, 1982.

11* K.H. Ardron, V.S. Krishnan, J.P. Mallory and D.A. Scarth, "Studies
of Hot-Wall Delay Effects Pertinent to CANDU LOCA Analysis", paper
presented at ANS/ENS Meeting on Thermal Reactor Safety, Karlsruhe,
FRC, 1984 Sept,



-21U-

PREMIERE: A MODEL TO CALCULATE THE TRANSFER OF DEUTERIUM BETWEEN THE
MODERATOR FLUID AND THE COVER GAS VOLUME IN CANDU REACTORS

K.K. Fung. M. Garceau. tf.I. MIdvidy
Nuclear Studies and Safety Department

Design and Development
Ontario Hydro

700 University Avenue
Toronto, Ontario

H5G 1X6

During operation of CANDU reactors, deuterium is constantly being

produced and recomblned in the moderator fluid, due to dissociation of

heavy water in the presence of radiation fields. The net result of

radlolysls Is that deuterium and oxygen (the two principal products in

the series of reactions) appear as dissolved gases in the moderator

fluid. In turn, these dissolved gases diffuse across the moderator

liquid surface Into the cover gas volume. Simultaneously, helium

diffuses from the cover gas into the moderator fluid. During normal

operation, the cover gas is circulated through a recomblner, where

deuterium Is combined with oxygen to form heavy water. Thus, the

concentration of deuterium In the cover gas is controlled to an

acceptable limit.

This steady state can be disturbed by Increases in the moderator surface

area, changes in the cover gas pressure, a loss of cover gas flow,

changes In the moderator fluid temperature, etc. The two most Important

mechanisms of transfer of the dissolved gas Into the cover gas volume are

molecular diffusion and effervescence.

4365b
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Thls paper describes the PREMIERE model developed to calculate the

transfer of deuterium between the moderator fluid and the cover gas above

it. The principal purpose of developing the model is to predict the

deuterium concentration in the cover gas during various postulated

accidents, such as loss of moderator fluid, loss of cover gas pressure

and loss of cover gas flow.

in the model, the four major components in the cover gas are considered.

They are: deuterium, oxygen, helium and D O vapour. The production of

D_ in the moderator fluid is not calculated. Instead, a certain

concentration (In the range of 1-10 cc D./Jcg D_0), based on operating

experience, is assumed to exist in the moderator during steady state

operation.

The rate of diffusion (mole/s) across the Interface is

where k_ = diffusion mass transfer coefficient (kg-mole.s/kg).
G

H. » Henry's Law constant (kPa/(cc of l/kg of D.

x, = concentration of dissolved gas component 1 in moderator

liquid Ccc of I/kg of D2<»,

4365b
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p = partial pressure of component 1 In the cover gas (kPa),

mass transfer area, and

L = diffusion distance.

During normal operation, the mass transfer area Is the moderator liquid

surface area Inside the pressure relief pipes. The diffusion distance is

the height between the liquid surface and the centreline of the

horizontal run of the pressure relief pipes. The latter location is

assumed to be the mixing zone, where the final state of the cover gas is

attained.

When the liquid surface drops below the pressure relief pipe connections

at the calandria. the mass transfer area Increases. The new area is

calculated directly from the geometry of the calandria. The presence of

the calandria tubes Is Ignored. This conservatively overestimates the

average surface area since liquid film can only stay transiently on the

surface of the calandria tubes during a draining.

Any decrease in level below the top of the calandria is added to the

diffusion distance at steady state (0.5 m).

4365b
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Durlng steady state operation, the total pressure of the moderator liquid

solution Inside the calandria (I.e., moderator fluid and dissolved gases)

is equal to or may be greater than sum of the pressure of the cover gas

and the local hydrostatic pressure. The latter condition corresponds to

a supersaturated solution, but effervescence Is suppressed because the

excess pressure is still Insufficient to activate the nucleatlon sites on

the metal surface. The extent of supersaturation that can be sustained

in the solution is deduced based on operating experience in Ontario

Hydro's nuclear generating stations. If the solution Is at conditions of

impending degassing, effervescence can occur due to a drop in the cover

gas pressure, or an Increase in the moderator fluid temperature, or both.

Once the conditions for effervescence are satisfied, degasing is

calculated In a series of steps. Each degassing step consists of

removing a small volume of gas mixture with the same composition as

governed by Henry's law for the solution. For example, the amount of

component 1 degassed is:

Hi= DV . -

3
where p = PDo0 + I H. . x,, and

DV = total volume effervesed In one degasing step.

The gas bubble is assumed to be saturated with D O vapour at the

saturation pressure of the moderator fluid corresponding to its

4365b



-214-

temperature. This degassing volume Is added to the cover gas volume and

the new state of the volume (pressure and temperature) Is recalculated.

This process Is repeated until a prescribed tolerance Is met.

The response of the moderator cover gas system that ultimately affects

the state of the cover gas Is modelled. This Includes, helium feed and

bleed, recombination, draining of the moderator fluid, and heat addition

from the uncovered calandria tubes. After all the changes in the

properties of the cover gas volume have been accounted for, the state of

the mixture (pressure and temperature) is evaluated.

The specific heat at constant pressure for a mixture of D , O» and He

is calculated as follows:

£ m,
1=1 i

The molar weight of the non-ccndensible mixture is:

3
£ m.

3
£ n
1=1 1

where n. Is the number of moles of each species.

4365b
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These are then used together with the steam table to calculate the state

of the mixture. Both mixtures with superheated steam or liquid droplets

can be handled.

The model prediction has been compared with operational transients

involving the moderator and cover gas systems In Ontario Hydro's nuclear

generating stations. Normally, the concentration of deuterium dissolved

in the moderator fluid is maintained at about 1 cc/kg D_O. However, if

the purity of the moderator fluid deteriorates due to the addition of

impurities (e.g., gadolinium nitrate used as a poison to control

reactivity), the production rate, and consequently the concentration, of

deuterium increases rapidly. A survey of significant event reports

Indicates that the deuterium concentration can increase by about

9-10 cc/kg D_O during a transient before degassing occurs. In other

words, the solution can be supersaturated. The excess pressure is

attributed to that required to form bubble nuclei of the critical size

which can then grow and detach from the metal surface- Assuming a

stoichiometric increase In the deuterium and oxygen concentration, the

excess pressure corresponding to an increase of 10 cc/D_ and 5 cc

O_/kg D_0. is 97 kPa. This Is used as the Initial conditions for

calculation with PREMIERE. The comparison shows that the model can be

used conservatively to predict the maximum concentration of deuterium in

the cover gas. This will then define the range of conditions for

assessment of the consequence of burning the deuterium mixture in the

cover gas.

4365b
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A NUCLEAR CRITICALITY SIMULATOR

R.E.Anderson,W.L.Lesko,R.D.Sachs,and H.C.Bachman
Rockwell International, Rocky Flats Plant, Golden, Colorado, USA

A computer-based nuclear criticality simulator has been

developed for use in nuclear criticality safety training at

Rockwell International's Rocky Flats Plant. The device

realistically simulates the behavior of a wide variety of

configurations or assemblies of fissile and nonfissile materials

which are currently being handled by workers under a wide range

of conditions. Through the use of this simulator in training

situations we hope to accomplish the following:

(a) To motivate viewers to be safe and deliberate in

their actions concerning fissile material and for

them to read, understand, and follow the written

procedures for the handling of fissile material.

(b) To illustrate the parameters that may affect

criticality, especially when the assembly behaves

in an unusual way or in a way which may not agree

with "common sense" expectations.

(c) To illustrate how people and equipment might

be affected in a typical criticality incident.

This project supplements current methods used in nuclear

criticality safety training, such as lecture and slide

presentation. It is being utilized currently at Rocky Flats, and

we have had substantial interest from other facilities with

similiar training needs.

Workers who handle fissile materials in everyday situations

rarely see any indication of reactivity changes which result from

their actions; thus, these simulations represent vivid and



impressive images of the physics involved and of the consequences

of their actions. The viewer is close to the apparatus being used

and may actually operate the simulation. Because of the genuine

appearance of the simulation, the real-time response of the

system, the viewer involvement, and the powerful and entertaining

graphics capability, a high degree of viewer attention is

achieved, resulting in an extremely effective teaching tool.

The project conceptually divides into three distinct pieces:

a computer portion, an input/output(I/O) system, and a mechanical

portion.

The computer portion consists of an appropriate

microcomputer and software. An IBM personal computer and advanced

BASIC software are currently employed. This computer-based

approach allows considerable versatility and capability in the

complexity of the processes which can be simulated. Each

situation is accurately modeled in advance as a function of one

or more critical parameters using Monte Carlo techniques and the

results programmed into the microcomputer. Each individual

simulation is divided up into four regions. These regions are

subcritical, delayed critical, prompt critical, and fission

product decay.

In the first two regions the operator controls the behavior

of the assembly. If the system achieves prompt criticality, the

behavior proceeds automatically through regions three and four

based on a precalculated scenario for the accident. Scenario

elements may include details such as the number of fissions

produced in the prompt excursion, or whether the criticality

shuts down immediately. Presently, no mechanical damage such as
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melting or boiling is allowed to occur, although we wish to

incorporate such features in the future.

The software has been written so that the viewer responds to

the simulation on different levels of sophistication. For

example, a new person with little background in physics is not

expected to understand why the various simulations behave as they

do. Instead, that individual needs to learn that he cannot

predict which of his actions will result in acceptable

consequences. The only alternative, then, is to read, understand,

and follow the written procedures for the handling of fissile

material in that process operation. On the other hand, more

experienced personnel can see the same simulation and pick up on

the more sophisticated concepts involving the roles which

different types and amounts of fissile and nonfissile materials

play in the behavior of the assembly.

The I/O system reads the current status of the simulation,

such as the separation between two pieces of fissile material,

the liquid height in a containerf the locations of reflector

components, and outputs the implications of this status to

various devices such as video and audio counters, criticality

alarms, a blue flash, and beacons. The I/O system consists of

eight analog-to-digital converters, two digital-to-analog

converters, and is configured for eight discrete input switches

and eight discrete output switches. A high quality color graphics

display gives radiation levels at various distances from the

simulator. These radiation levels are superimposed on color-coded

bands which change from green to blue to yellow to red as the

exposure level increases. While an inexperienced viewer may not

fully understand how to interpret dose rates given in numerical
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form, he can understand that the colors indicate general dose

rate levels. For example, the area in which he is standing is

green while another shielded area may be red. Later in the

simulation, messages detailing the health effects resulting from

the integrated dose to various individuals near the criticality

are shown.

The mechanical portion consists of realistic fissile

material,support framework and table, drive motors and pumps with

controllers, position, weight and proximity sensors, radiation

detectors and count rate readouts, and other digital or analog

sensors necessary to completely define the configuration and

current status of the process being simulated. Each simulation

has some unique features, for example the fissile material may

differ in form, amount, or concentration for each situation, but

a substantial portion of this apparatus is used for many

different simulations. The mechanical control of the components

of the simulator and the resolutions of the position and weight

sensors permit accurate modeling of delayed critical behavior.

The proximity sensor is a capacitance device, and it is used to

measure the relative positions of one piece of fissile material

and an approaching human hand. The simulated output of a neutron

detector tube is displayed on either a digital or an analog count

rate meter. A loudspeaker provides audible clicks as well. If the

assembly goes prompt critical, the Rocky Flats criticality alarm

signal is switched into the loudspeaker and a "blue flash" is set

off.

The simulator has several useful characteristics. Since no

actual fissile or radioactive material is used, the apparatus is
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completely safe and requires no special exposure, safeguards or

accountability precautions. The hardware and software are

modular in design and, to the maximum extent possible, are also

independent of the details of the particular situation selected

for presentation. Thus, the simulator can be tailored to the

needs of a specific group of viewers, and new situations may be

readily incorporated into the system. The simulator responds in

real time with the radiation effects of the criticality correctly

modeled.

At the present time, the system is able to simulate

situations involving the movement of solid pieces or clusters of

material, the pouring or pumping of powders and liquids, and the

movement of a human hand near the assembly. Initial emphasis has

been given to generic situations which illustrate the influence

of mass, shape, moderation, reflection, and interaction on

criticality. Especially impressive are those simulations which

illustrate the sensitivity of the fissile assembly to seemingly

innocuous changes made by the worker, and those simulations which

behave in ways which are not expected based on a "common sense"

expectation of the worker. In one simulation, a movement of only

0.375 mm by one piece of fissile material is sufficient to cause

the assembly to change from a situation involving very small

radiation exposures to one which is prompt critical. In another

simulation, a piece of fissile material is safely picked up by a

person with small hands, while the same operation performed by a

person with large hands causes the assembly to become prompt

critical.

Our experience with the simulator has been quite positive.

We achieve a high degree of viewer interest and involvement, and
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viewer comments indicate a better understanding of the behavior

of fissile systems and a heightened awareness of the need to

follow the written procedures for the handling of this material.
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KINETIC MODELING FOR ON-LINE ADVANCED PLANT SIMULATOR (OLAPS)

Jeffery Samuels
Sadi Kaya

Samim Anghaie

Department of Nuclear Engineering
Oregon State University
Corvallis, OR 97331

Abstract

A number of reactor kinetics models have been selected for evaluation
and possible use in an on-line advanced PWR plant simulator which is currently
under development at Oregon State University. The selected kinetics models
include: the one-dimensional space- and time-dependent diffusion equation,
modal expansion approximation methods, nodal approximation methods, and the
regionwise point reactor kinetics (RWPRK) method. Evaluation of these models
has been based on two major requirements: computational speed and accuracy.
These requirements are pivotal to the development of the on-line advanced
plant simulator which is expected to primarily solve a series of thermal
hydraulics equations in a large number of computational nodes with a speed
that is faster than the real time of the transient events.

Solution of the one-dimensional space- and time-dependent diffusion
equation requires a very lengthy and time consuming process to determine
the spectrum averaged neutron cross sections at different reactor regions.
The use of modal expansion approximation methods is impractical because of
the difficulty in choosing proper shape and weighting functions. The primary
difficulty which rules out the use of the nodal approximation method is deter-
mination of the coupling coefficients. However, if the rate of change of
nputrons streaming into each nodal region is slow, the coupling coefficients
can be set to zero and arrive at the regionwise point reactor kinetics equa-
tions.

Performance of the RWPRK method in prediction of reactor axial power
distributions during a variety of normal and abnormal operational transients
is assessed. The transient events which have been chosen for this analysis
are: a partial loss of flow; a control rod ejection event and unplanned
increase and decrease in core coolant inlet temperature for PWR systems;
and a pressure Increase transient for BWR systems. For all of these tran-
sients, the reactor scram is intentionally delayed to make the changes in
primary thermal hydraulics parameters with significant feedback effects more
severe.
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Introduction

Information available to the operators of nuclear power plants about
the conditions of the plant is often limited to readings from the plant
instrumentation and plant computer information devices. This limited infor-
mation does not always readily lend itself to accurate prediction of the
conditions of the plant where instrumentation is not available or the values
of unmeasurable parameters, such as DNBR. The result is a loss of fidelity,
or at best, it creates a high degree of conservatism in the decision making
process of the reactor operators. The operation as well as reactor protection
processes could be significantly enhanced by incorporation of an advanced
plant simulator that would allow a very fast calculation of reactor core
state parameters and helps the reactor operator to make a more reliable analy-
sis of the plant status. The On-Line Advanced Plant Simulator (OLAPS) which
is currently under development at Oregon State University [1], is a PWR plant
analyzer which is expected to provide such information for plant based load
conditions, load follow and operational transients. The ideal PWR plant
analyzer system could make predictions of future plant conditions in faster
than real time.

The predictions of the plant analyzer system should be at least comparable
to those provided by present state-of-the-art best estimate full system simula-
tion thermal hydraulic codes and at the same time, to be of practical control
room applications, these predictions should be made in faster than real time.
To provide the desired accuracy in calculation of plant state parameters,
models of sufficient sophistication must be used. However, the faster than
real time computation requires that the models be kept as simple and as effi-
cient as possible. A compromise between these two opposing methodologies,
fostered by advancements in computer technology, can lead to a system that
would meet the requirements of accuracy and computational speed.

The feasibility of a first generation of such an analyzer system has
been demonstrated by Wulff et al. [3] with the development of a plant analyzer
for boiling water reactor systems. OLAPS is a similar but significantly
improved plant analyzer system for a pressurized water reactor. This paper
gives a summary description of the OLAPS constitutive model with emphasis
on the space-time dependent kinetics modeling for the code.

OLAPS Model

The basic approach used in OLAPS is a modular control volume approach.
That is, each of the major components is modeled independently and placed
into OLAPS in the form of a module. In each module the control volume approach
is used to balance mass momentum and energy for both the single- and two-phase
systems. The EPRI full range drift flux correlation [2] is used to calculate
the void fraction in terms of mass quality. The fuel to coolant heat transfer
coefficients, friction factors and multipliers, equations of state, and material
properties are obtained from a carefully selected constitutive model package.
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In particular, the core module is a two-di~r ;onal model consisting
of a core average fuel pin and a hot channel ~ _,ie fuel pin. Each fuel
pin is divided into 10 axial nodes and 12 ra-uial nodes; 10 in the fuel region,
and 2 in the clad region. At each axial position, temperatures in the 12
interior radial nodes are solved using the coolant temperature as a boundary
condition. The coolant temperature is then updated based on the new clad
surface temperatures, heat transfer coefficient and the exit temperature
of the axial coolant done- ell. This process is marched up the core for
each time stop.

In addition to the thermal behavior, a regionwise point reactor kinetics
model is used tu allow variations in the axial power distribution. In this
model which , j. essentially a nodal model, the coupling coefficients have
been set. to zero. A six delayed neutron group model is used to solve the
kinetics equation for each region. The feedback reactivity insertion in
each region is based on the deviation from steady state values of the cross-
sectional average fuel temperature, coolant temperature and the appropriate
feedback coefficients. The external reactivities used to initiate a transient
are assumed to be inserted uniformally in each region.

Reactor Kinetics Model

In the selection of a kinetics model and a method of solution for a
nuclear reactor on-line simulator, there are two important factors that must
be taken into consideration; speed and accuracy. The speed of the routine
can be measured by the number of operations it takes to arrive at a solution.
The accuracy is how close the resulting answers are to the actual values
of the plant state parameters. In an idealistic case the routine should
produce exact answers in near zero time. In practice, a more accurate answer
often requires longer computational times and fast running computational
methods may result in answers which are not very accurate. Therefore, a
compromise between speed and accuracy is necessary to select a proper kinetics
model and an appropriate solution method.

For the development of the OLAPS code, the main interest lies in finding
a kinetics model that will adequately predict the changes in the axial power
profile (which is proportional to the changes in the axial neutron flux)
with a minimum of computational effort. The axial power profile is important
because of its implications in the thermal hydraulics performance of the
reactor, particularly in its effects on calculation of the minimum departure
from nucleate boiling ratio (MDNBR), maximum linear heat generation rate
and axial power offset. Because only the axial power profile is of interest,
the use of a one-dimensional axially-dependent kinetics model seems to be
adequate. The further simplification of using a one-group model is also
reasonable provided that the neutron cross sections are properly averaged
over the entire core spectrum.

In the following sections, several kinetic models are presented and
discussed in terms of their merit for selection for use in OLAPS. These
methods include: the time-dependent, one-dimensional diffusion equation,
modal expansion approximation methods, nodal approximation methods, and the
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regionwise point reactor kinetics method. A more general discussion of these
kinetics models, especially for three-dimensional space-time dependent prob-
lems, can be found in references [4] and [5].

The Time-Dependent Diffusion Equation

The one-dimensional one-group time dependent diffusion equation with
delayed neutron precursor equation can be written as:

£ D(z) u<pv
dV ' - ra(z)*(z.t)

 + (1-B)vrf(z)*(z,t)
g

+ I AfC.Cz.t) + Q(z,t) = v Ht (J-a)
1=1 ii v dt

and

dC7-(z,t)
d t i i *

where: <j> is the neutron flux, D is the diffusion coefficient, e is the delayed
neutron fraction, v is the average number of neutrons released per fission,
C and A are delayed neutron precursor concentration and decay constant, respec-
tively, Q is the extraneous neutron source, v is the neutron velocity, and
£a and If are neutron absorption and fission cross sections, respectively.
Note that neutron cross sections are not usually changing with time rapidly.

The numerical approach most commonly used to solve this problem is a
finite difference approximation to obtain a coupled set of time dependent
ordinary differential equations. These equations are then integrated over
time using a suitable numerical method to find the space-time dependent neutron
flux and precursors concentrations. The finite difference method requires
that the reactor be divided into N different axial regions, where N is large
enough to assure that the finite difference approximation of derivatives
are of sufficient accuracy. This, in general, requires that for seven space-
time dependent variables a matrix of size (Nx7)x(Nx7) be solved for each
time step.

The major difficulty in solving the diffusion equation directly is in
calculating the cross-sections and the diffusion coefficient. Neutron cross
sections change with time (mainly because of the changes in temperature and
fuel material concentration). These parameters should be recalculated often
during a transient. The changes in neutron cross sections perturbe the flux
which in turn requires recalculation of flux spectrum averaged cross sections.
This repeated calculation of neutron flux, precursor concentration and cross
sections requires a huge number of mathematical operations per time step
which practically eliminates the time-dependent diffusion equation method
for use in on-line plant simulators such as OLAPS.
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Modal Expansion Approximations

In modal approximation techniques, the neutron flux is approximated
in terms of known spatial and unknown time dependent functions in the form
of an expansion series:

N
*(z,t) * 7 «,m(z)am(t) (2)

m

Substitution of equation 2 into equations (1-a) and (1-b) and integration
of resultant equations over the core volume yield the following relations
for expansion coefficients in terms of a selected set of weighting functions
{wn: n=l,N}:

N 6 dam
I am[Anm + (l-s)Fm] + 7 XiCim(t) + Qm(t) = Anm -^ (3-a)

m=I f=l
and

dC i m
•'•' am 6i Fnm n=1'Nm=l

where A n m, Fnm, C i m, Qm and A n m are defined through the following integral
relations over the core volume:

Fnm = /wn(z)vzf(z)c/m(z)dz

Cim = Jwm(z)Ci(z,t)dz (4)

Qm = /wm(z)Q(z,t)dz

n̂m = Jwm ̂ V " dz

This coupled set of ordinary differential equations is solved for am(t)
and Cjm(t) and then the flux is calculated by equation (2). These solutions
for am and Cim which are needed for calculation of 0(z,t) from equation (2)
satisfy the expansion series only in a weighted1 Integra? sense and do not
necessarily result in a rapidly converging solution at every point in the
reactor. Therefore, the choice of expansion series and weighting functions
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is an important issue when using the modal expansion approach. A variety
of expansion and weighting functions that have been used for modal expansion
methods is discussed in reference [4].

If rea.onable weighting and expansion functions are chosen, the modal
expansion incchod rapidly converges to a solution. However, these functions
are usually dependent on the type of problems which are to be solved. Since
OLAPS is intended as a general purpose on-line simulator, the modal expansion
technique is also removed from consideration. In addition to the problem
of choosing proper expansion and weighting functions, the modal expansion
method requires the calculation of neutron cross sections and associated
computational bookkeeping.

Nodal Approximations Methods

In this method the reactor core is divided into a number of computational
regions or nodes. The neutron flux in each region is expressed in the follow-
ing form:

<j>(z,t) = Vjnj(t)iiij{z) (5)

where Vj is the average neutron velocity in the node Rj, >pj is a known shape
function and nj is an unknown amplitude function.

This expression is substituted into the diffusion equation, multiplied
by a weighting function Wj and integrated over the region Rj, to yield the
following relations.

dni
' LJ " A j W W + d-BJFjVjrij + J MCij + Qj (6a)

1=1.6 (6b)

where

Aj = J Wj(z)2a(z)i(;j(z)dZ
Rj

Fj = Jwj(z)vrf(z)«j/j(z)dz
R j

= Jwj(z)C,(z)dz
R j

" / R,-Wj(z)0(z)dz (7)
Rj °
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The quantity Lj represents the net rate of neutron streaming out of
the Region Rj. Defining a nodal coupling coefficient, k^j helps to rewrite
Lj in terms of the following relation:

N
Lj = vjnj(t) Jwj(z) j- D(z) ̂ ^ - d z + ) kijni(t) (8)

i?3

In the right hand side of equation (8) the first term represents the streaming
of neutrons out of the region Rj and the second term represents the streaming
of neutrons from other nodes to region Rj. As a result, equations (6a) and
(6b) can be rearranged into the following form:

dnj Pj"8 v

i t j J i= 1

p- nj - AiC-jj i = l,6 (9b)

where pj and Aj are defined as:

and, Aj is redefined to include the nodal streaming term.

AJ = W^IE D^ IE + ̂ jUJdz (11)
Rj

Note that equations 9a and 9b can be reduced to the familiar point reactor
kinetics equations when the entire reactor is represented by a single node.

The complication of determination of neutron cross sections which are
needed for both the time-dependent diffusion and the model approximation
methods can be somewhat relieved by the use of the nodal method. In this
method the values of e, A'S and Aj can be assumed constant in each region.
The values of p or at least changes in p due to temperature, fuel material
density, etc. can be calculated or measured ahead of time and put into tables
or fit into a functional form. The computational effort for evaluation of
these functions or table interpolations is minimal when compared to recalcula-
tion and averaging of cross sections.
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The primary difficulty with the nodal approximation method is determina-
tion of the coupling coefficients, kjj's. This problem will be further dis-
cussed in the subsequent section on regionwise point reactor kinetics model.

Reqionwise Point Reactor Kinetics

The derivation of the regionwise point reactor kinetics equations follows
that of the nodal approximation method with the nodal coupling coefficients,
kjj's to be set to zero. If the neutron streaming into each region is negli-
gible, the nodal coupling coefficients are very small and therefore, the
accuracy of the regionwise point reactor kinetics method is guaranteed.
However, for a more general use of the regionwise point reactor approximation,
a careful examination of the nodal streaming term is needed.

The term )] k,jn-,- in equation (9) can be assumed as a source term in
the region Rj that is proportional to the flux in other N-l regions or in
other words, it is the contribution to the flux in the region Rj due to neu-
trons born in the region Rj. Starting with a Green's function approach,
this region-to-region contribution and thereby the values of the kjj's is
estimated. For other derivations see references [6], [7] and [8].

The flux in a homogeneous one-dimensional system can be described by
the relation:

«(z) = f GP1(z',2)S(r')dz' (12)

where Gpi(z',z) is the one-dimensional diffusion kernel for a planar source,
and is given by

z) = — e L f^•}^

S(z') is the source strength and for fission source is \>Zf<j>. If the
limits of integration are set to cover the region Rj and the source is set
to the fission source for a homogeneous reactor, the flux at a point due
to neutrons born in the region Rj, will be given by:

Iz-z'l
= /„ jfce L vzf*f(z)dz' (14)

Averaging this flux over the region Rj and using t!.e nodal flux values <t>j
yields:

U j AZ AZ
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lz"Z

Using the geometry of Figure 1 and the approximation that <j>j can replace
<t>(z') in the second integral then $jj can be expressed as:

Z° Z
k *1 ̂  dz I e" I dz1
» (i-l)z0 (1-.),.

carrying out the integration

U j e-fJ-^-lCzoA)(ezo/L.1)2
— t ^7L J (18)

where
_

Comparing Eq. (18) with Eq. (9) it can be seen that the kjj can be approximated
by:

A more accurate approximation would be to use the square root of the migration
area M instead of L in Eq. (19).

Table 1 lists the value of kjj for a typical PWR with ten regions.
An order of magnitude estimate of the equivalent reactivity worth of the
kjj terms can be obtained by substituting these kjj values into Eq. (9),
ana setting dnj/dt = 0 and dCjj/dt = 0. The equation then reduces to

yp- nj + A kj jn-f = 0

solving for pj.#
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Under normal circumstances the amplitude of the flux in each region would
be of the same order of magnitude, therefore, p would be of order magnitude

p = OM(-Aj y k-jj)

If A « 2xlO"4 and £k = .526

Then p = 0M(lxl0"4)

This amount of reactivity is relatively small compared to the amount
of reactivity feedbacks which can be expected from temperature, pressure
or density changes in the core. Moreover, if the ratio of nj/nj can be
approximated as a constant, the amount of reactivity worth of the coupling
stays constant. Therefore, the coupling term represents a small unchanging
reactivity and can be ignored.

The assumption made in the above argument certainly put some restriction
on the validity of the regionwise point reactor kinetics model, at least
for some very fast transients. The most important restrictions is that the
flux tilt must not be too severe, i.e., the fluxes in each region must be
of the same order of magnitude. During normal operational and slightly abnor-
mal operational transients this restriction will not be violated.

Computationally, a regionwise point reactor kinetics model is very effi-
cient- The method reduces to solving a series of N 7x7 matrices, which is
only N times more slower than the solution for a point reactor kinetics model.
Note that N is the total number of the axial core regions.

Lin et al. [9] has compared the regionwise point kinetics with three
other reactor kinetics models. These include one dimensional space-time
dependent kinetics, one dimensional kinetics with constant shape function
and a core averaged point reactor kinetics model. According to this compari-
son, the overall performance of the regionwise point reactor kinetics exceeds
those of other kinetics models.

Assessment of the Regionwise Point Reactor Kinetics

To further evaluate and assess the regionwise point reactor kinetics
model for use in the OLAPS code, a modified version of the COBRA-IV computer
code [10,11] is used to analyze several different normal and abnormal opera-
tional transient events. The COBRA-IV code provides the core thermal hydrau-
lics parameters which are needed for calculation of reactivity feedback coef-
ficients in the regionwise point reactor kinetics model.

The reactor transient events which are chosen for analysis and evaluatior
of the regionwise point reactor kinetics model cover a wide range of class
II and III transients for PWR and BWR systems. These transient events include
a partial loss of flow with delayed reactor scram, a control rod ejection
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event with delayed reactor scram, an inlet temperature increase and an inlet
temperature decrease event for PWR systems, and a pressure increase transient
with delayed reactor scram for BWR systems. In these transient events the
reactor scram is intentionally delayed to make the changes in thermal hydraulics
parameters more severe. Moreover, the scenarios for these transient everts
are, in some cases, modified to better assess the capabilities of the regionwise
point reactor kinetics model.

In general, the modeling of the PWR transient events is based on Portland
General Electric's Trojan reactor, a four loop Westinghouse design. The
BWR model is based on a GE BWR/6 system [12]. The regionwise feedback reacti-
vity coefficients are calculated by using core averaged coefficients with
local conditions. The core averaged reactivity coefficients are obtained
from the BWR-GESSAR [12] and a Portland General Electric report [13] describing
the cycle seven core design for the Trojan reactor.

Partial Loss of Flow

This type of transient might occur with the loss of one of the primary
coolant pumps in a four pump system. In this transient the coolant mass
flow rate is reduced from 100% to 75% in 4 seconds (see Figure 2), all other
system parameters such as the upper core pressure and the inlet temperature
are kept constant. The changes in reactor power are calculated by the kinetics
routines, with coolant temperature, density and void fraction and fuel tempera-
ture feedback effects taken into account.

Figure 2 shows the coolant mass flow forcing function and the resulting
reactor power (normalized to initial flow and power levels). The axial power
distribution at several times during the transient is shown in Figure 3.
The lower portion of Figure 2 shows the effect of the change in the variable
axial power profile into the DNBR calculation. The curve labeled "No Kinetics"
was obtained by using COBRA without kinetics and forcing the power history
to match power history of the COBRA with kinetics as well as the coolant
mass flow rate forcing function.

Control Rod Ejection Event

The control rod ejection event is simulated by a core wide uniform inser-
tion of positive reactivity. A total of 0.005 units of reactivity is ramp
inserted into the core during the first second of the transient. This reactivity
insertion and the resulting total power history is shown in Figure 4. The
coolant temperature, density and void fraction and fuel temperature feedback
coefficients are calculated and used for this transient. Shown in Figure
5 is the normalized axial power profile at different times in the simulation.
As can be seen in Figure 5, as time progresses, the axial power profile is
shifting towarrd the bottom portion of the core which results in a more realistic
calculation of the MDNBR value during the transient.
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Unplanned Decreases in Secondary Heat Removal

A decrease in the secondary heat removal of a PWR plant can be the result
of one of the following transient events: loss of external load, turbine
trip, loss of condenser vacuum, steam pressure regulator failure, loss of
feedwater flow, and loss of AC power to auxiliaries. In general, these tran-
sient events are characterized by an increase in the core average temperature
and the primary system pressure. For the present demonstration, this transient
is being simulated by a step change increase of 5°F in the core inlet tempera-
ture at t=5.0 s with mass flow and pressure being held constant.

The core inlet temperature and total core power histories are shown
in Figure 8. As expected, the power decreases under the influence of the
negative temperature coefficient. The increase in temperature is felt uni-
formly throughout the core as shown in Figure 9 by the nearly uniform changes
in the axial heat flux profile.

Increase in the Secondary Heat Removal

Increases in heat removal can come about by one of the following: exces-
sive load increase, idle loop startup, decrease in feedwater temperature,
increase in feedwater flow rate, increase in steam flow rate, and inadvertent
opening of steam generator relief or safety valve.

The increase in secondary heat removal leads to a decrease in the average
primary temperature and pressure. Again, a simple model is used to simulate
this transient. Here the core inlet temperature is stepped down by 5°F at
t=5.0 s.

The temperature and total power histories are shown in Figure 10. The
increase in the total power makes this type of transient more of a concern
to the safety engineer. Another concern is the fact that the axial heat
flux profile increases more near the peak heat flux, which will have a signi-
ficant impact on the HDNBR. This effect would not be accounted for by point
kinetics.

Increase in Pressure Event

The general class of pressurization transients for BWR's includes:
generator load rejection, turbine trip with/without bypass, steam line isola-
tion valves closure, pressure regulator failure (close), loss of condensor
vacuum.

A pressurization event is simulated by ramping the pressure from 100%
to 120% of initial value in 0.1 seconds. This is shown in Figure 6. The
resulting total core power history is also shown in Figure 6. The initial
increase comes about from the partial collapse of the voids, the subsequent
decrease in power is caused by the increase in the fuel temperature.
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The dramatic changes in the axial heat flux profiles shorn in Figure
7 may be explained by noting the following: 1) the core inlet temperature
and mass flow rates are held constant; and 2) the voids in the middle and
lower portion of the core are totally collapsed while the upper core remains
partially voided.

These conditions cause the lower and middle portions of the core to
have a relatively large positive reactivity insertion due to collapse of
the voids and small negative insertion due to the constant inlet temperature
resulting in a sharp increase in reactor power. On the other hand, the upper
core remains partially voided. With a high negative void reactivity coeffi-
cient, the result is a decrease in reactor power in this region.

It should be noted that this simulation does not include the effects
of recirculation flow which would have some effect on the axial heat flux
profile as well as total power history.

Conclusions

The on-line advanced plant simulator requires a kinetic model that will
provide fast and accurate core power distributions during reactor transient
events. The space-time dependent diffusion equation and the modal expansion
and nodal expansion methods, do not, in general, provide the accuracy at
a reasonable computational speed which is required for an on-line simulation
code such as OLAPS. The point reactor kinetics model does not allow for
calculation of changes in the axial heat flux profile, which has a significant
impact on the prediction of some reactor thermal hydraulic parameters during
reactor transient events. The RWPRK model provides the required compromise
between speed and accuracy. The amount of computational effort required
by the RWPRK model is only N (the number of axial nodes) times more than
the point kinetics nodel. This is only a small percentage of the total compu-
tationa) time which is used for thermal hydraulics calculations. Therefore,
the additional time which is needed for the RWPRK method as compared to the
use of point reactor kinetics, is a small fraction of the total computational
time per time step, and yet the RWPRK provides a significantly more realistic
prediction of the axial power distributions.

Because OLAPS is intended for simulation of a wide range of reactor
transient events, the kinetics model should be applicable in these situations.
The results obtained for the example problems show the RWPRK model will provide
reasonable answers for a variety of normal abnormal operational type transients.
Therefore, from the standpoint of speed, accuracy and general utility the
RWPRK model appears to be the most reasonable choice for the OLAPS kinetics
model.
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Table 1

Nodal Method Coupling Coefficients, kij's, for a 10 Region PWR

With: k^ = 1.33, H = 56 cm and z 0 = 36.7 cm as given by Eq. 19

kf,i+i

0.253

ki,i+2

0.132

ki,i+3

0.0683

ki,i+4

0.0355

ki,i+5

0.0184

ki,i+6

0.C0956

ki,i+7

0.00496

ki,i+8

0.00258

ki,i+7

0.00134

stjlz.O=vNnN(t)»N(z)

z°z0

z=0

Figure 1. Geometry used in calculation of coupling coefficient for the nodal
approximation method.
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Figure 2. Partial loss of flow ATMS transient; total core power and coolant mass
flow (Top), MDNBR for transient with ana without RWPRK (Bottom).
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Figure 4. External reactivity forcing function and resulting normalized total
reactor power, for control rod ejection transient as calculated by
RWPRK rcodel.
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DEVELOPMENT OF THE MODAL KINETICS MODEL FOR THE GENTILLY-2 N.G.S,

J. Koclas (Hydro-Quebec)

**
S. Alaoui (Groupe d'Analyse Nucleaire)

and

M.A. Petrilli (Hydro-Quebec)

ABSTRACT

A station specific version of the code SMOKIN is being set
up at Hydro-Quebec for the Gentilly-2 Nuclear Generating
Station. The original version of the code was developed by
Ontario-Hydro and is based on lambda mode expansion of the
neutron flux. The code has been restructured, and a full set
of the Reactor Regulating System routines is implemented in it.
Preliminary results of simulations of Shutdown system #1 and a
power manoeuvre from 80SS to 100% are presented. A first
application to computer assisted training is described.

INTRODUCTION

The modal kinetics model, in Canada, has mainly been
developed by Ontario-Hydro in the form of the SMOKIN code (Ref
1). It is based on the well known lambda mode expansion of the
neutron distribution in a nuclear core. The theory needs not
to be exposed here, as it can be found in many standard
textbooks, such as Ref. 2. This method is quite successful in
dealing even with the severe transients than can happen in
CANDU reactors during a LOCA. The cost of SMOKIN calculations
are much lower than full space and time discretizations of the
core.

The usefulness of such a code has been recognized by
Canadian utilities. Hydro-Quebec is producing a station
specific version (SM0KIN-G2) for its Gentilly-2 CANDU-600
generating station. In a first step, this software will be
used for computer-aided training of plant personnel.
Applications in the analysis of operational transients, using a
more detailed reactor model, will follow soon after.

* Section Analyse, suite 210, 6600 Cote-des-Neiges, Montreal,
Quebec, Canada, H3S 2A9.

** Suite 215, 6600 Cote-des-Neiges, Montreal, Quebec, Canada,
H3S <S
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Interestingly the modal kinetics methodology is closely
related to the reactor spatial control algorithm at Gentilly-2.
A modal mapping technique is used to infer zone power
distribution from in-core detector readings. A similar flux
mapping technique is also used in fuel scheduling calculations
using the SIMEX code (Ref 3).

The internal structure of the SMOKIN code has been changed
quite drastically by Hydro-Quebec, and the Groupe d'Analyse
Nucleaire to better suit our multiple needs.

We will now describe the changes that have been made to the
code, two preliminary test cases and the development of an
application in the area of computer assisted training (CAT).

INPUT DATA

The data used to describe the core and many of the
reactivity devices have been taken from the SIMEX code and
associated data base. Since SIMEX is used for the day to day
core management, we are insured of good consistency of the
model. Also, comparisons with results from other codes are
simplified, since all data will thus have a common source.

All reactivity mechanisms are represented in our model.
Furthermore, each device individually has its own particular
set of neutronic cross-sections. For example, the graded
properties of an adjuster rod have been averaged over the rod
(assuming a constant flux for simplicity). This averaging
process has been carried out for each rod before the modal
integrals were calculated. This approach has been used for
each device, insuring good representation of the devices in the
model.

All in-core detectors are represented in our version of
SMOKIN. In the Gentilly-2 reactor, 28 platinum detectors are
used for reactor control while another 57 are used for the
shutdown systems #1 and #2. The dynamics of these detectors has
been described in reference 1. For flux mapping purposes, 102
slow responding vanadium detectors arc present in the core.
The dynamics of these detectors is derived in Appendix 1, and
is being implemented in the code. These detectors are used
on-line by the reactor control system for the calculation of
flux maps, channel powers and the calibration of the 28 zonal
control platinum detectors.

CODE STRUCTURE

The SMOKIN code was well modularized in its original
version. However, modularization has been pushed further. Each
module now contains its own documentation. It is now much
easier for the user to understand (and thus to modify) the many
logical ramifications of SMOKIN-G2. As an example of this work,
a data flow-sheet and a flow diagram of SMOKIN-G2 are produced
in Figures 1, 2 and 3.
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The SM0KIN-G2 code has four principal parts, namely:

1) Reactivity calculations

This module calculates the core reactivity changes
resulting from perturbations, caused by device
movements or feedback effects.

2) Modal amplitudes and detector outputs.

This module calculates the new modal amplitudes and
the resulting detecting signals:

- 102 vanadium detectors

- 28 platinum detectors for zonal control

- 34 platinum detectors for SDS1 (shutdown system
number 1)

- 23 platinum detectors for SDS2 (shutdown system
number 2)

- 6 ion chambers

3) Reactor regulating system (RRS)

The full reactor regulating system has been programmed
and implemented in SMOKIN-G2 and each of our routines
duplicates exactly the logic and calculations
performed by the on-line computer routines. The order
and frequency of execution are also reproduced. We
can simulate phenomena such as platinum detector drift
or signal irrationality. We are thus in possession of
a powerful tool to assist us in analysing the response
of the regulating system to various perturbations.
Using the nomenclature of Figure 3, the RRS routines
consist of:

- reactor power measurement and calibration (SRRMCP)

- demanded power (SRRCEP)

- light water zone control absorbers (SRRCBL). The
task of SRRCBL is to provide 14 water inflow control
valve lift signals so that reactor power is held at
its setpoint.

- reactor power setbacks (SRRBCP) where the function
is a gradual reduction of the power, initiated on
conditions that could lead to equipment damage or to
reactor trip.

- adjuster rod control (SRRCBC)
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- mechanical control absorber logic (SRRCBS)

- shut-off rod withdrawal (SRREBA). The function of
this module is to withdraw the shut-off rods from
the core after a SDS1 trip has been cleared.

- flux mapping (SRRFLU). The flux mapping module
collects readings from the 102 vanadium detectors
located throughout the reactor core and computes a
best fit of this data. This best fit is used to
estimate flux at 500 points distributed throughout
the core. Average flux estimates for the 14 zones
and calibration factors for the spatial control
platinum flux detectors are computed.

4) Shutdown systems

At this time, only SDS1 transients can be simulated,
although SDS2 trips are annunciated. SDS1 trips are
performed by the SMSAU1 routine (Figure 3). The
appropriate trip set points and the two out of three
trip logic are also reproduced exactly.

The structure of SMOKIN-G2 is such that the reactor model
is an entity completely separate from the control algorithm and
shutdown systems logic. This code organization makes SMOKIN-G2
easy to modify for further developments.

TEST CASES

The results presented here were produced during the
development of the "operator training" version of the model,
discussed further in the next section. More detailed
validation of the code will carried out later, when the
"analysis" version will be completed.

At this time, only two preliminary validation tests of
SM0KIN-G2 have been performed.

The first test is the reactor response to a SDS1 trip
where 26 of the 28 shut-off rods drop in the core. Flux
rundown data were obtained from Gentilly-2 commissionning
tests. The transient calculated by SMOKIN-G2 can thus be
compared to actual measurements.

Full scale space and time comparisons have not been
carried out yet. Rather, we have compared the behaviour of the
neutron flux at a point in the reactor, as calculated by
SMOKIN-G2, to the flux as measured by a detector (a fission
chamber) in the core. The results of this calculation are
shown Figure 4. On this plot, "visicorder" is the fission
chamber signal. The results of a quasi-static calculation by
the code CERBERUS is also shown.
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It is apparent that the performance of SMOKIN-G2 is
adequate, especially for the CAT applicstion where general
tendencies are important. The results are sensitive both to
the neutronic properties (cross-sections) of the shutt-off rods
and to their speed of insertion in the core. These two factors
have thus been modelled sufficiently well.

The second test we have performed is a simple power
manoeuvre from 80% to 100% power, with Xenon feedback. This
test was performed in order to verify the performance of our
set of Reactor Regulating System routines. Only the general
tendencies were deemed important here, and the results have not
yet been compared to real measurements. In this transient, the
power set point slowly rises to 100%, and the Reactor
Regulating System reacts to follow the power setpoint. The
liquid zone controllers average level diminishes to raise
reactor power, and rises up again to maintain the power at
100%. Because of the Kenon reactivity feedback, however, the
zone controllers settle at a slightly higher level. They
eventually get back to the initial level after a fe«v hours when
the Xenon reaches its new equilibrium value. SMOKIN-G2
exhibits this behaviour, and the graph on Figure 5 shows the
average level of the fourteen zone controllers for the first
sixty seconds of the transient. These first results show that
the RRS model is behaving as it should.

More stringent tests are being devised in order to verify
the performance of all other control routines and reactivity
device modelling. This effort is now devoted to the CAT
application described in the next section.

CAT APPLICATION

Since 1984 Hydro-Quebec has been developing a Computer
Aided Training program (Ref. 4). This program was inspired by
a similar product existing at Ontario-Hydro (Ref. 5). The
program is made of lessons on various important systems of the
Gentilly 2 plant. Each lesson is a computer simulation on a
specific system with which the user can interact by means of a
touch screen and a keyboard. The behaviour of the system is
shown on a graphic terminal. More preciseLy, layouts of
control room pannels are represented on this terminal, as well
as the various functions available to the operators on the
CRT's.

The goal of a lesson is to familiarize the student with
both normal and some abnormal operating procedures on a given
system. The following situations are to be in the scope of the
Simulation. The lesson should allow the student to simulate
various power transients, including a reactor startup.
Automatic power setbacks and stepbacks should occur when
required. Manual reactor trips should be possible as well as
resets of shutdown systems #1 and #2. Manual control of the
various reactivity devices should be possible. Moreover it
should be possible to initiate the following abnormal events:
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i) impairment of one adjuster or one absorber or one shut-off
rod, ii) loss of one or two ion chambers, iii) two platinum
detectors going irrational in the same zone, iv) drifting of
the signal of one platinum detector used in the Regional
Overpower (ROP) system, v) irrationality of some of the
vanadium detectors used for flux mapping and, vi) sudden drop
of a shut-off rod.

In order to simulate the various situations given above
and taking into consideration the available codes, it appeared
that a modal representation of the reactor was best suited for
CAT application (Ref. 6). The computing power offered by the
micro-VAX on which the CAT lessons are running and the fact
that those lessons do not have to rui in real time made
possible the use of SMOKIN-G2. Moreover, since only the trends
are of significant importance during a lesson, it is only
necessary to use a limited number of modes. This number will
be fixed so that the response time of the simulation is
reasonable. The interface used to drive the CAT version of
SM0KIN-G2 is described below.

Figure 6 reproduces the figure shown on the terminal
during a lesson. At the bottom of the screen are the so-called
action boxes. These boxes contain very brief descriptions of
faults and various external events that can influence the
system. Above the boxes, appear indicators giving the
positions of the adjusters and absorbers and handswitches
allowing to select between manual and automatic operating mode
of these devices. Beside the boxes is an empty region that
will contain, on request, handswitches, meters, indicators etc.
related to either the manual control of the- mechanical
absorbers or the addition/extraction of moderator poison, or
the operation of SDS1 or SDS2. Above those two last regions are
two "CRT's". These may contain the same information related to
reactor control that is available in the control room such as
graphic trends and status display. Note that the presentation
of this information is as close as possible as the one used in
the plant. Between the "CRT's" are the elements directly
related to power control. Finally at the top of the screen is
the region representing alarm windows. Those windows light up
and initiate a beep when corresponding alarm conditions occur;
subsequently they will respond to student operations in the
same manner as they do in the control room.

The student can interact with the system simply by
touching the represented handswitches, pushbuttons and
controlers. Re can initiate various external events and
equipments faults by touching the corresponding action boxes.

The keyboard is used mainly to reproduce the functions of
the control room operator's keyboard. Therefore it is used to
select trends and status display shown on regions of the
terminal reserved to the CRT's. It is also by means of the
keyboard that the student is able to fix the various setpoints
and flags needed by the control programs.
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The use of SM0KIN-G2 in CAT allows us to simulate a large
number of situations. Those will give to the student a good
understanding of the spatial response of the reactor to various
transients. It is also believed that the simulation of various
faults on reactor instrumentation will prepare him to respond
more efficiently to those situations when they happen in the
plant. Finally, the use of modal kinetics makes it possible to
implement more advanced options such as refuelling
perturbations.

CONCLUSION

The modifications and implementation of the SMOKIN code
for Gentilly-2 will provide us with a powerful tool, to study
the Gentilly-2 NGS under various perturbations. These can
include strong perturbations inducing action by the safety
system, as well as milder transients affecting the regulating
system.

The immediate application of SMOKIN-G2 will he in the
field of computer-aided training. This will b<s followed
shortly by the validation of the more detailed analysis
version. This will provide the capability to analyse
impairments to regulating system and shut down systems and to
plan corrective actions.
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Appendix 1 - DYNAMICS OF VANADIUM DETECTORS

We assume that a vanadium detector is made only of the
isotope V51. Following the absorption of a neutron, V51 is
transformed into V52, an unstable isotope which undergoes beta
decay with a half-life of 225'seconds. The electrons produced
by the beta decay generate an electric current which is a
function of the neutron flux surrounding the detector.

The following equations describe'these processes:

d vsi

= - VS1 Oa51 0 (1)
dt

= V61 o,5i 0 - \52 V " (2)

dt

where

- Vsl, V62 are the vanadium concentrations in atoms/cc

- o»sl is the microscopic neutron absorption of Vs1

- 0 is the neutron flux

In 2
- Xs2 = is the beta decay time constant of V62,

1 1/2 with T 1/2 the half-life of
Vs2 (225 sec.)

The term X52 Vs2 gives the beta decay rate of Vs2. Since beta
decay produces on electron, the tern X52 Vs2 is proportional
to the current I generated by the vanadium detector. If we set

I a X52 V52

or I = K Xs2 Vs2 .with K an arbitrary constant,

then equation (2) becomes

dl
= Xs2 (kvsi o»51 o - I) (3)

dt

Chosing K so that kV51 Oa51 = 1 gives the equation

dl

= XS2 (0 - I) (4)
dt

This is the equation for the dynamics of vanadium detector
signals that has been implemented in SNOKIN-G2.
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TRIVAC: A MODULAR DIFFUSION CODE FOR FUEL
MANAGEMENT AND DESIGN APPLICATIONS

Alain Hebert
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Montreal, Quebec

ABSTRACT

A new three dimensional neutron diffusion code named TRIVAC was
set up using advanced discretization algorithms and improved
iteration strategies. The two variable order discretization
algorithms used in TRIVAC will be presented. These are based
respectively on the variational and nodal collocation techniques.
These algorithms will be shown to produce reconstructible solu-
tions which are upper and lower limits of the exact solution. The
eigenvalue matrix system Is solved using an ADI preconditioning
of the power method in conjunction with a symmetric variational
acceleration technique. Validation results are reported for the
IAEA two- and three-dimensional benchmarks and for a two-
dimensional PWR.

INTRODUCTION

The primary goal of a discretization algorithm is to transform
the differential operators of the diffusion equation into real
numbers matrices adapted to an efficient numerical solution. A
review of most common algorithms is presented in Ref. 1 . This
list should be updated by appending the variational and nodal
discretization techniques presented in this paper. [2,3]

There is no such thing as an "ideal" discretization algorithm and
any choice is the result of a compromise. Some techniques, such
as the analytical nodal method (ANM), are very efficient to
compute a power map defined over coarse elements but they lack a
straightforward reconstruction technique for the solution, [1]
Other algorithms, like the classical finite element approxima-
tions, are handicapped by difficulties such as their incom-
patibility with an ADI preconditioning.
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The variational and nodal collocation techniques, used in TRIVAC,
appear to include most desirable properties in spite of the fact
that they cannot compete with the efficiency of nodal schemes
based on the quadratic leakage approximation. Let us mention the
four most interesting properties of the collocation techniques:

1J The numerical solution is reconstructible over each element
of the domain. The polynomial nature of the solution greatly
simplifies the integration of TRIVAC in applications using
the generalized perturbation theory or the quasi-static algo-
rithm of space-time kinetics.

2] The discretization order is variable, being a function of the
degree of the polynomials used to represent the neutron flux
over each element. High order polynomials (cubic or quartic)
are used to model PWR while linear polynomials are used for
CANDU reactors. In fact, the linear variational and nodal
collocation techniques are respectively equivalert to mesh-
corner and mesh-centered finite difference approximations.

3] Collocations techniques are compatible with an ADI precon-
ditioning of the power method. [5]

4] Matrices produced as a result of the discretization are real
and independent of the eigenvalue. Matrices corresponding to
the leakage terms are symmetrical, positive definite and
diagonally dominant. Other matrices are diagonal.

The two types of collocation techniques available in TRIVAC will
now be presented.

DEFINITION OF THE POLYNOMIAL BASIS

Both variational and nodal collocation techniques relies on a
polynomial representation of trial functions. A weighted residual
approach is used to find the approximate solution of the diffu-
sion equation over the reactor domain. There is an important
distinction in the way the weighted residual formalism is applied
to each type of collocation technique and this distinction af-
fects the choice of the polynomial basis. The variational col-
location technique is based on a finite element formalism where
the residue, defined over the entire domain, is orthogonal to the
entire set of trial functions. Ir addition, the interface condi-
tions are treated as natural conditions. With the nodal colloca-
tion technique, however, the residues are cancelled element by
element and the interface conditions are taken into account a
posteriori. Consequently, the variational collocation technique
is constrained to use a polynomial basis with continuous trial
functions over the element boundaries. More flexibility is left
to the nodal collocation basis whi^h permits piecewise continuous
polynomials to be used.
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We will now present the collocation techniques in the case of a

one-speed formalism. Changing over :o the multigroup formalism

presents no additional difficulty. Moreover, we will limit this

study to three dimensional Cartesian domains composed of an

assembly of homogeneous parallelepipeds. Under these conditions,

the neutron diffusion equation is written

(Jffl O f y. OW O/ \ OW

Yx x
( x » v ' z ' ax "3y y(x»v'zJ Yy Tz z

( x' v' z' 3Z

+ £r(x,y,z) 4i(x,y,z) - S(x,y,z) (1)

with <j> (x, y, z) continuous everywhere in the domain. Currents
-D (x,y,z) 3<j> , -D (x,y,z) _9£ and -D (x,y,z)3<J> are almost

x "53T y Zy z H
continuous, but may present localized discontinuities over lines
of singularity. [1] The boundary conditions are either zero flux
(<t> (x , y, z) » 0) or positive albedo:

where the "-" or "+" sign is used depending on whether the bound-
ary is to the left or to the right of the domain in relation to
the direction of each axis.

We will now assume that the nuclear properties are uniform over
each parallelepiped composing the domain. These papallelepipeds
will then be used to support one or more elements. We will desig-
nate the value of each nuclear property over element e by D ,
Dye' Dze a n d Ere'

Before introducing the trial functions defined over element e, we
will transform Cartesian coordinates (x,y,z) of the element into
local coordinates (u,v,w) corresponding to a unitary cube of
reference. The Cartesian coordinates are describe in Fig. 1. The
following variable transformations will be used:
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u ' AT Cx " 1

and

w- AT CZ " T

with

.l " yn-l

and

Over each element we will assume a tensorial expansion of solu-
tion 4>(x,y,z) and of source terme S(x,y,z) with the help of low
order polynomials, which are denoted {PD(U)J £«0,K}. In cases
where point (x,y,z) belongs to element Ve, these two expansions
takes the form

If If

fei-0 62-0
I P - ( u ) P . ( v ) P - ( w ) ( 5 a )

K 1 fc2 * 3

and

S ( x , y , z ) - S e ( u , v , w )

K

I
fci- 0

K

I
tc2'(.

K

I
) * 3- 0

J v ) P » ( w ) ( 5 b )
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TJie variat ions! collocation met-bod

The classical formalism oi the finite element method involves the
analytical integration of the terms composing the mass and stiff-
ness matrices. The integrations are trivial insofar as the trial
functions are simple polynomials. The mass matrix thus obtained
is non-diagonal, which makes the classical approximations incom-
patible with the ADI preconditioning.

The variational collocation method corresponds to the approxima-
tions of the finite element method when the mass and stiffness
matrices are numerically integrated in order to diagonalize the
mass matrix. [2] This is made possible by expanding the solution
in term of Lagrangian polynomials whose collocation points are
identical to the base points of a Lobatto's quadrature formula.
This type of quadrature make possible the exact integration of
the stiffness matrix which is a necessary condition to ensure the
convergence of the variational collocation method. Finally, we
note that the linear variational collocation method is identical
to the mesh-corner finite difference method.

We have already tested the variational collocation method based
on linear, quadratic, cubic and quartic polynomials defined over
two-and three-dimensional domains. [5] These approximations use
the following trial polynomials:

1] Linear Lagrangian polynomials (K-1).

In this case, the collocation points are chosen at abscissa
u --1/2 and u -1/2 in local coordinates. The trial polyno-
mials are therefore given as

and

P0(u) - -u • \ (6a)

P , ( u ) - u + •£ ( 6 b )

2] Quadratic Lagrangian polynomials (K-2).

The collocation points are now chosen at abscissa u -1/2,
u -0 and u -1/2. The corresponding trial polynomials are

P^(U) - 2 u 2 - u , ( 7 a )

P , ( u ) - - 1 u 2 • 1 ( 7 b )
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and

P2(u) = 2u
2 + u . (7c)

3] Cubic Lagrangian polynomials (K-3).

The collocation points are now chosen at abscissa u =-1/2,
u.. *-1/(2/i>) , u2-1/ (i/5) and u,-l/2. Note that the position of
points u. and u_ is imposed by the requirement for the set
(u ;K«O,K) to corresponds to the base points of a Lobatto's
quadrature formula. The corresponding trial polynomials are

PQ(u) - -5u
3 • | u2 • { u - | . (8a)

P,(u) - 5/5 u3 - | u2 - ̂ f- u + | , (8b)

P2(u) - -5/5 u
3 - | u 2 • ̂  u * | (8c)

and

P3(u) - 5u
3 • | u2 - -J u - ̂  (8d)

Quartic Lagrangian polynomials (K-4)

The collocation points are now chosen at abscissa uQ--1/2,
u --/3/28, u2»0, U--/3/28 and u^-1/2. The corresponding trial
polynomials are

PQ(u) - 1lu" - 7u
3 - I u2 • I u, (9a)

,(u) - ^9 { -f u4 * ̂  u3 • 1 u2 - -jjl̂  u }. (9b)P,

P 2 ( u ) . JjS u« -|0 U2 + 1(

P3(«) - « { -f u" - 7 ^ u3 • I u2 • ^ ul (9d)
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and

7u3 - | u2 - | u. (9e)

Once the polynomial basis has been defined, the variational
collocation method proceed as any finite element formalism.
However, all the linear or bilinear products involving the trial
functions should be carried out using a Lobatto's quadrature
formula in order to diagonalize the mass matrix.

The nodal collocation method

We have developed a second family of collocation techniques using
a nodal formalism. These techniques assume an expansion in
Legendre polynomials of the neutron flux over each element
without imposing a C continuity on the interfaces. The absence
of a C continuity precludes the use of a variational formulation
based on the classical functional of the finite element method.
[1] We will show that a nodal formalism makes it possible to
bypass this restriction while satisfying the four conditions
previously stated and without having to resort to a numerical
integration of the kind used in the variational collocation
method.

The nodal collocation method has two features which distinguish
it from other polynomial nodal approaches. [6] First, the nodal
collocation method does not require the quadratic transverse
leakage approximation to generalize in two or three dimensions.
Instead, it uses a tensorial expansion of Legendre polynomials
which introduces no further approximation to the one-dimensional
case. Second, we will show that the linear nodal collocation
method is identical to the mesh centered finite difference
method. Until now, only the analytical nodal method (ANM) ap-
peared to be linked to this type of finite differnce. [4]

The Legendre polynomials used In the nodal collocation method
differ somewhat from their classical definition because of the
following two constraints:

1] Polynomials pg( u' must be defined over the interval (-1/2,
1/2) to ensure that the reference cube has a unitary volume.

2] Polynomials Pg(u) must be mutually orthonormal over the
reference Interval, that is
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2
_1 du Pg(u) P^Cu) - 6gt (10)

2

where 6o. is the Kronecker delta function.

We will therefore use the following Legendre polynomials:

Po(u) - 1, (11a)

P,(u) - 2/J u, (lib)

P2(u) - ^J (12 u
2 - 1) (11c)

and, in general:

if E; i 1.

A weight residual approach is then applied to these trial func-
tions in order to transform Eq. (1) into a constant matrix sys-
tem. The algebra involved with the nodal collocation method is
tedious and will be omitted here. A complete description of the
method can be found in Ref. 3.

MATRIX STORAGE SCHEMES AND RESOLUTION TECHNIQUES

With a two-group energy formalism, the variational or nodal
collocation method is applied group by group to generate the
following matrix system:

with
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S1 " IT;; { Bn*i + B
1 2«2

} ( 1 3 a )

and

S 2 - A21*1 (13b)

Groupwise values of the neutron flux are therefore represented by
the polynomial coefficients associated to all the elements. The
solution of the overall eigenvalue problem can be found using the
preconditionned power method as presented in Ref. 5. TRIVAC also
offers the possibility to solve a fixed source eigenvalue problem
which is useful in applications involving the generalized pertur-
bation theory [7,8,9] and the improved quasistatic approach in
space-time kinetics.

Convergence of the preconditionned power method is very slow in
cases where the solution corresponds to a flattened neutron flux.
This difficulty was resolved in TRIVAC using the symmetric varia-
tional acceleration technique (SVAT) as pointed out in Ref. 10.
This approach offers some similarities with a conjugate gradient
technique applied to the eigenvalue problem.

The preconditioning matrix used in TRIVAC is equivalent to an AOI
splitting of the matrices A . This approach will be effective
only insofar as the matrices A may be split according to the
equation g g

A - U • X • P Y PT • P Z pT (it)
Bg gg gg y gg y z ggrz *""

where

U - matrix containing the diagonal elements of A ;
88 gg

X ,1 ,Z - symmetrical matrices containing the non-diagonal

elements of A corresponding to x,y and z couplings respec-
tively; g g

P ,P - permutation matrices which ensure a minimum bandwidth for

matrices Y and Z
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This type of splitting capitalizes on the possibility of number-
ing the unknowns in such a way that matrices X ,f and Z
appear with a diagonal banded structure. An important^ chara§^
teristic of the variational and nodal collocation methods allows
a maximum bandwidth respectively equal to K+1 and 2K for a given
order of discretization.

NUMERICAL RESULTS

The variational and nodal collocation methods were programmed and
included in the TRIVAC computer code. The two kinds of dis-
cretization share the same computer environment and use the same
numerical analysis techniques for the solution of matrix systems.

The TRIVAC computer code is written in FORTRAN-77 and compiled by
FORTRAN-VS (IBM) at level two optimization. All vectors and
matrices are declared in single-precision (1 word » 32 bits) and
are dynamically allocated by a subroutine written in assembler.
Certain accumulators assigned to bilinear product calculations
are declared in double-precision in order to minimize round-off
error. Numerical tests were carried out on an IBM-1J381 (group
two) computer and are therefore typical of a scalar computer.

It is useful to mention the main numerical techniques and the
calculation options used in this study:

1] The neutron diffusion equation (1) is discretized using the
variational or nodal collocation method. The order K of
discretization is equal to three (cubic polynomials) or four
(quartic polynomials). In all cases, the reactor radial plan
is partitioned using one and only one element per assembly.

2] The fundamental solution of the eigenvalue system (12) and
(13) is obtained by the preconditioned power method with a
two-parameter variational acceleration. [5t10]

3] A preconditioning is applied by carrying out one or two ADI
iterations per outer Iteration of the power method. [5]

4] The power method is initialized by a uniform estimate of the
solution ($.-1.0). The iterations are interrupter! when the
following convergence criteria is satisfied:
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max
i

This criterion makes possible a convergence precision better
than 0.05? over the zonal powers.

5] The solutions thus obtained are compared to the reference
calculations carried out with the analytic nodal method. [4]
The maximum and average errors over zonal powers e and e"
are calculated as in Ref. 1. m a x

Tables I to III give the numerical results for three specific
cases: the two-dimensional (2D) and three-dimensional (3D) IAEA
benchmarks [11] and the two-dimensional Tihange test problem
which represents a complete configuration of a pressurized water
reactor (PWR) at the beginning of the second cycle. [12]

The overall numerical results reveal two interesting features
which are clearly seen in Table IV for a specific case:

1] For a given order of discretization, the variational and
nodal collocation methods offer similar accuracy.

2] The reference solution, obtained through the analytic nodal
method, is bounded by the variational and nodal collocation
solutions respectively. This bounding effect is observed for
the eigenvalue and for most zonal powers.

It is worth mentioning that the bandwidth of matrices X ,Y and
Z is equal to K+1 with the varlational collocation mel?i?ode6hile
i§gis equal to 2K with the nodal collocation method. This feature
tends to penalize the nodal collocation method in terms of cal-
culation efficiency and memory utilization.

It is not possible to conclude that one discretization method is
numerically more stable than the other. The variational colloca-
tion method is more stable for solving the Tihange test problem
while the nodal collocation method seems to be preferable for the
IAEA benchmarks.
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Figures 2 and 3 illustrate the thermal flux distributions ob-
tained for the IAEA-2D benchmark when a third order discretiza-
tion is used. The distribution corresponding to the variational
collocation method is formed from the assembly of bicubic polyno-
mials and does not have any discontinuities at element bound-
aries. On the other hand, the distribution corresponding to the
nodal collocation method consists of the assembly of piecewise
continuous biparabolic polynomials. The discontinuities, located
on element boundaries, are responsible for the incompatibility of
a Legendre representation with the variational formalism
presented in Ref. 1 While reconstructing the neutron flux ob-
tained by the nodal collocation method, we have lost one order of
representation on the trial functions. However, this causes no
practical handicap during the later stages of calculation requir-
ing such a reconstruction.

CONCLUSIONS

We have described a new family for numerical techniques for
discretizing the neutron diffusion equation. The nodal colloca-
tion method makes it possible to increase the order of dis-
cretization by varying the degree of Legendre polynomials used as
trial functions. The minimum order, correspondirg to a linear
representation, is equivalent to the mesh centered finite dif-
ference method.

The variational and nodal collocation methods appear to be linked
in so far as they provide lower and upper limits for the exact
solution of the diffusion equation. This property has not been
proven analytically but it has nevertheless been observed in the
majority of numerical tests carried out so far.

The variational and nodal collocation methods also share a cer-
tain number of interesting properties for numerical applications:
they are compatible with an ADI preconditioning and permit
reconstruction of flux after convergence. They therefore share
the main advantages of the finite element method without being
committed by its main drawback.

The main critism that could be made of collocation methods is
their relevancy on tensorial expansions of trial polynomials.
This means that when going from one to three dimensions, for a
given order of discretization, the number of unknows associated
with each element is cubed. This approach, while mathematically
coherent, requires more computer resources than methods based on
the quadratic transverse leakage approximation. [4]



-269-

Work is now underway to use this new diffusion module in fuel
management and design applications such as:

1J OPTEX-4 for the 3-D optimization of fuel enrichment, burnup
and adjuster grading in a CANDU reactor, using generalized
perturbation theory; [8,9]

2] XSTATIC for the solution of the space-time kinetics equations
using the generalized "uasistatic algorithm;

3] A new diffusion module for the FMDP family of codes.
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TABLE I

IAEA-2D BENCHMARK CALCULATIONS

fa
ri

a
tio

n
a

l
o
llo

ca
tio

n
N

od
al

co
llo

ca
tio

n
Polynomial
order

c
3

3

4

4

<i
3

3

4

4

Band-
width

4

4

5

5

6

6

8

8

a
K
tot

568

568

1033

1033

621

621

1104

1104

b
K
eff

1.029786

1.029785

1.029596

1.029592

1.029370

1.029374

1.029590

1.029582

max
(X)

5.8

5.8

0.93

0.93

4.9

5.0

0.78

0.77'

e
(X)

2.2

2.2

0.34

0.34

1.8

1.8

0.26

0.26

CPU time
(s)

4.8

6.4

15.9

14.3

4.8

7.1

15.1

16.7

Outer
iterations

51

39

87

45

39

33

63

39

Inner/
outer

1

2

1

2

1

2

1

2

a: The number of unknows per energy group.
b: The reference solution was obtained by a nodal analytic calculation with a mesh of 3A X 34.

The corresponding effective multiplication factor is Keff » 1.029585.
c: See Fig. 2 for an illustration of thermal flux distribution.
d: See Fig. 3 for an illustration of thermal flux distribution.



TABLE II

TIHANGE TEST PROBLEM CALCULATIONS

•0 O

Va
ri

at
io

n
co

ll
oc

at
i

o

No
da

oi
l o

ca

u

Polynomial
order

3

3

4

4

3

3

4

4

Band-
width

4

4

5

5

6

6

8

8

1888

1888

3401

3401

1989

1989

3536

3536

eff

1.000312

1.000312

1.000707

1.000704

1.001300

1.001303

1.000971

1.000961

emax
(X)

4.2

4.3

1.1

1.1

4.1

4.1

1.1

1.1

(*)

1.9

1.9

0.45

0.46

1.7

1.7

0.43

0.43

CPU time
(s)

18.8

24.7

55.6

57.9

35.4

52.2

128.1

162.9

Outer
iterations

45

33

69

39

63

51

111

75

Inner/
outer

1

2

1

2

1

2

1

2

a: The reference solution was obtained by a nodal analytic calculation with a mesh of 51 X 51.
The corresponding effective multiplication factor is Keff • 1.000823.



TABLE III

IAEA-3Da BENCHMARK CALCULATIONS
Va

ri
at

io
na

l
co

ll
oc

at
io

n
io

n

(0 (0
"O O

z .2
"oo

Polynomial
order

3

3

4

4

3

3

4

4

Band-
width

4

4

5

5

6

6

8

8

K
tot

9088

9088

21693

21693

9315

9315

22080

22080

K b

eff

1.029313

1.029315

1.029117

1.029113

1.028810

1.028812

1.029045

1.029037

max
(X)

6.8

6.8

1.2

1.2

5.3

5.2

0.97

0.97

(X)

2.3

2.3

0.36

0.36

2.0

2.0

0.34

0.34

CPU time
(s)

240.8

258.2

1012.0

1128.0

223.9

247.3

815.5

1144.0

Outer
iterations

87

51

141

87

75

45

99

75

Inner/
outer

1

2

1

2

1

2

1

2

a: All TRIVAC calculations are based on a mesh of 9 X 9 X 5 with axial mesh lines at 0.,
20., 150., 280., 360. and 380. cm.

b: The reference solution was obtained by a nodal analytic calculation with a mesh of 26 X 26 X 18.

The corresponding effective multiplication factor is K = 1.029060.

(.O
i
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TABLE IV

BOUNDING EFFECT OF ZONAL POWERSa

e

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

Variational

collocation

(X)
-0.09

-0.51

-0.36

-0.4Z

0.14

-0.14

0.18

0.56

-0.39

-0.34

-0.30

-0.30

-0.02

0.21

0.57

Nodal

collocation

it)
0.12

0.30

0.25

0.34

-0.05

0.16

-0.09

-0.42

0.25

0.23

0.23

0.21

0.05

-0.14

-0.46

e

16

17

18

19

20

21

22

23

24

25

26

27

28

29

Variational

collocation

(%)

-0.29

-0.24

-0.13

0.05

0.23

0.93

-0.21

-0.19

0.11

0.61

0.37

0.06

0.89

0.91

Nodal

collocation

it)
0.22

0.19

0.14

-0.01

-0.17

-0.77

0.18

0.21

-0.07

-0.48

* -0.32

-0.04

-0.77

-0.77

a: IAEA-2D benchmark calculations discretized by a quarcic collocation method
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Figure 1. Discretization of a Cartesian domain.
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Figure 2. Distribution of thermal flux for a discretization of

the IAEA-2D benchmark by the varltlonal collocation

method.
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Figure 3. Distribution of thermal flux for discretization of the

IAEA-2D benchmark by the nodal collocation method.
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ABSTRACT

A computer code has been developed to solve by Chernick's quadrature
method the one-dimensional, one-group, non-linear, neutron diffusion
equation for a nuclear reactor In order to determine the axial distribution
of neutron flux when the latter Is assumed symmetrical with respect to the
reactor centre-plane, with the reactivity expressible as a function of the
neutron flux, with flux-dependent feedback and with significant fissile-fuel
depletion. The algorithm of the code Is simple and has no instability
problems, and the code Itself Is easy to use. Inexpensive to run, and is
sufficiently comprehensive for investigating a variety of situations for
which no analytical solution appears to exist. In general, the results
compare favourably with those produced by a different route by another
research group. The code has been used to provide "benchmark" data to test
out a number of simplified and empirical procedures for fast treatment of
selected potential design cases.

One such empirical correlation which has been tested assumes the
reactivity to be a quadratic function of the neutron flux. The relevant
burnup parameters are assumed to be third-order functions of the basic
reactor parameters. These empirical correlations are also easy to use and
computer tine and cost can be further reduced. The empirical correlations
can with advantage be applied both to light-water reactors (LWRs) and to
thorium reactors. Examples are given.

4179b
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2.

1. INTRODUCTION

Global reactivity of a nuclear reactor depends on several parameters, such
as neutron flux time, fuel burnup, materials etc. In many cases, insight can
be provided by varying only one parameter in the neutron diffusion equation,
the others remaining quasi-constant. The preferred parameter is the local
reactivity indicator km which can itself be a function of, for instance,
materials, fuel enrichment neutron flux $, irradiation and time. For the
present study only the variation of \ia with neutron flux $ is considered. The
flux, in its turn, is a function of the reactor's spatial coordinates.
Spacewise separability is assumed and only the axial flux function is assumed
to vary. The flux is assumed centre-plane symmetrical, and the benchmark
problem is solved by Chernick's quadrature method ' for simple diffusion
theory, expressed in dimensionless form, so that the problem becomes in effect
a non-linear eigenvalue problem, with one parameter acting as the proolem
eigenvalue.

Going into more detail, uranium-bas^d fuel is located in a reactor fuel
channel and is irradiated in neutron flux e>. This brings about the depletion
of the original fissile nuclide, the production of fission products and the

buildup of new heavy nuclides, such as 2 ^ Pu and 22J U, which can affect the
reactivity in a positive or a negative sense .

In these calculations, either flux «> or time-integrated flux

uj(t) = Jo 4> (t1) dt1 = <> t (1)

may be used. Then k^ is regarded as a function of t> and t only. Each reactor
type has its own km{<!>) dependence. The concept of the present study, namely
that a reasonably accurate and inexpensive computer code can be developed for
benchmark purposes/ and then that a range of simpler empirical correlations
can each be matched to the relevant benchmark data, in this instance by the
Gram-Schmidt algorithm3' to provide easy and inexpensive design data, can be
applied to specific cases of concrete interest, such as:

(a) Determination of discharge burnup in a single-batch refuelled reactor, in
which case the eigenvalue is the cycle-time t at which the global
reactivity goes to zero and the system ceases to remain critical without
control-rod action. As it transpires, the flux-distribution function is
fairly complex and far frcm cosine.

(b) Determination of the initial reactivity at t = 0 in a single-batch
refuelled reactor, such that cycle length equals a prescribed design
value. This problem occurs with the same reactor types as in problem (a),
with initial reactivity indicator kQ as the eigenvalue.

(c) Determination of the flux (hence power) distribution in a reactor of
"frozen" composition, such as a clean fresh core at t = 0. There being no
irradiation dependence, the flux-dependence of k^ comes mainly frcm
temperature and moderator-density feedbacks and the eigenvalue is km at
zero flux i>.

For the present study/ the original benchmark data were taken frcn a
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broadly-based computation by one author and the chosen empirical calculation
was based on thorium and light water reactors (LUR's) in which k.̂  had a
parabolic or quadratic variation with flux. Comparison of the benchmark
results with similar data by Milgram gave good agreement and reinforced the
basic assumption that the authors' benchmark data could be used as
source-material for all subsequent empirical or semi-empirical approximations,
there being no suitable reactor data available at this time.

2. THEORETICAL CONSIDERATIONS1'2

2.1 The Diffusion Equation

The form of the diffusion equation used is:

D720 - Zvi + s = — (2)
vj t

where: D = diffusion constant
(5 = neutron flux
E_ = macroscopic absorption cross section
s = number of neutrons emitted by sources per unit volume and time
v = neutron speed

The quasi-steady-state equation yields:

D72<J> - Eai> + s = 0 (3)

Leakage prior to diffusion is ignored.

Source s is written as

s - V:ao (4)

where: k^ is the effective regeneration constant for each neutron absorbed.
k^ may also be defined as the local infinite-lattice multiplication

factor.

The migration area for the assumed one-energy-group neutrons is defined as:

M2 =• 2- . ,)

Then, considering only one dimension (z), and combining Eqs. (3), (4) and (5):

d2«, (kffi - 1)0
+ — = 0 (6)

d22 M2

which is the simple one-group, one-dimensional, diffusion equation for the
variation of flux $ with axial distance z.

The infinite lattice raultiplication factor k^ is assumed to be a function
only of the flux j:
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K = K (*)

4.

(7)

and is assumed to have the form:

where: C, is a constant

f(<{>) is a non-singular function with f(0) = (0).

f(i>) can be expanded in a Taylor series:

(8)

This implies that

where: a

f(,>) =

are constants.

(9)

The particular class of problem that is explored here is one in which the
axial power distribution is centre-plane symmetric. This limitation is not too
severe from the viewpoint of survey calculations, because it is still fairly
well representative of realistic situations. Among these may be quoted, for
example, batch-irradiation of full-length PWR fuel channels, provided
temperature effects between channel inlet and exit are neglected, and batch-
irradiation of fuel channels in a lattice where adjacent channels "see"
opposite coolant flows, so that the average axial flux distribution is
symmetric.

The boundary conditions for the problem are:

<t> i 0 for 0 c z < H (10)

>z=o = »z-a = ° (ID

(12)

z=H/2 (13)

where: H is the total axial extrapolated length of the reactor,
4im is the maximum value of the flux at the mid-point of the reactor.

It is shown in Appendix A that the maximum does indeed occur at the
mid-point if, as assumed, k^ is a function of <)> only. Double-hunped
or "M"-shaped flux distributions can arise if k,, is not strictly a
function of $ only, but for example is explicitly a function of the
z-coordinate.

The problem can be made dimensionless by a suitable choice of variables:

(14)
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Also, using:

Q = (ko - 1) i£- (16)

and:

vf(y) = CjfU) & (17)

where: Q, v, are pseudo-constants dependent upon the reactor configuration;

f(y) is a non-singular function with f(0)=0 and such that f(y)=f(0). This
implies that f(y) can be expanded in a Taylor series in the same way as Eq. (9)
i.e.

f(y) = bxyl + b2y
2 + ... (18)

where: bj, b2, ... are constants.

It is evident that the b^s of Eq. (18) are related to the ajL's of Eq. (9).

Therefore, if f(<J>), and f(y) are expanded in Taylor series, the result is:

= -j- t>1 +-f $2 + ... (20)
*m *m

This equation is a polynomial function of the variable $. Then comparing Eq.
(20) with Eq. (9):

(21)

Hence if the substitutions are made, Eq. (6) becomes:

d2y
•£g + [Q - vf (y)]y = 0 (22)

with the boundary conditions now becoming:

y > 0 for 0 «; x < 1 (23)
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dy

= 1 (25)

. = n (26)

Using the substitution ' :

dy
P = -& (27)

d2y dp
— = P — (28)
dx2 dy

Then Eq. (22) becomes:

P ^ + [Q - vf(y)]y = 0 (29)

Rearranging and integrating between the limits as specified by the boundary
condition, Eq. (26), the result is:

JP
Pdp - - /

y [Q - vf(yl)]y'dyI (30)

0 1

which finally yields:

P = ±[Q(1 - y2) + 2V /
y f(yf)y'dy']i (31)

1

As the flux shape is symmetrical about the mid-point x = %, it is only
necessary to consider one of the two solutions for p. As the flux cannot
assume a negative value, then:

p = positive solution for 0 < x < \ (32)

p • negative solution for \ < x < 1 (33)

Integrating again, and using Eq. (27) and the other two boundary Eqs. (24) and
(25):

\ ,1
/ dx - /

0 [Q(l - y"2) + 2v

A closer examination of Eq. (34) reveals that a singularity exists in the
integrand at the point y " » 1. To avoid this singularity, a suitable change
of variable is made, i.e.

y" - sine (35)

dy" = cos9d9 (36)



-284-

7.

Rearranging Eq. (34) and using Eqs. (35) and (36), the final result is:

0 Q L1 Q(l + sine)

where a continuous function f(9) is defined as:

,n/2
/ f(sine')sine'cosB1d9'

<38>( 1 - sine)

for

f(sln(|»

for

e

e

2

2

and *(e) = f(sln(|» (39)

Hence if either Q or v is given, then the other may be calculated. This in
turn will lead to a calculation of the axial flux form factor and the leakage
from the resctor core as the variables in Eq. (6) would be known - in
particular y for different values of x. In addition, it has been possible to
develop an empirical correlation between the critical value of Q (2cr)

 a n d v in
the form of a power series (see below):

2.2 The Axial Flux Form Factor

The axial flux form factor F is defined as:

1 \
F -/ y(x)dx - 2 / y(x)dx (40)

0 0

This is a useful quantity as it indicates how closely the flux shape follows
the normally expected cosine curve.

It can also be shown by a simple change of variable via Eq. (27) for dx that:

,1 ydyF - 2 / 2-JL (41)
o p<?>

The closer F is to unity, the closer the average flux $ is to tm, so that
t'.ie more uniform the flux, the more uniform the power distribution.
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2.3 The Leakage Parameter

The leakage parameter |32 is defined as:

H y
D dz

H2 i dz2
32 = - - . 0 (42)

M E a /
0

Using Eqs. (14) and (15), it is found that:

I1 if*.
,2 =- _ 0 ! (")

/ ydx
0

By Eq. (27)

dp
(44)

dx

Therefore:

1 dp

P2 - - - ^ - T F (45)

, P(0) - p ( )
i.e., p2 « _ ( 4 6 )

By symmetry,

p(l) = - p(0) (47)

Hence:

P 2 . ££so (48)

Equation (44) can also be evaluated in terms of Q, v, f(y) and y. if use is
made of Eq. (22), the following result is obtained:
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i i [a - vfWlrd,

Also, a quantity \x is sometimes used, defined as:

b2 (50)

Another parameter S Is defined such that:

s = It
4 v

or,
3

1S - - - b2 (52)

The use of such parameters as Q, v, S, is particularly indicated when
^ is parabolic* In this case, the axial problem is also soluble
analytically in terms of elliptic functions .

3. DEVELOPMENT OF EMPIRICAL CORRELATIONS

As was previously mentioned, the more accurate computer code provided the
only reliable benchmark for use in matching the empirical or semi-empirical
forms, whose constants were determined by the Gram-Schmidt algorithm from the
benchmark code results.

The ranges of S, v, Eq. (17), and Eq. (52), were chosen as 0 ( v < 1000
and -0.5 < S <; + 0.8 with parabolic k^. (53)

The computer program which was used initially for the empirical form had
embodied a routine from Sef. 4. From heuristic information, it appeared that
by using Eq. (16) and Eq. (17), the critical value of Q, namely Q c r, could be
approximated to within ±7.5% by a cubic polynomial in v, whose coefficients
could be best expressed as polynomials in (S - 0.5):

I2cr - it
2 + AjCS^ + A2(S)v2 + A3(S)v

3 (54)

where: Aj(S) - co + CjCS-0.5) + c2(S-0.5)
2 + ... + clt(S-0.5)

1* (55)

A2(S) - do + d^S-0.5) + d2(S-0.5)2 + ... + d6(S-0.5)6 (56)

A3(S) - eQ + e^S-O.S) + e2(S-0.5)
2 + ... + e6(S-0.5)

6 (57)

The coefficients c ... c. , d ... dg and e ... e, determined by matching are
tabulated in Table I.

The maximum error of this approximation was found to occur at the
extremities, namely, (v - 1000, S - -0.5) and (v - 1000, s = +0.8).
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Furthennore 5^= (k^- 1) (in oik) was evaluated for a selected axial length
K = 600 cm and M2 = 400 cm2. and in only 3% of the cases was Sk^ more than 2%
for positive S. The prime reason why there was a larger percent error for fik^
more than 2%, and for negative S, was that Q had larger values in this range,
as

M2

6k = (% e r r o r ) x 0. x — x 1000 ink (58)
H2

It was also apparent that the situation could be accurately described within
± 5% for the same range of values by a variation of the axial flux fora factor
Eq. (41), of the form:

where: Al

A2

A3

F

'(S) =

'(S) =

'(S) -

' • ~ + •

cx'(S-0

d1'(S-0

ex'(S-0

Al '

•5)

•5)

.5)

(S)v

+ C2

+ d2

+ e2

+ ^

'(S-0

•(S-0

•(S-0

(S)v -i

.5)2 +

.5)2 +

.5)2 +

- A3 (S)v

... + ĉ

... +d 6

... + eg

i

•(S-0

•(S-0

'(S-0

•5)5

•5)5

.5)5

(59)

(60)

(61)

(62)

The coefficients c,'... c5', dj'... d,
1, e^1... e5' are also tabulated in

Table I.

Furthermore, it was apparent that the chosen situation could be accurately
described to within ± 4% error except for the one case of v = 1000 and S = 0.7
(where the error was = 67.) by --. variation of leakage par^aeter g2, Eq. (48) of
the fora:

p2 = u2 +A1"(S)v + A2"(S)v
2 + A3"(S)v3 (63)

where: A ^ S ) » cQ + c^'CS-O.S) + c2"(S-0.5)
2 + ... + c6"(S-0.5)

6 (64)

also A2"(S) » d0" + d1"(S-0.5) + d2"(S-0.5)
2 (65)

and A3"(S) - eQ + e^'iS-0.5) + e2"(S-0.5)
2 + ... + e^"(S-0.5)1* (66)

The coefficients c " ... c,", d " ... d_", c " ... c. ", are also tabulated
In Table I.

4. RESULTS AND DISCUSSION

4.1 Benchmark Results from Computer Code

The results from the computer benchmark calculation are tabulated in Table
II for a mesh spacing of AS * 1/20 and parabolic variation in the polynomial
function

f(y) » bxy -f b2y
2 + ... (18)

where: y = 0/
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Table II shows values of critical eigenvalue Q c r, Eqs. (16) and (37), axial
flux form factor F, Eq. (41), and leakage parameter g2t £q. (4S), for v-values
of 100, 300, 500, 700 and 900 and S-values of 0.0, 0.1, 0.2 ... 0.9. The
product of the code also Included even-valued v results, but these have been
held back to save space.

Table II also shows in parentheses the values obtained via the authors'
graphical interpolation fron Milgram's calculations , for axial form factor F
and for leakage parameter g2. Once again, the odd-valued v results were
tabulated and the even-valued v results stored. Comparisons of these and the
authors' tabulated data appears to validate the authors' code, in that
agreement is generally good except for S > 0.7, when interpolation of Milgram's
results becomes too difficult, hence these entries are left blank.

4.2 Discussion of Benchmark Results

Q r, F and 9
2 have been plotted for easy examination, for the selected values

of S, In Figs. 1 through 3. F has also been replotted against S for selected -j
In Fig. 4.

From Fig. 1 It can be seen that the critical eigenvalue Q appears to be
approximately linearly dependent on the input eigenvalue v, with a slope which
is approximately unity for the case S • 0, and which decreases as S increases.

Fig. 2 shows that the values of the axial flux fona factor F for the
different cases of S are distributed about S = 0.5, for which the axial flux
form factor takes on the sane value for every value of v It can be seen that
the curves for the cases S « 0, 0.1, 0.2 are all close together, whereas for
the cases S * 0.4, 0.5, 0.6, they are quite spread out. The curves once again
begin to approach one another for S » 0.7, 0.8, 0.9.

Fig. 3 shows that as S increases, the leakage for a particular value of v
decreases. It can be seen for the case S * 0.5 that the leakage g2 is
approxltaately proportional to v For the cases where S > 0.7, the leakage
values Initially begin to fall, after which they rise at different rates. It
would thus be interesting to obtain cases of the leakage £2 versus v for v
larger than 1000 and to see whether these values converge at all, and if so, at
what point, or whether they diverge indefinitely.

It can be seen from Fig. 4 that the point-set (F « 2fa - 0.6366, S - 0.5)
is one of inflexion. Furthermore, for the case v - 200, it appears that the
axial flux form factor F varies nearly linearly with S.

4.3 Results for Eapirical Method

The empirical correlation results were obtained for v • 0, 1, 2 by 1 to
10, by 10 to 100, and by 100 to 1000, and S • - 0.5 by 0.1 to + 0.8.

For purposes of illustration, selections from the output data for Q, F and
£2 have been tabulated in Tables III, IV and V, for v values 0.5, 5, 10, 50,
100, 500 and 1000, and S values - 0.2, 0.0, 0.2, 0.5, 0.8.

Table III gives the empirical correlation Q as S , followed by the

"benchmark" Q of Ref. 5, titled o , and the correlation's % error.
bchnk
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Reactivity 6k in milli-k is also tabulated. The benchmark 2 obtained by the
accurate computation of Ref. 5 provides the only existing accurate basis of
comparison over the selected parameter range.

Table IV gives results for axial flux form factor F against v for the same
selected S. Also Table V gives results for leakage parameter e2 against v for
the same selected S.

Fig. 5 shows plots of enpirical Q against v, but for S-values - 0.4, -
0.2, 0.0, 0.2, 0.4, 0.6 and 0.8. The points are joined by a dashed line and
the curves so obtained can be checked against the computed benchmark curves
(solid lines). Fig. 6 shows similar plots of F against v and Fig. 7 shows
plots of 32 with v.

4.4 Discussion of Empirical Results

Regarding Q, Table III, it is apparent that the 7. error of the enpirical
Q goes through a maximum at intermediate v and for any S within the selected
range, except for the middle values of S, where the error stays low and
steady.

Regarding F, Table IV, the error increases with v except for S near 0.2,
when it peaks' at about 1%.

Regarding 32, Table V, the % error is variable, tending to be higher, and
of the order of 3%, at high v, but being generally lower for S in the region of
0.5.

Inspection of Figs. 5, 6 and 7 indicates very good agreement for Q, good
ag* <i« >aent for F, except for some excursions at S » -0.4 and -0.2, and very good
agreement for <?2.

5. CONCLUSIONS

5.1 Results from Computer Code

A taesh spacing of AS • 1/20 adequately describes the cases studied. All
values were within the required tolerances, and converged to within 1%.

An approximately linear relationship is seen between critical eigenvalue
Q c r and input eigenvalue v The gradient of this variation becomes smaller as
parameter S increases (Fig. 1).

Axial flux form factor follows a ccsine-type variation for low S, so that
under these conditions, flux $ and local power are more uniform (Fig. 2).
Leakage parameter 02 is highest for lowest S, so that to reduce leakage a high
S is required, implying a large parabolic component in k^ (Fig. 3). For the
special case S « 0.5, all values of v have the same axial flux form factor F.
Thus S * 0.5 is a crossover point, fron high F and high £2 at S < 0.5 to low F
and low ?2 at S ) 0.5 (Figs. 3, 4).
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5.2 Results from Empirical Method

The use of (S-0.5) as variable leads to faster enpirical calculation, with
accuracy within + 5%, using the coeputer code as benchmark, and calculating
Q c r, F and g

2 for 0 < v < 1000 and - 0.5 < S < 0.8. The third-order
relationship with v (Sqs. (54), (59) and (63)) appears to be quite adequate.
The light-water (LWR) case can be calculated by setting S = 0. The method is
capable of additions and refineaents; for instance, in areas vhere S < 1, F
tends to diverge frora the expected benchmark value, in which case an
exponential of type exp (- a v) where a = a(S), can be incorporated into Eq-
(59). This artifice Is specially useful In cases of steep gradients in/iv for
0 < v < 100.
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APPENDIX A

Proof that the Maximum Flux o m Occurs at the
Midpoint of the Axial Distance

Consideration is given to two subcases for 0 <. x < \ only.

(a) It is assumed that the centre point flux is a minimum, then when noving
froo the centre outwards the flux willl rise and reach a maximun y = 1 at
sooe x < \. After that the flux will decline, but as soon as it reaches
the value y^k again, since all the derivatives are functions of y alone,
then the flux will be again a minimum and rise thereafter. Thus it will
never be able to go to zero as x approaches zero. Therefore, x = \ cannot
be a nininun. It cannot be a point of inflexion either, because y(x) is
synaetrical about x * %.

Therefore x » \ oust be a aaxissuo. The question remains whether this
point is the absolute oaxitaun. Treatment of the second subcase reveals
that this is indeed the case.

(b) It is assumed here that x = \ is a point of naxinua. Whilst noving from
the centre outwards, the flux will then decrease. It is assumed that

after a while the flux increases again. Since all the derivatives — ^ are
dx"

functions of y alone, then as soon as it attains the value yx=v the flux
will again be a tnaxiaum and therefore the value yx,i can never be
surpassed.

Therefore yx,v * s 'he absolute snaxioun. See Fig. 8.
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TABLE I

Matched correlation coefficients for critical eigenvalue
and leakage parameter B2

, axial flux form factor F

Coefficient

0

C2

C3

d
0

d !

d2

d3

d5

d6

e

el

e2

e3

e5

Value *

0.3477332D+00

-O.998119OD+OO

0.3334221D+00

0.6348272D-01

-0.4902618D-01

0.1305232D-04

0.8788682D-05

0.15191360-02

O.6513732D-O3

-0.5704993D-02

-0.86687130-02

-0.3620425D-02

-0.3959769D-08

-0.50247340-08

-0.8624022D-06

-0.3489153D-06

0.30745150-05

0.4568793D-05

0.1877524D-05

F

Coefficient

V

V
C5*

V
d3*

V
V

Value *

-0.3424611D-02

-0.9182462D-03

0.1797601D-02

O.17O8775D-O2

0.4365367D-03

O.4259128D-O5

-0.32162350-08

0.9291973D-06

O.29082O1D-O5

O.1215295D-O5

-0.1943479D-08

0.5865634D-09

-0.1407548D-08

-0.2853734D-08

-0.10847490-08

e2

Coefficient

c "
0

V
C 3 "

d "

e "

e2"

Value *

0.7902500D-02

-O.1O35358D+00

0.1888134D-01

0.3922908D-01

0.1482944D-02

-0.1791408D-01

-0.6714949D-D2

0.1813969D-05

0.1137963D-03

-0.7212439D-06

-0.1835770D-08

-0.5058317D-07

-O.257O9O4D-O8

-0.1892611D-07

-O.9336370D-O8

* D+n-xlO±ndouble precision



TABLE II

Cri t ical Eigenvalue Qcr» Axial Flux Form Factor V and Leakage Parameter
32 for Different Values of Input Kiflenvalue v, by Computer Code

V

100

'31)1)

7f>o

900

V

!Jcr
F

( F )

P2

ccr

(F)
P<

( ! l 2 )

O

F
(F)
P?

( f ) 2 )

o

F

( F )

P2

(ft2)

y c r
F "
( F )

P2

( p ? >

S

0

102.1148
0.7647

(0.762)
15.5716

(15.6)

300.1466
0.8540

(0.853)
23.2105

(23.2)

500.O3O2
0.8866

(0.884)
29.1245

(29.1)

700.0166
0.9042

(>0.9)
33.7869

(33.6)

900.0121
0.9155

(>0.9)
37.8358

(36.0)

0 .1

89.6738
0./451

(0.743)
14.6217

(14.5)

260.3856
0.8082

(0.806)
21.4689

(21.5)

433.4004
0.8713

(0.868)
26.5107

(26.6)

606.0770
0.8898

(0.8K8)
30.6585

(30.7)

780.0176
0.9038

(0.902)
34.2794

(34.3)

0.2

77.6119
0.7221

(0.722)
13.6454

(13.6)

221.0024
0.8082

(0.806)
19.3269

(19.4)

366.9493
0.84 79

(0.844)
23.6195

(23.7)

513.4213
0.8708

(0.868)
27.1825

(27.2)

660.0406
0.8859

(O.f<78)
30.2893

(30.3)

0 .3

66.0467
0.6961

(0.698)
12.6482

(12.6)

182.6492
0.7676

(0.766)
17.0136

(17.0)

301.3289
0.8078

I 0.806)
20.4143

(20.5)

420.7212
0.8336

(0.832)
23.2679

(23.3)

540.4077
0.8516

(0.842)
25.7683

(25.7)

0 . 4

55.0964
0.66 70

(0.665)
1 1 .6498

(11.7)

146.8170
0.7085

(0.706)
14.6181

( 1 4 . 6 )

239.3302
0.7 354

(0 .734)
17.0547

(17 .0 )

332.2084
0.7545

(0 .750 )
1 9.1 5 16

(19 .2 )

425.284 5
0.76H9

(0.760)
21 .0140

(21.0)

0.5

44.8)76
0.6357

(0.6J3)
10.6696

(10.6)

115.2 560
0.6 V. 2

(0.633)
12.3162

(12.2)

186.2 44 3
0.6328

(0.632)
13.982 3

(13.9)

257.6862
0.6317

(0.631)
15.6219

(15.5)

32 l>.4 73 7
0.6 308

(0.630)
17.2129

(17.3)

0 . 6

35.282 3
0.60i5

(0.603)
9.7 269

(-9.8)

88.15 33
0.5579

(0.556)
10.2354

( 1 0 . 3 )

142.3337
0.5309

(0 .522)
11.3012

( 1 1 . 3 )

1 9 7 . 1 4 4 2
0.5138

(0 .501)
12.5993
12.7

252.3088
0.5021

(0.486)
13.9738

( 1 4 . 1 )

0.7

2 6 . 3 7 6 1
0 . 5 7 1 4

(0.570)
8.8367

(<9.)

64.2199
0.4896

(0.483)
8.3909

(<9.)

103.9049
0.4455

(0.431)
8.869 5

OLD

1 4 4 . 1 3 3 3
0.4 ISfi

(0 .395)
9.7131

10.4

184.6022
0.4004

(<0 .4 )
10.7154

(11 .0 )

0 . 8

18.0210
0.5406

8.0087

42.142 5
0,4 324

(>.7(>97

68.2 564
0.3782

(..6669

94.7717
0.34 5 5

6.9421

121.4 306
0.32 33

7.39 79

0 . 9

10.1024
0.5188

7 .2431

2 1.07(0
-.3855

5.3814

33.9500
0.32 56

4 . 8 2 2 7

4 7 . 1 2 6 7
O.2H96

4.6842

60.3939
0.2651

4.7 346

V indicates the variable, i.e., Q
cr '

F or B2.
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Parameter S

Fig. 4. Axial flux form factor F versus S for various
values of v, by computer code.
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PRODUCING THREE DIHENSI(»IAL NODAL COUPLING COEFFICIENTS

FOR A TRAINING SIMULATOR

E.G. Derrick. G.V. Guardalben. and A.L. Wight

Ontario Hydro,

700 University Avenue

Toronto. Ontario. CANADA M5G 1X6

ABSTRACT

A full scope simulator for reactor operator training requires a neutron
kinetics model which is simple and fast enough to run in real time, but
accurate enough that the trainee is unaware of differences between a
simulated transient and one on the real plant. A space-time reactor
kinetics model has been developed for this purpose using Avery's coupled
reactor kinetics approach. This model describes the kinetics of large
regions of the reactor, called "nodes", with point-kinetics-like
equations. The interaction among nodes is described by "coupling
coefficients". These coupling coefficients are computed by solving the
diffusion equation by finite difference methods in three dimensions and
one or two neutron energy groups. This paper describes the calculation
of coupling coefficients for use in Light Water Reactors of both the
pressurized (PWR) and boiling (BWR) designs.

INTRODUCTION

CAE Electronics Is building full scope training simulators for both BWR
and PWR plants. They have adopted a nodal kinetics approach to simulate
the reactor core physics. This model was used successfully in Ontario
Hydro's Pickering A simulator^). CAE subcontracted the development of
the nodal core physics model coupling coefficients for these simulators
to Ontario Hydro.

The simulator's software is structured as a set of linked calculatlonal
modules as shown In Figure 1. The reactor kinetics module Is used to
predict the flux distribution in the next time step (in the order of
100 ms) based on the current distribution and the reactor configuration
(expressed in terms of local reactivities by the reactivity calculation
module).

The neutron kinetics nodule in the simulator must meet several
requirements. It must be simple and fast enough to run in real time on a
small computer. It must respond correctly; that is a steady state must
remain steady, a positive reactivity must produce a power Increase, and a

4050b
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negative reactivity a decrease. It must be sufficiently accurate and
realistic that a trainee at the panel cannot distinguish the response
from that of a real reactor.

A nodal kinetics model was selected in order to meet all these
requirements.

The nodal kinetics model is based on the coupled reactor theory of
Avery*2). it involves the division of the reactor into a small number
of regions called "nodes" (for example. Figure 2). The kinetic behaviour
of the system is described by coupling coefficients, which describe the
probability of a fission neutron"s being born in a node in the next
generation based on the neutron flux in each node in this generation.

These coupling coefficients are pre-computed off-line by solving a
finite-difference diffusion theory model of the system on a large
computer. We have computer codes which will compute the coupling
coefficients for both one and two neutron energy group models.

Different sets of coupling coefficients apply to different reactor
configurations. The basic approach Is to use steady state coefficients
as a reference, and to apply a linear combination of a set of normalized
perturbation gradient tables that span all other configurations. Each
gradient table corresponds to the change In the coupling coefficients
from their steady state values when a perturbation of a +1 ink is applied
in a single node. Thus if there are M nodes in the core, there are N
gradient tables.

A complete set of coefficients can be generated at any stage in the
fuelling cycle. In general, three sets for each cycle are considered
sufficient: one at the beginning of cycle (BOC), one at the middle (HOC)
and one at the end (EOC).

The unprocessed coefficients as output directly from the
coupllng-coefflcelnt-calculatlon codes do not satisfy the response
requirements; that Is, the steady state does not remain steady, and a
positive reactivity does not necessarily produce an increasing power. To
eliminate this non-physical behaviour, we have developed me-hods of
"tuning" the raw coefficients so that the resulting space-tim? response
Is both accurate and physically reasonable.

COUPLING COEFFICIENTS

For a reactor divided into N nodes, the reactor kinetics are described by
these coupled equations:

M

Nj - A * \ I kjj Cj . (1)

(2)

dNj

dt

dCj
dt~

l

• !

- B
I

N, -

N

I
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where:

Nj Is the neutron density In node 1,
A. Is the decay constant of average delayed neutron group,
B Is the delayed neutron fraction,
Cj Is the concentration of average delayed group In node j,
8. Is the mean neutron lifetime, and
kjj are the coupling coefficients.

A single delayed neutron group has been used to reduce the execution time
In the kinetics riodule. The accuracy of this model has been improved by
normalizing the delayed group as follows:

Define:

decay constant of kth delayed neutron group,
delayed neutron fraction for group k,
concentration of kth delayed neutron group In node j. and

N

then

N

(3)dXu B k

dt = I * Ni "

and the normalized

C j n o n n = o Cj .

where:

NDG

^ X k X k

° " N
I C-,

delayed group nodal concentrations:

t

(4)

and NDG Is the number of delayed groups.

These equations are solved by a simple Euler technique In the kinetics
module.
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The coupling coefficients, kjj, are calculated from Avery's formulation:

k = fj v£f 0th <r> dr X fi 0f*<r> »Zf 0th3 <r> dr
13 J-, vlf 0 t n (r) dr /j 0f*(r) wZf 0 t h (r) dr ' (b)

where

= fission neutron production cross-section

0th = r e al thermal flux

0f* = adjoint fast flux

0th^ = contribution to 0 t n from fission neutrons produced in zone j
in the previous generation, with distribution vl£ 0 t n.

In the above equation the flux distributions correspond to the asymptotic
shape of the particular reactor configuration that the set of
coefficients describes. The kinetics module models any configuration by
using steady state coefficients as a reference, and adding the
appropriate linear combinations of gradients.

To model a particular stage in a fuelling cycle (e.g., BOC. HOC or EOC),
we first calculate the flux distribution and coupling coefficients under
nominal (steady state) conditions. We then model a perturbation in a
single node, and find the corresponding flux distribution and
coefficients. Subtracting the nominal from the perturbation coefficients
and dividing by the size of the perturbation yields the normalized
gradients for a perturbation In that node. Gradient tables are prepared
for all single-node perturbations; a linear combination of these gradient
tables can model any change in the reactor state away from nominal
conditions.

Ontario Hydro has developed FORTRAN codes on the in-house UNIVAC 1180
capable of calculating the coupling coefficients using one or two energy
groups.

DIFFUSION THEORY

The asymptotic flux distributions under nominal and perturbed conditions
are calculated using static diffusion theory in three dimensions. Two
codes have been developed to solve the diffusion equation in finite
difference form, one using two energy groups (COCAP) and one with a
single energy group (FIDONE). The choice of code is dependent on whether
the station data are provided in one or two groups.

In two groups the forward static equations are:

V.D2V0J - (Zal + Rj) 0J • £ vlfi 0i + \»£f2 02 = ° <6>
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01 - Ea2
 02 = ° (7)

and the adjoint equations are:

V.Di 70X* - (Ial + Rx) 0!* + i vlfi 0i* + Ri 02* = 0, (8)

£ 01* " Za2 02* = °- <9)

where

D|, D2 are the diffusion cross-sections, fast and thermal groups,

Zaj, Ea2 are the absorption cross-sections, fast and thermal
groups,

Rj is the removal cross-section,

vEfI, «Zf2 are the production cross-section, fast and thermal
groups,

0j, 02 are the real fluxes, fast and thermal groups, and

01 , 02* are the adjoint fluxes, fast and thermal groups.

The reactor is divided into a three dimensional, fine mesh, xyz grid.
The equations are then formally integrated over the mesh. Flux and
current continuity conditions are applied on the face of each cell;
surface flux and gradient are related to the mesh centred values by a
two-term Taylor expansion. The equations are solved by successive
over-relaxation with several acceleration procedures available.

The Information necessary to solve equations 6 through 9 above consists
of the fine mesh description of the reactor configuration in terms of the
diffusion cross-sections. In the two energy group formulations these
cross-sections are the fast and thermal diffusions, fast and thermal
absorptions, the removal, and the fast and thermal productions. These
cross sections are frequently available from burnup-depletion simulations
of the cycle of interest done for normal fuel management purposes. If
these are not explicitly available it is possible to generate them from
burnup distributions and burnup versus cross-sections tables for each
fuel type. These are generally available only for nominal conditions;
perturbations must be modelled separately.

The effect of boron, if present in the coolant, must also be incorporated
In the cross-sections. This is done by adding an incremental amount to
the affected cross-sections (most notably the thermal absorption)
proportional to the concentration of boron in that mesh volume.

The modelling of a perturbation must be broad enough to cover different
types of perturbations. A generalized perturbation is taken in this case
to be a change in the absorption and/or production cross-sections.
Perturbations can be smeared across a node by changing these
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cross-sections by a certain percentage for each mesh in the affected
node. This gives an averaging effect for all types of perturbations that
may occur in a node.

TUNING TO SIMULATOR CRITERIA

Before the coefficients can be used in the simulator, they must be tuned
and tested. The cross-sections corresponding to nominal conditions may
not produce critical state coefficients. These are therefore tuned to
give an effective multiplication factor of exactly unity. The
perturbations were modelled as changes in the nominal cross-sections; the
coefficients must therefore be re-scaled to be perturbations from
critical state. The equations the coefficient tables must satisfy is:

K S = . 1 S (10)
— — i -flp —

Where K is the N by N matrix of coupling coefficients, S is the N-vector
of asymptotic nodal neutron densities, and

A p = - - - (11)
k° k

Where k is the eigenvalue of the case in question, and k° is the
eigenvalue of the nominal case.

The adopted tuning method is called row-scaling. We know the required
nodal neutron densities, Nj, from the finite-difference diffusion
calculation. If we assume that each row of K is an error by a factor,
fj, then we can write the above equation as:

N fj
Y k N = — Ni ' (12)
5=1 1J J 1 - Up

where f-j is the scaling factor. Therefore:

fl =

Changing each element of K, kj-j, to kjj/fj creates a new matrix
that satisfies the original equation with the asymptotic fluxes Nj.

In the course of adjusting the perturbation coefficients to this
criterion undesirable transient behaviour may be introduced. For
example, a small positive perturbation may result in a transient in which
the flux in some nodes initially decreases, rather than increases. This
non-physical behaviour is eliminated with a second proprietary tuning
scheme.
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Simulatlon Results

The two-energy group code has been used to model the PWR, and the
one-energy group code has been used for the BWR. The nominal
coefficients for several fuelling stages of both reactors, scaled to
correspond to steady state conditions (Ap = 0), were tested in open
loop with the respective simulator's kinetic model. In all cases the
flux distribution did remain constant. The power distribution,
calculated from:

P (x.y.z) = I ulfl (x,y,z) 0j (x,y,z) (14)
i

where 1 is the energy group index,

was found to matct) the expected distribution (from independent
calculations) within 5% for the BWR reactor and within 10% for the PWR
(for example, see Figure 3 and Table 1). Perturbation coefficients were
found to give reasonable transient behaviour after tuning. The
asymptotic shape reached in the kinetics testing agreed with that
predicted by the diffusion equation calculations within 5% for the BWR,
and within 10% for the PWR. The same perturbations deposited in each
node for the generation of the perturbation coupling coefficients were
used as input into the corresponding node at 100 percent full power
steady state respectively. The normalized asymptotic nodal fluxes were
recorded and compared with the output from the coupling coefficient
generation utility. The comparison for a MOC case for Pilgrim is given
in Table 2 for a perturbation of +4.81 mk in one of the nodes.

It can be seen from the tables that the maximum difference between the
kinetics results and other analysis results was less than +2 percent.

The tuned coefficient tables produce a steady state response for nominal
conditions, and the expected direction of change and asymptotic shape
under perturbation. Thus, the coefficients satisfy all pertinent ANSI
standards (Reference 3). These results indicate that the approach is
adequate for training simulator purposes.

CONCLUSIONS

We have demonstrated the capability to calculate three dimensional nodal
coupling coefficients with enough accuracy for simulator purposes. The
diffusion equations are solved in finite difference form and the results
tuned to meet simulator requirements.
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Table 1.0

Comparison of Normalized Nominal Nodal Fluxes
Given By Manufacturer's Data and Responses
of Nodal Kinetics Model for A Typical BWR
Nuclear Training Simulator CHOC Case)

Node
Number

Kinetics
Model Manufacturer % Difference

1
2
3
4

1.0055
1.2098
1.0532
0.7317

0.9904
1987
0651

0.7359

+1.52
+0.93
-1.12
-0.57

Table 2.0

Comparison of Normalized Asymptotic Nodal Neutronic
Flujces Given By Coupling Coefficient Generation
Utility and Kinetics Model For A Perturbation

Of +4.81 Milli-k in Node 4 (MOC Case)

Node
Number

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

ULilitv

0.9574
1.1836
1.1158
0.8598
0.9445
1.1627
1.078
0.8078
0.9456
1.1567
1.045
0.7500
0.9582
1.1762
1.0752
0.7842

Kinetics
Model

0.965
1.186
1.103
0.846
0.961
1.177
1.071
0.798
0.957
1.168
1.047
0.749
0.960
1.175
1.064
0.773

% Difference

0.79
0.20
-1.15
-1.61
1.75
1.23

-0.65
-1.22
1.21
0.97
0.19
-0.13
0.19

-o.io
-1.04
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FIGURE 1
Interconnections Between the Space-Time Nodal Reactor Kinetics Model and Other Major Models
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ABSTRACT

This paper reviews the treatment of advection terms in the numerical solution of
the equations for mass, momentum and scalar transport. The three major sources of
error that result from upwind approximations of advection are described. A new approx-
imation, that is both robust and accurate, is presented, and example calculations are
presented for several problems.

INTRODUCTION*

Computational methods arj widely used to provide approximate discrete solutions
of the differential equations for mass, momentum and scalar transport. The discrete
equations of motion are analogues of the continuous equations in which the processes of
advection, diffusion, generation and storage are approximately modelled. A satisfactory
discrete model of the advection process has been the subject of intensive research for the
last twenty-five years. This paper briefly reviews several basic strategies for treating
advection , summarizes the types of errors that arise when upstream differencing is used,
and presents a significantly improved approach. The improved scheme is demonstrated
on several problems. The developments and results are described from the finite volume
point of view.
Finite Vnlinni» Method

The steps involved in the application of the finite volume method are summarized
below.

The solution domain is subdivided into discrete sub- volumes, or control
volumes, as shown in Fig. 1A. The face3 of these volumes are defined by a grid that may
be Cartesian, general orthogonal, or non-orthogonal. A node is located in the center of
each volume. The ultimate objective u to obtain values of the dependent variables at
these nodes.

St»p 2 For a given variable <i>, the exact integral equation, that applies to each con-
trol volume, is written. For the simple case where ^ is a scalar, the grid is Cartesian,
and the flow is steady, this integral equation is
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Ay AI

JjS'dv
vol

(1)

where u and v are the velocity components in the x and y directions , I" is the diffusion
coefficient and S° is the volumetric rate of generation of o within the discrete domain.

Step 3 Level I approximation (see 1 ) involves approximating each of the above
integrals by some quadrature. The 'standard' approximation uses a single point quadra-
ture, with one integration point per control volume face, Fig. 1 B. The Level I approxi-
mation to an advection term in Eq. (1) is

t

Ay
(2)

The quantities ot and Qu. arc rcfered to here as integration point (ip) variables. Simi-
larly, for a diffusive term in Eq. (1),

/

The ip variables here are the gradients

w dx
(3)

do
dx

the recent work of Raw '2

and Hugct 3 , two ip locations (Fig. 1 C) were employed per control volume face in an
attempt to reduce the error associated with the Level I approximation.

^ Control Volume

• Nodal Point

1A 1B tc
Fig.l Domain discretization (1A) showing div>si< n of domain into sub- volumes or con-
trol volumes. Close- up of a control volume shows the use of one integration point (ip)
location, (16), or two ip locations (1C) per control volume face.
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To provide a closed set of equations involving only nodal point variables , approxi-
mate relations between the ip variables and the nodal variables must be provided. The
Level II approximations that result in these relations are generally more inaccurate than
the Level I approximations.

Sl£^ A Level II approximation of the ip gradients pose no difficulty. Usually a linear
proH'_ between nodal variables is assumed from which the gradients at the ip location
are estimated.

Level II approximation of the advected variables, whereby the ip variable 4>e in Eq.
(2) for example is related to the neighbouring nodal variables, is the focus of the
remainder of this paper. The approximation used for the advected variable has signifi-
cant impact on the accuracy of the prediction, as well as on the structure and ease of
solution of the resulting algebraic equation set. A discussion of several classes of schemes
used to estimate the advected variable follows.
Adv«»ctioii Scht»nn»«;

There are four basic classes of advection schemes: profile schemes, operator
schemes, upstream schemes and skew upstream schemes.

i) Profile «chpm»g , such as central differencing (CDS), QUICK 4, second order
upwind (SOU) [5] and higher order polynomial schemes [6], estimate the advected quan-
tity by assuming a profile between the nodes and interpolating for the value at the ip
location based on the assumed profile. The order of accuracy (i.e. the asymptotic rate at
which the predicted value converges to the exact value) of profile schemes depends only
on the order of the assumed profile. The difficulty with profile schemes is that while an
accurate estimate for the xaJue of $e is provided, the approximation involves the wrong
infliiwur* (see Stubley et al [7] for a discussion of accuracy verses influence). The non-
physical influence inherent in pronie schemes leads to a set of algebraic equations which
is difficult to solve when iterative solvers are used, and to solutions with large and non-
physical 'wiggles'. These factors make profile schemes unattractive when advection is an
important transport process.

ii) Op»ramr <rh»m« , such as Compact Implicit (CI) schemes [8], flux-spline
schemes [9] and locally analytic schemes (LOADS) [10], estimate the advected quantity
by an approximate solution to the full governing differential equation between the nodes.
Usually the first derivatives or linear combinations of value and first derivatives of the
nodal variables are introduced as additional unknowns at each node to facilitate an impli-
cit approximation of the divergence terms in the governing equation. While the accuracy
of several variants of CI schemes is impressive, all suffer from non-physical wiggles. As
well, the introduction of additional sets of unknowns at each node pose non-trivial com-
plications to the linear solution stage of the numerical solution.
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iii) Upstream srhemes , such as the upwind differencing scheme (UDS) -11], or
upstream weighted schemes such as the exponential differencing scheme (EDS) 12 con-
tinue to see widespread use, primarily because they are extremely simple, give solutions
which are physically bounded (no wiggles), and yield linear equations that are easy to
solve. These schemes, however, yield solutions which are sometimes significantly in error
unless a very fine mesh is used. The error that is usually identified (false diffusion)
tends to smear out the sharp features of the solution.

iv) Skew upstream schemes [13] attempt to eliminate fabe diffusion errors by recog-
nizing that the variable is advected in the flow direction, rather than along grid lines.
Such schemes are simple, have the correct influence, but are still limited in accuracy for
certain types of problems and may be unbounded. This paper describes significant
advancements in skew-type schemes which reduce or eliminate these undesirable
features. Before describing these new skew schemes, a clear explanation and demonstra-
tion of the errors associated with upstream schemes are presented.

UPSTREAM DIFFERENCING SCHEME ERRORS

The original motivation for the use of upstream schemes was to obtain an estimate
for the advected quantity, for example ^ f, that leads to physically realistic nodal predic-
tions (Le. bounded solutions, no wiggles, well conditioned equations). It was recognized
early [14: that an estimate for <j>r having the 'correct' influence could be obtained analyti-
cally for 1-D advection diffusion of a scalar, resulting in the classical EDS scheme

36_ a
ldx~dx M

(5)

Note that the estimate for <pc is exact for 1-D advection diffusion processes only. Prob-
lems with EDS appear when the scheme is applied to situations in which Eq. (4) does not
apply. Several of these cases will now be discussed.
False

The problem of false diffusion, resulting from the use of upwind schemes, is well
known. Often other errors are wrongly attributed to false diffusion and some clarifica-
tion is justified. Consider a high Peclet number 2-D transport problem where <f>e is
estimated as the upwind value along the grid line (e.g. 4>e=<j>P), the classical example
being the convected step problem |15' Fig. 2. The upstream predicted solution for 0 is
smeared: the effective numeri. al diffusion is much greater than the real diffusion.
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Fig.2 Classical convected step problem [12] where a step profile of ^ is convected at an
angle to the computational grid. A non- physical rapid smearing of the profile down-
stream demonstrates numerical false diffusion.

Physically, this false diffusion is due to the cummulative effect of a perfect mixing
that occurs within each control volume: all exiting advective fluxes are fixed at the cen-
tral nodal value due to the upwind approximation. Mathematically, the false diffusion
error results from the Tact that the 1-D advection diffusion solution for <j,e, does not
apply for 2-D flow. For high Peclet number 1-D transport, Eq. (4) reduces to

° («)
which when solved for <j>e correctly predicts that <j>e equals the upstream nodal value.
However, for high Peclet number 2-D transport the appropriate governing equation
should be

i J. I & ( \
~ I p u <p I •+- • I p 1/ & I =0 / 7 \
ox * ' dy" ' I '

The upwind solution only satisfies Eq. (7) when the flow is aligned with the grid ( i.e.
t>=0). When the flow is skewed to the grid, the upwind scheme makes the grossly inac-
curate assumption that Eq. (6) remains valid.

False diffusion errors occur whenever upstream schemes are applied to multi-
dimensional advection diffusion processes, and occurs for all grids, from simple Cartesian
to general non-orthogonal.
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Grid Cinyar..ire RpiatpH Frror

A second kind of error arising from the use of upstream schemes occurs when used

t > stimate advected curvilinear velocity components 16 (in the advection terms of the

curvilinear momentum equations). The effect is most easily seen when upstream dif-

ferencing is used to predict uniform flow over a polar coordinate grid, Fig. 3A. Here uni-

form flow is advected across the half plane poiar grid with slip conditions along the bot-

tom boundary. The exact solution should be uniform velocity and pressure. When

upstream differencing is used the predicted velocity field is very nearly uniform except

near the origin, but the predicted pressure field, Fig. 3B, is severely distorted over the

entire domain.

In more complex flows it has been confirmed that severe distortions are encountered

in regions where the flow crosses a highly curving grid. In some cases, the error may

even cause a non-physical flow recirculation.

The reasons for this error can be explained by reference to Fig. 3C, where uniform

flow over the grid is again assumed. The momentum equation requires that rhtvSi (for

example) be estimated. The upstream scheme estimates v6, by v6S, the upstream nodal

value. Because of the grid rotation between S and s, v6 changes significantly even

though the fluid velocity is constant. The error in the estimate of rhtv9t upsets the

momentum balance, causing pressure to be distorted. The error clearly occurs only for

advection of components of a vector quantity whose unit vector directions change spa-

tially.

Mathematically, upsfeam differencing implies that the governing differential equa-

tion for vg momentum between S and s is

The correct equation for the uniform velocity and pressure case here is

1 d

which, when integrated, yields

ve,=ves-vrM (10)

where vT is the average vT velocity between points s and S. The acceleration term,
pvrvg _

( ) in Eq. (9) thus results in the conection vTA0 in Eq. (10) to the upwind estimate
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V 200 a/i

3A

\p.Q

3B

Fig.3 Grid curvature related pressure error demonstration problem: uniform flow across
a polar grid, (3A). The UDS based prediction results in significant errors in pressure
throughout the domain (3B). Definitions of quantities needed in the estimate of ve, in a
typical control volume, (3C).
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of the advected component. Use of this type of correction in upstream schemes nearly
eliminates this pressure error.

In summary, the pressure error occurs because the 1-D advection diffusion balance
that underlies upstream schemes does not account for the accelerations that occur when
the basis vectors of the velocity components in the momentum equations change direc-
tion.
Total Presaiirp F.rror

Distinct from the previous two errors, upstream differencing of the velocity com-
ponents leads to a third type of error, characterized by errors in total pressure. This
total pressure error, unlike the previous two errors, occurs when upstream differencing is
applied in 1-D, as well as in multi-dimensions; it is not strictly a multi-dimensional effect.

Consider incompressible Euler flow through a varying area 1-D duct, as in Fig. 4A.
The exact solution dictates a constant total pressure Pt=P+V2pu2, where P is the local
pressure. When upstream differencing is applied to the advection term in the momen-
tum equation,

pu
du
dx

dP
dx

=0 (11)

the first derivative of u at control volume i is estimated by an upstream approximation.
Assuming flow from left to right Eq. (11) then becomes

du dP
dx

Taylor series analysis gives the following estimate for

=0

du
dx

(12)

in terms of values at i

dx
du
dx

Ax
dx2

(13)

such that the actual "momentum" equation solved numerically (found by substituting Eq.
(13) into Eq. (12)) is

pu
du
dx

dp
dx dx2 (14)

The non- zero right hand side of Eq. (14) represents a numerical momentum source (sink)
term implied by the use of upstream differencing ( similar to the effective numerical dif-
fusion implied by upstream differencing in the case of multi-dimensional flow). Substitut-
ing the definition of the total pressure, Pt, into Eq. (14) and integrating gives
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where APf is an estimate of the numerical (false) total pressure change between points 1
and 2, which analytically should be zero.

Consider a symmetric converging- diverging duct that results in a parabolic velocity
profile, with duct inlet area to throat area ratio R. The known parabolic velocity profile
can be substituted into Eq. (15) and the integration carried out to give

where APt = - -—= total pressure change normalized by the inlet dynamic head, and

N is the number of uniformly spaced control volumes in the duct. This total pressure
error is of very serious proportions. For a contraction- expansion of 10:1:10 (R=10),
then

To obtain an error of less than 1% in AFt would require over 50,000 control volumes!
Numerical predictions for 1-D Euler flow through a 10:1:10 converging- diverging duct
confirm the validity of Eqs. (15) and (16), as seen in Fig. 4B, plotting APt verses x, the
axial position in the duct. The estimated total pressure loss (solid line, Eq. (15)) and the
numerically observed (square symbols) total pressure loss resulting from the use of
upstream differencing are in excellent agreement for N=5, 10 and 20.

The seriousness of the pressure error has been noted by several authors. Castro [17]
observed large numerical pressure losses for flow predictions over bluff bodies. Brown
[18] encountered extreme artificial pressure losses in heat exchanger predictions and Car-
lucci [19] has pointed out the significance of this problem in condenser flows where pres-
sure levels are already low.

The total pressure error is also caused exclusively by the upstream approximation

which, for this problem, obtains the estimate «e=u, by solving ——=0 between t and
ox

i+1. The correct equation is instead
du dP

0 \x ^^^~™ ̂ ^ — ••

which predicts ue as
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0.0

A|n|t)

Aftiroal

-50.0

-100.0

N= 10,20
N=5

N=20

N=10

o UDS
> Eq. (IB)

. — Eq(l5)

I
N=5

0.0 Q2 0.4 0£ 1.0

4B

Fig.4 Total pressure error demonstration problem: 1-D flow in a symmetrical
converging- diverging duct, (4A). The estimated total pressure error (solid line) com-
pares closely to the numerically observed error (square symbols), plotted as a function of
axial distance from the duct inlet, (4B). The total pressure error is significantly reduced
when UDS is corrected for the effect of the pressure gradient, (x symbols, (4B)).

Ax
2pu

dP
dx

(18)

Using Eq. (18) to estimate the ip variable for the previously described 1-D duct (R=10)
problem results in the predictions shown in Fig. 4B (x symbols, Eq. (18)). The numerical
total pressure error is seen to be dramatically reduced. For N=10 nodes APt ^—2, com-
pared to AP^—50 for the comparable UDS based prediction. An error of less than 1%
in AP( for the same duct, using Eq. (18), requires only N=75 control volumes compared
to an estimated requirement of N=50,000 control volumes to obtain similar error levels
using UDS!

Although the above example has focused on the special case of 1-D Euler flow, the
total pressure error becomes important if upstream schemes are used whenever the pres-
sure gradient plays an important role in the local momentum balance (as is often the
case).
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Snmmary

Although previous upstream schemes yield equations which are easy to solve, and
solutions which are free from wiggles, the solution accuracy may be very poor. The
major sources of error are outlined above. Although some of the negative aspects of
upstream approximations have been recognized previously, methods of overcoming the
problems (without introducing new problems) have been slow to evolve.

The remainder of this paper outlines modifications to the upstream approximation
which largely overcomes the difficulties just described.

STRATEGY FOR TVPROVrVG ACCURACY

It was concluded that profile schemes and operator schemes often result in unac-
ceptable solution characteristics in advection dominated flows. This leaves only
upstream and skew upstream schemes as viable alternatives. The problem with
upstream schemes has been poor accuracy; the desirable characteristic has been that this
so called physical approach intuitively has the proper influence thereby avoiding the
undesirable properties of profile schemes.

The original skew scheme '13' was a first attempt at improving the accuracy of
upstream differencing while maintaining proper influence. This scheme was based on one
ip location per face, included flow direction diffusion effects only, and addressed specifi-
cally the problem of false diffusion; flow curvature related errors and total pressure
errors still remained. Lillington 20; modified the original skew scheme by including the
effect of sources in an ad- hoc fashion.

Recently, Raw [2] and Huget [3] each proposed several new skew schemes that
include the full influence of the relevant physical processes in the estimate of the
advected variable. These new skew schemes , which employ two ip locations per control
volume face (Fig. 1C), were demonstrated to provide a significant improvement in accu-
racy for a wide range of problems. Raw's schemes were demonstrated in a general non-
orthogonal framework. The problem with these schemes is the complexity and high solu-
tion costs that result.

Current efforts are being directed towards refining the full influence skew schemes
of Raw and Huget. This has lead to a new class of skew schemes that overcome all of
the accuracy problems associated with upstream differencing, that have been demon-
strated to be robust, and that are simple and economical to code and use. Two variants
of the basic full influence skew scheme, namely linear profile skew (LPS) and mass
weighting skew (MWS), are discussed next.



-329-

Fnll Inflnpnrp SICPW Schpmps

In the discussion of the errors related to upstream schemes it was concluded that
each of the problems stemmed from the implied assumption that <i>t is related to its
neighbouring nodal values via a 1-D advection- diffusion process, regardless of the actual
physical process. To obtain an accurate estimate for the value of <? a solution to the
appropriate governing transport equation is necessary. In general, therefore, the value of
(j>e should be based on some solution of Eq. (1); unlike the 1-D advection- diffusion case,
an analytic solution is no longer possible. Full influence skew schemes seek an approxi-
mate solution to Eq. (1) by approximating each of the terms as a function of the unk-
nown ip value, 4>e, and its neighbouring nodal values.

Begin by rewriting Eq. (1) for a general scalar, employing the Lagrangian form of
the advective derivative

OS

The Lagrangian form of the advective derivative suggests that the advection term can be
approximated by an upstream difference along the local streamline, involving the unk-
nown <t>t and its nodal neighbours

m
where <?" is the value of <?t upstream of the east ip location in the streamwise direction
(s) direction, Fig. 5A. Substitution of Eq. (20) into Eq. (19) gives, after simple rearrange-
ment

<fie=<i>?+&<j>? (21)

where Ad"=——(rV^-S1*). The ip value is estimated as the upstream value (here

upstream along the streamline) corrected by A<>", which includes the appropriate effects
of diffusion and sources along the flight from the upstream point to the ip location. The
values of 4>" and Ad" must be expressed as a function of the surrounding nodal values.
Estimation of if>"

i) Linear profile skew interpolation: The value of <j>" can be estimated by extending
a streai line upstream from the ip location until it crosses the nearest line joining two
nodal points. The value of <j>" is then estimated by linear interpolation between the
two nodal points. When two ip locations are used for each control volume face, Fig. 5A,
4>" is conveniently estimated from the surrounding four nodal values, forming a quadrila-
teral flux element.
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The length scale L in Eq. (20) is the length of the streamline between the upwind
intersection point and the ip location, and the velocity Ve is taken as the magnitude of
the velocity vector at e. It can be shown that the linear profile assumption for <?" results
in equations that can produce non-physical wiggles when steep gradients are encoun-
tered. However, the propensity and magnitude of these wiggles are small compared to
early skew schemes, and solution difficulties have not been encountered in either scalar
transport or fluid flow prediction. There are, however, cases where even small solution
wiggles cannot be tolerated, for example in the k—t turbulence model. In such cases an
alternative upstream interpolation, mass weighting, should be used.

Control volume
foce segment

Quodriloterol
flux element

5A 5B
Fig.5 Estimation of #* using linear profile interpolation (5A) and mass weighting inter-
polation (5B).

ii) Maw weighting interpolation: The value of o" can also be estimated using a mass
weighting upstream interpolation, first introduced by Hassan et al 21', and subsequently
by Schneider and Raw 22' for the quadrilateral flux element. Similar to the linear pro-
file interpolation, mass weighting interpolation estimates d" by extending local stream-
lines through e upstream to the flux element boundaries. Instead of assuming a linear
profile between nodes, mass weighting assumes a step profile between nodes. The mass
weighting estimate for the advected value through e for the case shown in Fig. 5D is then

e ~ma$i~m

so that

m.
(22)

Eliminating (j>, in terms of <bp and <̂ s by similar interpolation, as first suggested by
Huget [3], and bounding the mass flow ratios between 0 and 1, gives
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where

f=max(m'm(—r-, 1-0), O.Oj
mf

rhb

g=max(mln( , 1.0), 0.0)
"",

for the indicated positive directions of m,, tha and mb in Fig. SB. This mass weighted
interpolation for <?," ensures that there is no downstream nodal dependence that could
lead to a negative coefficient in the final control volume equations.

The value of &<?u, which for general transport includes the value of the Laplacian,
V3^, and any source terrru acting on o. Sc', must also be estimated. Any of several
methods of evaluating the Laplacian and the source can be used. The simplest estimate
for Jk£>'J is obtained by linear interpolation of the surrounding control volume values of
VV and S*. Based on the current estimate of the nodal values the net value of V2© can
be computed for each control volume. These values can then be simply interpolated to
the ip location. It has been found that bi-linear interpolation of T2^ values and either
bi- linear interpolation or skew interpolation of physical sources is adequate, depending
on the nature of the source.
Summary

In summary, the advectcd value of a general variable <?, is obtained by an approxi-
mate solution of the full relevant governing differential equation. This estimate for o(

reduces to its upstream value (truly upstream in the local streamwise direction)
corrected appropriately for the effects of diffusion and sources on the flight from the
upstream point to the ip location.

Because all of the effects arc included in <5V and A4>u , full influence skew
schemes do not suffer from any of the errors encountered with conventional upstream
differencing: the skew approximation to the adv^ctive derivative overcomes the false dif-
fusion problem, and inclusion of all source terms (such as acceleration terms in the curvi-
linear momentum equations and the pressure gradient) in the estimate of Atf" ensures
that errors such as the grid curvature related and total pressure loss do not occur.

It should be noted that the possibility of non- physical over- or undershoots exists
for both full influence skew schemes, LPS and MWS, due to the inclusion of Ao" in the
estimate of #c ( Eq. (21)). Extensive evaluations of LPS and MWS have demonstrated,
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however, that these schemes have a very low propensity to wiggle, and when wiggles are
observed their magnitude is small and decay rapidly. A demonstration of the typical
performance of LPS and MWS on several test problems follows.

EXAMPLES
False-Diffusion

The level of false diffusion present in LPS and MWS is seen most clearly in the clas-
sical convected step problem. The geometry and test conditions are given in Fig. 6A for
7x7 and 19x19 node uniform Cartesian grids, with the flow inclined to the grid at approx-
imately 33". It can be seen that the course grid UDS predictions suffer significant false
diffusion compared to MWS and LPS. Also note that LPS displays a mild overshoot
error. On the finer grid the UDS results are still significantly smeared, compared to the
skew results. Both MWS and LPS reproduce the exact solution closely: note the rapid
reduction in the sire of the overshoot for LPS between the two grids.
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6A 6B

Fig.6 False diffusion test problem: convected step, (6A). The step is convected at an
angle of 0 =tan~'(2/3J to the horizontal with Pe=250. The predicted profiles at x~L/2
are plotted verses y for 7x7 and 19x19 node uniform grids, using UDS, MWS and LPS
discretization, (6B).
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Total Pressure Frrnr

The total pressure error experienced by upstream schemes should not be experi-
enced by the new skew scheme: invisciei stagnation flow in a corner is an excellent test
for this error as the exact solution is known (constant total pressure). The problem
description and test conditions are given in Fig. 7A. To demonstrate the general applica-
bility of LPS, a general non- orthogonal formulation was used. Three non- orthogonal
grids were employed having 7x7, 13x13. and 25x25 nodes (e.g. 13x13 grid. Fig. 7B) such
that each grid is approximately twice as fine as the previous. The predicted velocity vec-
tors and isobars for the 13x13 grid are shown in Fig. 7C. Of more interest is a quantita-
tive comparison of the errors in the predicted solutions in Table 1. It can be seen that
even on the course 7x7 node grid the rms error in total pressure normalized by the inlet
dynamic head is less than 0.5%. Further, the calculated rate of convergence of LPS is
seen to be of order 2 for nodal u, u, and Pt values, leading to rapid reduction in error
with grid refinement (doubling the grid reduces the error by a factor of four).

7A 7B 7C

Fig.7 Total pressure conservation test problem: stagnation flow in a corner (7A). The
properties of air are used such that the flow is essentially inviscid and the potential ana-
lytic solution is valid. A typical non-orthogonal grid, 13x13 nodes, (7B), and the
corresponding predicted velocity vectors and pressure isobars, are shown in (7C).
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TABLE

Grid

7x7

13x13

25x25

1 Non-orthogonal Grid predictions

for stagnation flow,

K

3.72xlO"3

7.68x10*

1.76x10"*

Ru

...

2.3

2.1

6.86xlO~3

1.18xlO"3

2.16x10'*

compared to analytic solution

LPS

R"
...

2.5

2.4

rme

4.21xlO"3

1.06xl0"3

2.72x10~4

...

1.99

1.96

R*

= rms error in <j> normalized
by the range of i

log [e?/ef)/log {N2/Nx\

= total pressure normalized by the
dynamic head

Natural ("Vinvprhinn: Riifiyangy £r>nrri» T w m

The effect of including the general source term 5 in LPS 'is demonstrated for the
classical natural convection problem of de Val Davis [23] and detailed in Fig. 8A. Predic-
tions were obtained for Raylcigh numbers of 103, 10*, and 10 using two Cartesian grids,
11x11 and 21x21 uniformly spaced nodes. An example of the predicted streamlines and
isotherms is given in Fig. SB and 8C respectively for LPS.

A quantitative comparison of the predicted average heat transfer with the grid
independent values published by de Val Davis is given in Table 2A. The 21x21 node
results are suprisingly accurate even for Ra—105, w:»h the calculated N'usselt number in
error by only A&%. The calculated convergence rate is seen to be of order 2 for Ra=l03

and 10*, and somewhat less than 2 for Ra=105, (likely due to the fact that the 11x11
grid is too coarse to observe the asymptotic second order rate).

The coarse grid predictions were repeated with LPS modified such that the
bouyancy source term, 5', was omitted in the advected velocity estimate. As seen in
Table 2B, this has a profound effect on the accuracy of the solution, with the calculated
Nusselt number in error by 29%, compared to an error of only 10% for the regular LPS
prediction, for Ra=10J. This confirms the understanding that all relevant physical
processes must be included in the estimation of A<i>".
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8A

Fig.8 Natural convection test problem: natural convection in a differentially heated
square cavity, (8A). The predicted streamlines (8B) and isotherms (8C) for fta=105 for
3T are shown for the LPS scheme using 21x21 uniformly spaced nodes.

TABLE 2A Comparison of predicted verses exact 23; values

of Nu for natural convection in a square tank

using the linear profile skew scheme.

Ra

I03

104

10s

grid

11x11

21x21

11x11

21x21

11x11

21x21

Nu

1.100

1.113

2.100

2.204

4.021

4.292

Nu"art

1.117

1.117

2.238

2.238

4.509

4.509

% error

1.51

0.37

6.14

1.52

10.8

4.79

Rate

2.04

2.02

1.2
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TABLE 2B Comparison of predicted Nusselt number to exact values using

regular LPS scheme and modified LPS s

S" has been omitted, (11x11) grid.

Ra

103

10*

10s

Nu"ort

1.117

2.238

4.509

Nu^ 5

1.100

2.101

4.021

% error

1.5

6.1

10.8

scheme {LPS'), where

Nil"*"

1.087

1.971

3.251

% error

2.6

11.9

27.9

Flow in a Coraplp* fipomptry

As a final example of the new skew schemes, a complex flow on a complex highly
non-orthogonal grid is presented, more for a qualitative demonstration than for a quanti-
tative evaluation of accuracy. The problem geometry and description, Fig. 9A, are of a
half cylinder having a smal' 'nlet nozzle on the circumference 15° below the horizontal
and having an outlet region at the bottom of the cylinder. Symmetry is assumed along
the half plane line. The predicted isothermal flow for the 15x15 node grid of Fig. 9A,
with inlet Reynolds number of 250, is shown in Fig. 9B.

When heat sources are added in the region r<R/2 such that Ar = —^-=1/6, Fig.
Re"

9C, the heated fluid in the central region of the domain deflects the inlet jet resulting in
a large region of stagnant flow in the upper half of the cylinder with maximum tempera-
ture at the top of the domain.

The flexibility of the non-orthogonal formulation in conjunction with the new skew
schemes allow accurate solutions to be obtained on relatively course grids. The non-
orthogonal capability allows the grid to be concentrated where needed (e.g. near the inlet
nozzle) and avoids areas of 'wasted' grid as would be encountered near the origin of a
polar grid in the same domain.
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9B 9C

Fig.9 Combined forced/free convection test problem. Fluid enters the half cylinder via
an inlet nozzle tangent to the cylinder wall and exits at the bottom, (9A). The isother-
mal predicted streamlines and velocity vectors (9B) using the 13x13 node grid in Fig.9A
are compared to the non- isothermal case (9C), where Ar=——=1/6.

Rez

SUMMARY

Accurate numerical prediction of advection dominated processes is a serious prob-
lem. Several classes of advection schemes exist but none are fully satisfactory.
Upstream differencing schemes are robust, having the physically correct influence, but
are not sufficiently accurate for many cases. A strategy for improving the accuracy of
upstream schemes is presented based on the skew upstream approach. Two new skew
schemes, linear profile skew and mass weighting skew, predict advection by accounting
for all relevant physical processes and avoid or greatly reduce the errors associated with
traditional upstream based schemes. The schemes apply equally to all formulations from
Cartesian to general non- orthogonal.

The future of linear profile skew appears very optimistic. It will hopefully form the
basis of a robust and accurate computational fluid dynamics capability that can provide
practical predictions to real engineering problems.
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THE DRIFT FLUX MODEL IN THE ASSERT SUBCHANNEL CODE

M.B. Carver, Ft. A. J jdd , J .C . Ki te ley and A. Tahir
Thermalhydraj l ics Development Branch

Atomic Energy of Canada Limited
Chalk River W.jolenr Labora tor ies

ABSTRACT

The ASSERT subchannel code has been developed spec i f i c a l l y to model flow
and phase d i s t r i b u t i o n s within CANDU fuel bundles. ASSERT uses a d r i f t - f l u x
model which permits the phases to have unequal v e l o c i t i e s , and can thus model
phase separat ion tendencies which may occur in horizontal flow. The basic
pr inc ip les of ASSERT are ou t l ined , and computed r e s u l t s are compared against
data from various experiments for va l ida t ion purposes. The paper conclJdes
with an example of the use of the code to predict c r i t i c a l heat f l jx in CANDU
geometries.

1. INTRODUCTION

As a nuclear reac tor system r e l i e s e n t i r e l y on f lu id c i r c u i t s for energy
t r a n s p o r t , mathematical modelling of thermalhydraulic phenomena plays an
important ro le in reac tor design and development, and methods of improving
the accuracy and eff iciency of thermalhydraulic computations are sought
con t inua l ly . In a CANDU reactor for example, the f lu id behaviour may be
adequately described by one-dimensional (c ross - sec t iona l averaged) models
throughout most of the piping network. However in the reac to r fuel channel,
flow must d i s t r i b u t e i t s e l f amongst the i n t r i c a t e flow passages of the fuel
bundle. One-dimensional ana lys i s i s adequate here to simulate overa l l or
bulk energy t r a n s f e r , but multi-dimensional ana lys is i s necessary to model
de ta i l ed local d i s t r i b u t i o n of flows and temperatures ins ide t h i s complex
geometry. In p a r t i c u l a r , the conventional method of predic t ing c r i t i c a l heat
flux (CHF) for na tura l uranium fuel led CANDU bundles i s by applying a CHF
cor re l a t i on based on one dimensional (cross sec t iona l averaged) flow
parameters. Such co r re l a t ions are derived from curve f i t s to CHF data
measured In experiments designed to c losely simulate the geometry and heat
flux d i s t r i b u t i o n in CANDU bundles. These co r r e l a t i ons are adequate to
predic t behaviour of current r e a c t o r s , but would not be appl icable t o any
future designs tha t have rad ica l changes in r ad i a l flux d i s t r i b u t i o n or
geometry, as such changes may s i g n i f i c a n t l y a l t e r the d i s t r i b u t i o n of flow
within the fuel bundle. These var ia t ions can be assessed only by another

This work was p a r t i a l l y funded under the Atomic Energy of Canada/CANDU
Owners Group COG Program
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experiment or by in t rod jc lng a nul t i -dimensional flow ca lcu la t ion , for
example in a subchannel code. In sjcn a code, local flow and void
d is t r ibu t ions are calculated w i th in the indiv idual 'subchannels' or passages
between fuel rods, and n lo<"al CHF corre la t ion is then applied to each
subchannel to assess when these local conditions w i l l generate CHF.

The ASSERT subchannel code [ 1 ] has been developed to address the computation
of flow and phase d i s t r i bu t i on w i th in the subchannels of CANDU bundles which
are hor izon ta l . Unlike conventional subchannel codes such as COBRA [ 2 ] ,
which are designed pr imar i ly to model flow i n ve r t i ca l fuel bundles, and use
a homogeneous mixture model of two phase f low, ASSERT uses a d r i f t - f l u x model
which permits the phases to have unequal ve loc i t ies and includes grav i ty
terms which make i t possible to phase separation tendencies which may occur
in hor izontal f low.

The development of ASSERT ha3 included va l ida t ion by comparison of computed
resu l ts to data from a number of experiments involv ing two phase flow in
hor izonta l channels [33 and ve r t i ca l bundles [ 4 , 5 ] . Recently ASSERT
predict ions of CHF have also been compared to the U1 hor izonta l 37-rod bundle
experiments.

2. THERMALHYDRAULIC MODEL

The thermalhydraulic model equations used i n ASSERT-4 (Version 1)
are derived from the two- f lu id formulat ion. The two - f l u i d equations are
combined to obtain the ASSERT model equations. The t ranspor t ive form is
obtained from the conservative form merely by subtract ing the Iden t i t y
expressed by the mass equations. ASSERT has options to solve e i ther the two
f l u i d d r i f t - f l u x model or the homogeneous mixture equations.

2.1 Conservation Equations

Mixture mass (conservative form)

| f • $ • (pV) = 0 (1)

where p = (ap) + ( a p ) . = a*p • a p

(pV) = (apV) * (apV)f = pV

Mixture momentum (conservative form)

l i p - + $ . (pvv + a v v j + VP = - F U * pg

Mixture energy (transportive form)

p _ + pV • vh • v • ( S ( h g _ h f ) V p ) =
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a*" - 5 • ((aq") • (aq"),./ (3)
W g I

Phasic energy ( t ransport ive form)

- l iquid

(op) f —• * (apV)f • ?h f = q ^ f - tf •(aq")* • q[f CO

- vapour

ah

where a • a_ = 1
g »

• - denotes variables that must be defined by s t a t e r e l a t ionsh ips , and
t - denotes variables that must be defined by cons t i tu t ive re la t ionsh ips

2.2 Subchannel Equations

ASSERT uses the subchannel approach jsed in the development of the
C0BRA-IV[2] computer code. Subchannels are defined as the flow areas between
rods, bounded by the rods themselves and imaginary l ines l inking adjacent rod
cent res . Subchannels are divided ax ia l ly into a number of control volumes
which communicate ax i a l ly with neighbours in the same subchannel and
l a t e r a l l y across f i c t i t i o u s boundaries (gaps) with control volumes in
neighboring subchannels. The re la t ionship between the reactor core, a fuel
channel and the def ini t ion of par t icu lar subchannels i s given in Figure 1.

The development of f i n i t e difference analogs to express the equations of
Table 1 with respect to subchannel control volumes follows the approach used
in COBRA, but unlike COBRA, the transverse gravity terms are re ta ined , making
i t possible to use ASSERT-4 to model the effect of gravity on horizontal
two-phase flows even if the homogeneous option i s used. Spatial differenced
versions of the model equations are derived by applying the conservation
equations to a representat ive control volume taken from subchannel i(k) which
shares gap k with an adjacent control volume in subchannel j ( k ) between axia l
nodes j - 1 and j . Detai ls are given in the u s e r ' s manual [ 1 ] ,

2.3 Closure Relationships

The required closure relationships, as indicated above, are the
equations of state and constitutive relationships relating relative velocity,
fluid friction, wall heat transfer, lnterfacial heat transfer and thermal
mixing to primary variables, phasic flow velocities, densities, enthalpies
and pressure.

The relative velocity is the heart of the successful application of the
ASSERT model to horizontal bundles and channels. It comprises several effects
including:



i ) relative velocity &y to cross section averaging
i i ) local relative velocity due to gravity separation

i i i ) tjrbulent diffusion of veld, both between neighboring
channels and towards a preferred phase distribution
patterns

The vapour phase velocity V is therefore considered to depart from the
mixture voljmetric f lux, j , g d je to these effects which are incorporated using
respectively the Zuber-Findl.iy distribution parameter Ce, and d r i f t velocity
V . [6] ar.d diffusion ter;n [ 7 j .
SJ

v = Coj * V . - - § - A.. ( i - 30) (6)
g gj ai ij

Noting that

j = aV - (1 - a) Vf (7)

and

<? - if - V rr g f

yields the expression for relat ive velocity reqj ired in equation 2.

Vr = [(Cc - l ) j * V - - j L - A ^ (a- a , ) ] / n - a) (8)

In the axial mojr.ontxrj r-qu^tion only the f i r s t two terms in (8) are considered
important. However in th<- lateral n.ur^nt.jm <=-qjation, according to the j s ja l
practice in subchannel analysis, turb j jcnt d i f f j s lon is considered dominant,
and only the last two term.1; are jaed, as Co is also taken as unity.

U = f Co - i ) i • J . (axi -il re la t ive veloci ty) (9)

V = v - (e./nl) A (u - a,;) (lateral relative velocity) (10)

The dr i f t velocity of the babbles, v . , is expressed in terns of
terminal bubble riso velocity, V^, an folfiwr;

v =• a(1 - a)nV cos *, (11)
gj "

where n may vary from zero to 3. V^ is the terminal rise velocity which can
be expressed as

(P f - P ) k '
v . - k,t ^ r - 5 - oggc ] cos « (12)

where $ is the direction anglf of th" connccrion between subchannels. This
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The void diffusion term, includes the latter two effects, the turbulent
diffusion of void fraction and the diffusion toward a nonuniforin void. The
parameter a is an equilibrium void fraction included to account for
experimentally observed tendency of void to migrate toward larger subchannels
and is defined following Lahey [7 ] . The diffusion equation is expressed, as
in the ca3e of single-phase, in terms of the Peclet number e /VD, from the
work reported by Rudzinski [8] fcr void ranging between 0.30 and 0.6,

c /VD - C (a/0.6) , C = 0.07^ (13)

The eqjations 9-12 have a number of free parameters, for which constant
values were used In earlier work with ASSERT [31. fiecently, howowr,
relationships proposed by Ohkawa and Lahey [9] have been incorporated. Th^se
give compatible definitions of U . and Co in terms of characteristic-
properties of two-phase flew. TnV- parameters n, k,, k2 and Co arc thus
varied appropriately with void fraction and the rat io of phase densities,
thus extending the applicable range of the d r i f t flux model. These
relationships produced satisfactory results over a range of conditions except
at high void fractions. I t is clear from equation 8 that the relative
velocity w i l l become Inf ini te us a approaches unity, and In fact wĥ n tho
Ohkawa-Lahey relationships are u.3f?d to define Co and I) . , equation 8 became
indeterminate (0/0). A smoothing factor compatible wlfA the Onkawa-Laney
equations wa;j Introduced to ensure correct asymptotic behaviour. Th*
resulting equations are summarized In [1] ,

2.3 Solution Procedure

The numerical solution ovor thr- bundle cross section at <=-ach axial
position 13 spl i t into two p=irt3. The f i r s t pqrt 30lves the energy and state
equations, using H block iterative rnethod to calculate the mixture and phasic
enthalpies for al l subchannels, where current flow estimates are used as
parameters. Once the energy equation solution inner iteration converges, the
second part calculates the flows and pressure gradients at that axial
position. This Is done by the direct matrix solution of the crossflow
equations from which I t is possible to calculate .ixial flows and pressure
gradients. Both parts are repeated once to ensure a higher level of
convergence of both e-nergy and flow solutions prior to moving to the next
axial position. Tho channel is njcr-essivt-Jy swept from the Inlet to the
exi t . This outer iteration continufs unti l convergence Is achieved or until
an iteration l imit Is reached. Successful completion would yield a ateady-
state solution or one time-3tep of a transient solution.

The ASSERT code can be run with either flow, or headfr-to-header
pressure drop specified and haa boon written in a piano by plane solution
node which eliminates any restrict ion on tho number of axla] nodes used.

2.1* CHK Methodology In ASSERT

Tne probability of making '« njcw;3sful prediction of I O M I CHF obviously
is a direct function of the success of predicting local flow .ind phase
distribution. In ASSERT, the CHF prediction is performer) subsequent to
calculation of flow distribution.



-345-

Whalley e t al [10] developed a model to ca lcu la te CHF for ve r t i ca l
annular jpflcw in round tubes . The method i s based on the assumption tha t
the flow regisze Is annular . The essen t ia l features of annular flow are tha t
the gas t r ave l3 in tJ"> centre of the channel, a l iqu id film t r a v e l s on the
channel walls and l iqu id drops arc- carried along with the gas flow. The
cont inui ty equation for the film flow in the l i qu id annul us i s wri t ten in
terms of evaporation, entrainrcent and deposi t ion, and soived for the dryout
poin t , at which film thickness i s e f fec t ive ly zero . In ASSERT the equation
Is solved for each subchannel to predict the rod, subchannel and ax ia l
locat ion where dry-o j t occurs .

3. VALISATIO,*; STUDIES

The ea r ly part of ASSERT development concentrated on the development of
a s u i t a b l e thermalhydraj! ic model [3J and then on va l ida t ion , which, of
course , involves continuous development.

3.1 Comparison with Air/Water Twin Channel Experiments

The work of Tapucu on exchange of a i r -water mixtures flowing in two
p a r a l l e l square coranjnleating channels was used fcr i n i t i a l t e s t i n g of the
ASSERT code. Detoi is of thp.oe experiments and the experimental technique are
reported in reference [11] channel di.Tjencicns are given in Figure 2. The
experiments were run =at the saiK- i n i t i a l nominal mass flux of 3060 kg m- 2 s - '
in both subchannels but fcr d i f ferent i r i t l a l voids and d i f ferent
or l&nta t i cns . The key parameters frr*r..i,jre, void f r ac t i ons , and l iqu id and
gap flow ra t^s In both channels along ! ho in terconnect ion, were measured a t
several axial l oca t i ons .

Until r ecen t ly , <:odft comparisons with tr^3« experiments had concentrated
on modelling void f ract ion in pa r t i cu la r '.ytsf.-s, I'i) and en exhib i t ing correc t
q a a l l t a t i v o trsnd.3. A sa f f I c i en t ly fr^r.^ral ircdel, however, should be able to
reproduce t rends quan t i t a t ive ly thrr-jRhout th<-- r-rt^r^ spectr'jm of experimental
condi t ions . This i s not an u n r e a l i s t i c dewund In t h i s case- as the data base
and rang*? of parzW.era -'.re quite- l imi t ed . Th" current research has niodelled
both void f rac t ion and masu flux for the e n t i r e rrange nf 17 experiments.

In the ver t i ca l o r i e n t a t i o n , only two ir,ec"nan! sms are a c t i v e , the
divers ion cross flow ;nd the turbulent nxchnnp/'. The experiments are well
documented and good a^ref-m^nt wilh xoin-red presnur" drops vns f i r s t obtained
by a single-pha.io f r . j t i o n factor --snd Armand two-ph<iae m u l t i p l i e r . Together
with a good es t imate of form l o s s , these closely dt'terminr> the pressure
driven diversion cross flow. Pressure driven cross flow induces a co-current
flow of a i r and water to flow from Vr.e hi<rvr p r o c u r e channel. In the
experiments, presr. jre Is quickly f^i-iliZfA in th" s l o t , but the high void
channel requires a higher i n i t i a l pressure to overcome the two-phase pressure
drop. A typica l prcos-ur^ p ro f i l e i s shown in Fi^.r-e 3, along with computed
pressures . The i n i t i a l tendency !r. th" ver t ica l experiments i s therefore for
the rec ip ien t or low void channel to ~<:r; air ;m<i writer from the donor.
However, when the void f ract ion Jn the dcinnr i s nigh, the tendency towards
turbulent exchange lncrc-acor.. This r<-r,.il+:; in ;-.c-i-- counter-current flow in
which some l iqu id re turns from the r^fipJcn'.. to the donor and i s replaced by
a i r . This tendency i s rendily :.if.vji-r <•<! ty the diffusion model, increased
diffusion augments thr tendency towards counter-current exchange.
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Typie'il results showing void frv.ction ina mass f lux prof i les are (riven in
Figure i). Note that in the ".-old fract ion prof i les , donor void f r / . ' t i on
i n i t i a l l y increases somewhat, althojgri air transfer is taking p l a c to the
receiver. Thi3 is typical of trio <-zp<>rIrr.̂ nt.3 .-rid is due to the fact that at
the low experimental pressures (ncxinally 0.1s? Wl'm2) the air expands
signi f icant ly as i t descends the pressure gradient.

In the horizontal or ientat ion, cross flew is row driven by c;r = v i ty as
well as pre.j.; jre rind di f fusion. In simulating the experiments i t wis
postulated that althojgh the internal distr ibutions would be Ji f forrr . t frcn
the vert ical case, tne turbulent <"xchang<-' would bo cf the Sine nigr i tude.
Attention was therefore turned to trio formulation of the relat ive velocity
due to gravity.

Two orientations were examined in the experiments, with the dnn.->r t.r

r dhigh, void fract ion channel above and below the recipient, denoted by Ĥ  ar
R r

HL respectively. In the former case, gravity d r i f t does not
and diversion cross flow and turbulent exchange dominate. Ir, th« l i t t e r
gravity d r i f t is s igni f icant , but the i n i t i a l Interchange is a pressure
driven diversion crosa flow during which both air and water flew from tn>"
donor into the recipient above, f.vt-nt uall y gravity forces ter.d to tx-'jorrx-
dominant and counter-current lateral flew is 3et up.

Figures 'j jr.ri 6 show ?ypi^>j 'v>ir;r»'irisons for th'- Mori 3̂ r,J j l CTSI- Hi - '

and i ts icver.-ir- Hp-1. This pirtj<-u3 ir p-sir of cxperir.er.ts was chosen l - / ^ j r .

Of tfto interesting bohaviour of TI ::;.?, f lux . This r l early i l lus t ra tes trnt th
i n i t i a l tendency tow.'ird:» pr^s.'sjn dcivTi fo-<:jrrent '.•K'.-fiango is evcnljal ly
overcome ky gravity driver/ eojrct<•-'•-<;jrrent /'jf-hange. Further detai ls of the

are given in f3 ] and [12] .

Similar experiments hmv- r'-cerjtly b«?on fomp!<"•*.»?d by Tapucu [1?] in which
the channols were fabri r:,-jted tn .i form which rjiinul jton the snipe nf
neighbouring subchannels ! rj a rod bundle as shown in Figure 7. In th is case,
the channels ucrc: run in f ive orientations, vert ical and both horizontal
positions mentioned above, pl-js horizontal equal elevation and inclined
positions. Al l 2U of those experiments were simulated using ASSERT, but only
representative eases are? shown here.

Computed ind oxper3mental results are r.hown for two reciprocal cases ir.
Figures 8 and 9. Agnin the cross-over tendency is apparent in the mass f lux
prof i le and is simulated quite well by the program. Full details of the
comparisons are given \n [1?].

3.2. Comparison with Experiments In Vert ical Bundles

Tne f i r s t bundle experiments js«?d for validation uere conducted by Bosio
and Irnset using a vert ical 3even rod bundle [T ) ] . The bundle consisted of
one e lec t r ica l ly heated 3.6 m long centre-rod with a uniform axial power and
six unheated peripheral rods, Figure 10. Simultaneous measurements of
subchannel void fractions w.re performed in the shaded r.onea of Figure 10 by
means of an impedance probe at thr»-e axial levels. The average void in the
subchannels was calculated by integrating the local values. Measurements
wore obtained at the various nsr.'? fluxes around 1500 k£ m-'s-1, 16 and 30
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bars pressjre and about 5°C inlet subeoding.

Both ASSERT and COBHA-IV were .jsed to simulate the complete repertoire
of six experiments, without tuning to f i t any particular experiment. ASSERT
successfully simulates the experiments, and the difference between the ASSERT
predictions and the experimental results averages less than 10? as typical ly
shown in Figure 10. Further comparisons are discusses in £*)].

The experiments used in a second validation exercise were conducted by
Dylond *?t a l . Two bundles were '°sted, ~ne with 6 rods and one with 36*1
rods 115], both were uniformly heated with rods of 13.8 mm outer diameter and
U.i* m heated length. In the 36*1 bundle, an unheated centre rod of 20 mm
diameter was used. The void was measured with a multi-beam gamma ray
densltometer. By manipulating the beam IJI the- radial direction i t was
possible to measure the void in different zones of the bundle. The 36+1
bundle was divided in three zones as shown In Figure 11. The measurements
were taken at several axial locations ir. the bundles. Mass f lux was again
about 1000 kg m s , pressure 53 bare, subcooling varied from 1° to 20°C.

For the 36*1 rod bundle the scatter in the measurements of zones 1
and 2, were too large for meaningful comparison; the measurement in the
remaining zones are quite consistent as 3hown in Figure 11. Here the
comparisons reported are only bundle average, and zones 3 and U because of
the lower scatter In the experimental results.

Typical ASSERT and C08HA-IV predictions are shown in Figure 11, and are
In good agreement with experimental results. In none of the cases, did the
COBRA or ASSKRT predictions show unreasonable discrepancies. Comparisons for
a l l the experiments are given in reference [ 5 ] .

3.3 Validation for CAJJDU 37 Hod Bundle Geometries

A series of experiments, sponsored by the Atomic Energy of Canada -
Ontario Hydro CAMDEV co-operative agreement, have been completed in th« Chalk
River Nuclear Laboratories til experimental f a c i l i t y to measure c r i t i ca l heat
flux (CHF) In a f u l l size h m horizontal channel containing an electr ical ly
heated simulated str ing of CMJDU 37 rod fuel bundles [16]. The set of
experiments used for the comparisons also had a non-uniform exit biased
cosine axial heat flux prof i le . The bundles were tested in the UT loop which
supplied l ight water coolant -it flows, temperatures and pressures covering
the range of interest to CANDU operation and subject to the following l imi ts :
pressure 13-9 V?a, power 12.?r> MW and flow 17.0 kg/s. Tests were completed
at four nominal pressure levels, 6 nominal flows and seven nominal values of
in let subcooling, and results included pressure, temperature, and conditions
corresponding to the f i r s t detectable occurence of CHF on the available
instruments, a3 evidenced by a surface temperature r ise of at least 2°C
associated with a small increment In electr ical power to the bundle. The
instruments used to measure rod temperatures Included both resistance
temperature devices (RTD) and sl id ing thermocouples.



3.3.1 Prediction of Flow ^istri r^jtior:

Symxetry is used to -i.1v.3nt ••?£'• in modelling the bundle in ,.oSERT, and red
and subchannel numbers are given in Figure 12. The axial layout included
end-plates and 3pacer planes. The first task is to check that flow
distribution is calculated adequately. Unfortjnately, there are no detailed
experimental data which can be <j3«:-d directly to check distribution. The
overall pressure drop is one criterion which can be used, and equally
important, the overall pressure profile can be used to check single and
two-phase pressure drop calculations and the onset of local boiling.

Pressure Profile Predictions

A typical comparison of /.3SHRT -ind measured pressure profiles is given
for a typical case In Figure 13, the pressure drop profile is in gocd
agreement with the experimental rceasurements. The point of change in slope
of the preasjre drop profile frorc a linear to non-linear relationship with
axial position, indicates axial location of the onset of significant void in
the bundle.

This additional validation of th< A33EHT re:: jl ts is important., as the
on3et of void occurs oignificaritly upstream of the point at which bjlk
boiling would be comput'.-d to coianenef- on a cross sectional average b^sis. In
one dimensional "alctlations this effect is usually acojnted for by
incorporating a subcooled boiling correlation, but 'nay, in fact, be primarily
due to the onset of boiling in the hotter subchannels. The fact that ASSERT
predicts the .ipparent location of this point suggests that calculation of
flow distribution within the sjbchmnols is adequate.

Figure 1Ji also shows predictions of bjndle average void and the void in
subchannels 1 and 10. Figure 1? shows that thT3e are equivalent subchannels
at the bottom and top of the bundle respectively. The void in the jpper
channel Is predicted to be signiftcnnlly higher in all rases. Comparisons
with the experimental voids w- not possible as void wa3 not measured.

Rod Temperature- Predictions

A further means of checking the calculation of flew distribution is to
calcjlate rod temperatures in AS3KHT. This has been done for several
repreaentative experiments. The fuel model In ASSERT does not address
electrical heaters, so the surface temperature of a rod 3ectior. was
calculated from the predicted fljid conditions in the subchannel facing the
appropriate thermocouple using boiling heat transfer correlations.

Comparisons between rod temperatures computed by ASSERT and the
thermocouple measjrc-ment3 arc given for two representative situations in
Figure 11. The onset of nucleate boiling is shown clearly by the change in
slope of the temperature curve and the predictions agree well with the
experiment. Furthermore two interesting observations can be made. For the
subchannels Inside the bundle i t is clear that bojyancy effects are
significant, a3 the upper sjbchanr-el of any geometrically similar pair
reaches Incipient belling ahead of the lower one, as shown in Figure 1^.
However, in the outer subchannels this bouyancy effect is overridden by the
stronger effect of eccentricity. The lower outer subchannels are smaller in
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size than the upper ones, this makes the volumetric heat input higher and
causes them to boil first also shown in Figure 14. Further details are given
in [17].

3.3.2 Critical Heat Plux Predictions

Having established that ASSERT adequately reproduces the measured
press-ore and temperature profiles, the next task is to compare CHF
predictions.

Because of the non-uniform heat flux distribution, CHF occurs upstream
of the end of the bundle, and not at the exit as in the case of uniform heat
flux distribution. In this comparison, the total power was increased until
the code predicted CHF somewhere in the bundle. Since the predicted location
of CHF in the bundle is not necessarily that observed in the experiment, the
heat flux is further increased until the predicted CHF location is at the
same axial position a,s that observed ir. the experiment. The values of heat
flux which first give rise to a computed CHF in the bundle will be referred
to as First CHF predictions. Heat flux values which induce CHF at the same
locations as the experiments were be referred to as Experimental CHF
predictions.

In assessing these comparisons i t is also important to realize that the
experimental data Is not absolute but has an associated RMS error. As
discussed in Reference [16], the CHF experimental RMS error is about 5% for
a tube. CHF measurements in bundle having non-uniform axial heat flux
profile is more complicated than that of the tube experiments so an RMS error
greater than 5% is probable. The First CHF predictions using the Wialley
model in ASSERT are given In Figure 15 for 1 ii experimental cases chosen to
cover the range of variables.

In all cases, ASSERT predicts CHF to occur f irst in the top rod, number
19, of the outer ring in the bjndle, subchannel 10. This was also observed
experimentally for low flow cases, while for the rest of the cases, CHF
occurs In the top roc), nmber 37, in second ring. In all cases, ASSERT
predicts CHF will occur in this second subchannel ring (subchannels 12 & 13)
with a slight increase in power. As discussed previously, these computations
represent a f irst application of ASSERT to CHF prediction, and i t is clear
that the results are reasonable.

More recent work with ASSERT has been directed towards improving the CHF
methodology, and extending the ASSERT CHF repertoire, in particular to
include the CHF table method [18]. These extensions are described in [19],
and extensive comparisons have been made with CHF data for a number of
different experiments in horizontal rod bundles. A detailed report on these
comparisons is in press. Comparisons of ASSERT predictions to CHF
experiments In a horizontal 28 rod bundle have been completed by Ontario
Hydro, [20].
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COHCLUSIONS

The f i r s t phase of the ASSERT advanced subchannel code development has
been completed, i l l u s t r a t i n g tha t the code i s capable of computing flew and
phase d i s t r i b u t i o n e f fec t s in hor izonta l channels and fuel bundles . In the
U1 experiment , t he r e were no d i r e c t measurements of flow d i s t r i b u t i o n , so
i n d i r e c t i nd i ca t i ons of d i s t r i b u t i o n were used for comparison. The cod<= W3S
a b l e t o match pressure p r o f i l e s and r-oJ temperatures qui te c lo se ly . F i n a l l y ,
a f i r s t attempt to computing local OHF was made, and the r e s u l t s were
encouraging.
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GRAVITY

FIGURE 12: Subchannel and Hod Humbering in ASSERT for a
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COMPARISON OP ASSERT-4 CdF PREDICTIONS
WITH MEASUREMENTS

IH 28-eLBMEMT SIMULATED FUEI. STRING

J.K. SzymansKi, G. Nurnoerg* and W.I. Midvidy

Ontario Hydro
700 Oniversity Avenue, Toronto, Ontario M5G 1X6

ABSTRACT

Tne subchannel analysis code ASSERT-4 was used to model CriF experiments
with a 28-element simulated fuel string carried out oy Ontario Hydro at
Columbia Oniversity. ASSERT was run with eleven CHF test conditions to
determine dryout power using each of the five CHF models availaole in tne
code. Tne location of f irst dryout and the spreading of dryout with
increasing power were also investigated.

Tne five CHP models used in ASSERT are tne tfnalley mechanistic model;
W-3, Bowring and Biasi correlations; and table lookup. Of these,
implementation in ASSERT-4 of the Biasi correlation gives tne most
accurate dryout power predictions. Predictions using the tacle lookup
method and the Whalley model are almost equally good, wnile those using
the W-3 correlation and, especially, tne Bowring correlation are inferior.

In predicting dryout spreading patterns, use of the Whalley model comes
tne closest to adequately identifying tne actual dryout location.

* McMaster University student
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1.0 INTRODUCTION

An experiment to assess the Critical Heat Flux (CHF) performance and
pressure drop cnaracteristics of 28-element CANOU fuel was carried out at
Columbia University in 1984 [1], The primary oojective of the test
program was to oring tne 28-element fuel CHF data oase up to current
standards. This was achieved Dy using a full scale, horizontal channel
assemoly with neater elements simulating tne nonuniform axial and radial
heat flux distrioutions encountered in reactor fuel cnannels, and oy
performing tne test runs at conditions representative of normal and
aonormal operating situations. Tne simulated fuel string was
instrumented so as to allow tne detection of tne first occurrence of
dryout with high accuracy.

This information is very useful in assessing tne performance of
subchannel analysis codes which attempt to predict details of cnannel
flow sacti as the appearance of dryout areas on fuel element surfaces.
Tnis paper presents preliminary results of an effort to use tne new
23-element fuel CHP data oase to verify CD? predictions oy ASS2RT-4, an
advanced sudcnannel analysis code* 12]. Eleven CHF test runs covering a
wide range of parameters were selected. Simulations ware carried out to
determine power multiplication factors (PMF) for first dryout using eacn
of tl.e five CHP models available in the code. Tne power multiplication
factor is defined as the ratio of dryout power predicted oy tne code to
dryout power measured in the experiment.

Tne location of first dryout and tne spreading of dryout witn increasing
power were also investigated.

This work contributes to the ASSSRT validation effort that has seen
carried out systematically and exnaustively at CRtJL as a part of tne code
development process which is still underway. The results presented here
were obtained using the version of the code available in the fall of
1935, and are subject to revision with any significant modifications to
tne code.

2.0 BXPERI1SMTAL DATA

2.1 28-Element Simulated Puel String

The simulated fuel string was designed to model as closely as possible a
sequence of 12 bundles of Picketing fuel (Figure 1). Tne string consists
of 28 directly heated elements having a heated length of 6 m and
simulated bundle junctions every 0.5 m. Tne bundle junctions are about
15 mm in length and their geometry is close to tnat of the unheated
portions of a reactor fuel string when tne bundles are positioned end to
end and fully aligned.

ASSERT-4 has been developed at AECL Chalk River Nuclear Laooratories
with funding provided oy CANDU Owners Group.
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Tne test section is mounted in a horizontal attitude and tne neater
assemoly i s constrained to rest by spacer springs with the bearing pads
contacting tne bottom of tne ceramic flow tube.

The test assembly has a radial flux profile of 1.10/0.90/0.78 where the
numbers represent the ratio of the actual rod power to tne average rod
power for the external, intermediate and internal ring of rods,
respectively. The axial neat flux distribution, relative to tne average
heat flux, varies from 0.3 at the ends to 1.3 at the centre, as shown in
Pigure 2. Figure 2 presents also the numbering system for rods and
"bundles* in the test assemoly.

The test assembly is instrumented with 134 ungrounded, sr.eath,
chrome1/alumel Type K thermocouples. The thermocouples are positioned in
sliding assemblies that can be moved axially over almost tne entire
length of the elements, and can be rotated 360° at any axial location.
A drive mechanism is used to automatically position the thermocouples at
desired locations.

2.2 Test Loop

Tne tests were conducted at the Heat Transfer Research Facility of
Columbia University. A schematic diagram of the test loop i s presented
in Pigure 3. Plow of deionized, deaerated, light water i s driven around
tne closed loop by two 100 tip centrifugal pumps, each capable of
delivering 33 kg/sec against a head of 168 m of water. Shell and tuoe
type heat exchangers having a total heat transfer area of 46 m2 are
included in the loop to provide the required subcooling at the test
station inlet.

Loop pressure i s controlled oy an air operated make-up pump and a back
pressure regulator. lest section outlet pressure is measured with a
precision Bourdon tube gauge. Test section inlet flows are adjusted oy a
10 cm valve and measured simultaneously by a Venturi type flow meter and
a turoine flow meter. Pressure drops across tne test section are
measured witn Mecian hign pressure differential pressure manometers, and
differential pressure transducers. There are fourteen pressure tap noles
drilled at selected points along the flow tube to monitor the pressure
losses.

Water temperature measurements at both tne inlet and outlet to the test
section are made both by calibrated RTD's and bridges, and calibrated
iron/constantan Type J tnermocouples.

Tne loop includes a DC power supply capable of producing approximately
10 MW at 2 30 volts. Power i s measured oy means of voltage and current
readings.
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All the 48 tuns wore j i nu l a t e l using ASSERT.
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3.0 MODELLING THE EXPERIMENTS WITH ASSERT-4

3 .1 Modal iza t ion

The geometry of the test section is symmetric witn respect to the
vertical midplane and therefore only one naif of the cross-section is
modelled. The subchannel layout is shown in Figure 4. Tnis layout
reflects one of tne characteristic features of the 28-element bundle
design, namely the presence of some very small, tight flow "corridors"
(subchannels 8, 10, 12 and 14) which are, in addition, partially blocked
off by the end plates (see Figure 1) and are surrounded oy much larger
and relatively ur-?jstructed spaces. This makes tne 28-element oundle a
difficult case from the computational point of view, and in fact has led
to some convergence problems with early versions of ASSERT. The current
version of the code is able to handle this case without difficulty.

In the axial direction, the fuel string is divided into 24 nodes of equal
length, each representing one half of a bundle.

3.2 Pressure Drop Coefficients

Form loss coefficients for flow obstructions, i.e., bearing pads,
inter-element spacers and end plates were calculated using Renme's
method [3] which assumes that tne relative plugging of the subchannel is
the main factor influencing pressure loss. All the bundles in the
simulated fuel string are fully aligned, hence end plate loss
coefficients were calculated separately for each subchannel without
averaging, and range in value from zero for completely unblocked
suocnannels to 2.96 for those practically blocked. Spacer loss
coefficients were calculated Dy combining the blockage contribution of
inter-element spacers and oearing pads according to tneir frequency per
bundle. They range in value from 0.010 to 0.212.

The longitudinal friction losses were calculated using the Colebrook
equation with a relative roughness of 2*10~4. The actual relative
roughness of the fuel sheath is less (typically, 5*10~- according to
[4]). The roughness of the ceramic flow tube liner, although not
measured, may be much larger. To account for that, an equivalent
relative roughness of 2*10~4 was determined oy matching pressure drop
predicted by ASSERT with that measured in four pressure drop tests
(Figure 5). In subsequent simulations of CHF test runs, the pressure
drop predictions agreed with the measurements to within 9% (Figures 6 and
7'. In all cases, the predictions are slightly low and the slope of the
regression line for predictions vs measurements is 0.93 rather tnan 1,
but this error is inconsequential with respect to CHF predictions.

3.3 Modelling of the CHF Tests

The method used to assess the CHF predictions by ASSERT was patterned
after tnat employed by Tahir et al. for CHF experiments witn 37-element
fuel carried out at CRNL [5]. starting with actual experimental
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conditions, ASSERT was run with tne input value for the total cnannel
power increasing or decreasing in steps of 5% of the measured first
dryout power, witn other input unchanged, until the first instance of
dryout was predicted using eacn of tne five CHF models available in the
code. It was . nen increased furtner, by up to 20* in 5% increments (if
needed), to investigate the spreading of dryout.

Tne five CHP models include [6]:

Taole look-up with linear interpolation
W-3 correlation

- Biasi correlation
Bowring correlation

- tfnalley mechanistic model.

The main result of the calculations was the power multiplication factor
( P;1F) for first cL'^out, defined as the ratio of tne lowest power for
wnich dryout was predicted to the measured first dryout power. Witn i_he
multitude of test cases and CHF models studies, it was not deemed
practicable to devise a numerical procedure to compute the first dryout
PMF witn arbitrary accuracy. Instead, the PMF values were determined
witn an accuracy of one percent by linear interpolation between the
results of two ASSERT runs witn the PMF's differing by five percent.

In addition to the PAF, tne location of first dryout predicted was
compared with tne location found in the experiment and tne predictions of
dryout spreading //itn increasing power were studied.

4.0 RSSJLjrS A.JD DISCUSSION

4. 1 First CHF Power rtiiltiplication Factors

Tne results are presented as plots of first CHF PMF versus neat flux in
Figures 8 and 9. Tne predictions based on the 3iasi correlation, tne
Wnalley modei or tne table lookup method are, in general, satisfactory
(Figure 8), while use of tne other two correlations (w-3 and, especially,
Bowring) leads in mo^t cases to significant underprediction of first
dryout power (Figure 9). A ma]ority of test cases follow a common
pattern whereoy tne prediction using the Biasi correlation yields tne
niyiest PrtF value, trie prediction using the Wnalley model or table looKup
second highest, and the prediction using the 3owing correlation the
lowest. Tnree metnods (taole lookup, Wnalley model and Bowring
correlation) appear to give nigner and more adequate predictions for
relatively high heat fluxes (1 rtW/m2 and more) tnan for lower neat
fluxes (0.7 - 1 MW/m2)•
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Tnese perceptions are supported by tne basic statistics for all five
methods, presented in Table 2. The average PMF is very close to 1 for
the Biasi correlation and only slightly lower for the Wnalley model and
taDle lookup. Also, the range of predictions is the narrowest and the
RMS error is the smallest for the Biasi correlation, witn the Whalley
model and table lookup again only marginally worse. The standard
deviation 6 is the only parameter that does not vary much between all
tne models which implies that they all are about equally consistent in
their predictions.

TABLE 2

First CHF PMF Statistics

^ N Q d F Model
Parameter*>^^

Range

PMF

RMS

er

Correlation
Coefficient

Biasi

.82-1.12

. 9 9

. 0 8

. 08

.27

Whalley

.75-1.09

. 9 4

. 1 1

. 0 9

. 60

Table

.68-1.11

. 9 3

. 1 2

. 1 0

. 8 0

W-3

.64-1.08

. 8 3

. 2 0

. 1 1

. 3 3

Bowring

.54-1.00

. 7 8

. 2 5

. 1 1

. 5 7

Tne table lookup metnod is tne only one displaying a linear dependance of
tne PMF on heat flux, with a fairly high positive correlation
coefficient. By contrast, the results of applying the Biasi or W-3
correlations do not display any meaningful dependance on heat flux.

4.2 Location of First and Subsequent Dryouts

The location of first dryout and the "spreading" of dryout to oti.or
elements with increasing power are very similar for four of the five
models, Whalley excluded. All 48 test cases follow the same general
dryout patterns (Figure 10). According to the four models yielding
similar predictions, which are represented by that using the Biasi
correlation in Figure 10a, first dryout occurs in the top subchannels in
the outer and intermediate subchannel rings (subchannels rather than rods
are referred to since three of the five models report subchannel
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information only). As power increases, dryout spreads downwards tnrough
large subchannels in the intermediate and outer rings, excluding a l l the
smallest, triangular subchannels in the intermediate ring.

The dryout pattern predicted by the Whalley model i s different
(Figure 10b). The f i r s t dryout usually occurs in the uppermost of the
small triangular subchannels in the intermediate ring. With increasing
power, dryout spreads downwards tnrough the intermediate ring, witn the
small subchannels always affected oefore the adjacent larger ones. Tnis
i s more consistent with the experiment, where dryout was f i r s t detected
in the small subchannel in the intermediate ring closest to tne bottom of
the bundle (subctiannel 14 in Figure 4).

The f i r s t dryout i s generally predicted downstream of i t s measured
location. In the t e s t s , f i r s t dryout was most often detected in
bundle 10 and sometimes in bundle 9, always a few centimeters upstream of
the end of tne bundle. In tne predictions, t h i s i s matched quite well
when using the Biasi correlation and almost matched witn the table
lookup. Tne Whalley model consistently predicts dryout s l ignt ly too far
downstream, while with the Bowring or W-3 correlations dryout always
appears f i r s t in the las t bundle (Table 3).

TABLE 3

Predicted Axial ^ca t ions of First Dryout

Correlation

Biasi

Table Lookup

Whalley

Bowring

w-3

Bundle

9 - 1 1

10 - 11

10 - 12

12

12

I t should be noted tnat tne predicted dcyout location depends not only on
the CHF model but also on a number of other "sub-models" employed in tne
code, eg . , single-phase mixing, wall neat transfer, e t c . More
comprehensive validation studies for various subchannel geometries will
hopefully provide directions for further improving the predictions.
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5.0 CONCLUSION

An evaluation of five CHF models available in ASSERT-4 has been carried
out using a set of 48 CHF tests with a 28-element simulated fuei string.
The results indicate a general tendency to underpredict tne first CHF
power, especially for tests at relatively low heat fluxes. Tnere are
significant differences in performance between the models, witn tne Biasi
correlation, tne Whalley model and the table lookup method snowing tne
most promise when used with this version of ASSERT.
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Figure 1
28 Element Fuel Bundle
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2 Zircaloy Fuel Sheath
3 Zircaloy End Support Plate
4 Uranium Dioxide Pellet
5 Canlub Graphite Interlayer
6 Interelement Spacer
7 Zircaloy End Cap
8 Pressure Tube
9 Calaftdnu Tube
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(From Downstream End)

Figure 2
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Figure 3

Test Loop Primary Flow Scheme
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Figure 4
Subchannel Mesh Diagram
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(a) Biasi

(b) Whalley

Power Increase

Figure 10

Dryout Spreading with Overpower (Case 42)
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by

R. J. SCHNECK

SCHNECK, ROSEN: RESEARCH CONSULTANTS
311 Place des Bouleaux

Ste-Jul ie/P. Quebec
JOL 2S0 (514) 649-5562

ABSTRACT

The performance characteristics o-f turbomachines with
speci-fic speeds between n_ =13500 to 810. that include -for n« =4200
to 4500 also single- and two-phase -flows and variable geometry are
used together with that o-f thE ejector to demonstrate the -follow-
ing:

(1) O-f-f—design operating conditions that vary ae widely as the
Four Ouadrant Characteristic can be represented simply and ef-
fectively-

(2) This simplicity is achieved through performance transforma-
tions, identification o-f "universal" parameters (Suter Form)
and especially the canonical form suggested by Paynter. These
are shown.

(3) The canonical form permits a separation of the performance into
energy dissipation C ̂ -furvction) and energy "cross-coup1 \VSQ=.
|"-f unction) .

(4) It is suggested that the insights gained from presenting all
measured data in the formats shown here will serve both
analysts and experimentalists alike. It will also prepare the
ground for finding the mathematical models required for dy-
namic analysis of thermo hydraulic systems.

1.0 INTRODUCTION

In the field of Electric Fower Generation the study of
dynamic system behavior for hydraulic, fossil, or nuclear fuelled
power stations is required for a variety of different operating
conditions. Such studies may relate for example, to start-up and
shutdown procedures, control and stability problems, or event pre-
dictions such as power failures, pipe breakage, loss, of coolant ac-
cidents (LOCA), ... etc. The complexity of these physical systems.
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tht nuclear power fetation in particular , mal es the assembly a-f
suitable? mathemat i cal model E, that realistically replicate the
dynamic behavior of such systems very difficult.

Particularly irksome to analysts arid rv;per lirientslists
alike is the scarcity o-f data bases and niathemat 1 cal models -for im-
portant system components, that affect in significant ways the sys-
tem behavior, and must also operate reliably under extraneous oper-
ating conditions other then their normal or design conditions.

The general advancement in computers and computer sci-
ence has resulted in an unprecedented proliferat 1 on of this new
technology. It has also provided us with an euphoria of analytic
capability and a concomitant high expectation of predictability
that is in conflict with our ability to model physical phenomena
and system component performance.

The problem of multidomain modeling in general and
that o-f thermofluid processes in particular is an old one.
Paynter, true to tradition, proposed in 1960 a novel approach to
this problem, Ref.[53, -from which the bond graph method evolved.
Developed and implemented by Rosenberg and Karnopp (see e.g. [63,
[73, [83) and considerable progress has been made (e.g.[93, [103,
C113). Unfortunately, this can not be observed for thermofluid
processes because, as Paynter and Bhoureshi pointed out recently,
[123: "While the overall procedures may be similar to electrome-
chanical or acoustic systems however, due to inherent -features of
thermofluid systems further research is required in this ar&a.
These features include high level of nonlinearity, the necessary
coupling and mutual dependency, unavailability of closed form con-
stitutive laws, and the further understanding of the phenomena in-
volved in these processes."

The preference for application of existing theory
rather then on expanding the theoretical basis is evident from the
literature. We therefore have the interesting situation of avail-
able formidable computer power, but a deficiency in physical theory
and a shortage of experimental data bases to take full advantage of
this power. Artificial intelligence or expert systems are not
likely to solve this dilemma.

In this paper, a second preliminary report, we employ
the methods of non-dimensional performance presentation, perfor—
(nance transformation and canonical form in the description of
turbomachine and ejector performance. The methods were introduced
recently, [133. and additional scope will be added here. We
present the following:

First: A simple method of deriving the canonical form for
turbomachines will be shown, which permits a very effective presen-
tation of the complete Four—Quadrant characteristic for single as
well as two phase flow. The data provided by Brown and Rogers,
[143 for single phase flow and a specific speed range of nm = 1060
to 13500, and the data by Kanupka and Kennedy, [153, for two phase
flow were employed in [133. to these we add the single phase flow
data by DeFazio, [163. for a mixed flow machine with nm = 4500,
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arid variable rotor a&ornetrv. From this data base we foi_L!t. ori the-
performance -for ri_ = 4200 to 4500 to show the e-f-fects o-f einale-
and two phase -flow, as well as that o-f variable geometry.

Second: The- same method developed for the tur bomac hint- is applied
to the ejector or jet pump. The data for the 1/6 scale model o-f
the BWR jet punip by Crapo, 1173. cover an unusually wide perfor-
mance range and show large scatter over specific regions. To these
we add the results reported by Schu.lz and Fasol, [133, for differ-
ent ejector geometries and room temperature water as test -fluid.
And the data by Jung, [19], who shows the effect o-f density
variation between the driving and suction -flow of the ejector. The
insight that may be gained -from the canonical forrn o-f the ejector
are particularly revealing with respect to the modeling problems
mentioned earlier.

2.O THE FOUR-QUADRANT CHARACTERISTICS OF TURgOMACHINES
AND IN ITS CANONICAL FORM.

The Four—Quadrant (4-Q) Characteristic is a particular
form of presenting the measured performance o-f a turbomachine in
which all the different operating modes are shown in two graphs.
The hydraulic graph, has the head as the primary parameter and the
Mechanic graph the mechanical torque. The data i5 a steady state
(time invariant) characteristic of the turbomachine and is needed
for the study of non—steady system behavior in which the machine is
an important element. Such system dynamic analysis is most fre-
quently done "for large hydraulic systems involving pumps or revers-
ible pump turbines (see e.g., [203, C213, C223). For liquid- or
gas-cooled nuclear power stations such studies form part of the
safety analysis (see e.g.C233, and for more extensive citations in
this particular area C243 and C253).

There is renewed interest in the dynamic analysis of
hydraulic systems (see e.g. [263) and the importance of correctly
modeling physical processes is generally acknowledged. A measured
(4-Q) characteristic is in general approximated by a polynomial
with suitably chosen coefficients to serve as the mathematical
"model" in the computer code o-f the system. The difficulties in-
herent in such numerical approach to a theoretical problem are fur-
ther aggravated in the presence of two-phase flow.

The turboniachine is viewed as a "three port device",
shown in Figure 1, using Paynter's terminology. At these "ports"
(i.e., inlet, e:: 11 and shaft) are the quantities measured that are
of interest to the owner or operator of the turboniachine. These
measured quantities, reduced in the traditional way I'orm the data
base of all (4-Q) characteristics cited. These quantities indicate
the behavior or operation of the system of which the turbomachine
is an integral part. No turbomachine will wort in isolation. This
applies to compressors, fans, pumps as well as hydraulic—, gas— and
steam-turbines.

F'aynter. [273. has suggested a canonical form to rep-
resent such (4-D) characteristics. which turns out be very effec-
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tive in many ways, a& wel 1 as elegant. This canonical -form
also be obtained in the -following simple manner:

may

We assume the mechanical torque, T, and the pressure
difference across the machine. P =• pgH, to be -functions o-f the two
independent variables rotational speed, n, and volumetric -flow
rate, Q, namely:

T = f <n,Q)

P = g(n.Q)

What we wish however, is a relation in which the inde-
pendent variables (n.Q) etre related to the two output variables T
and P respectively by only two functions, namely:

T

P

n

-Q

(1)

Solving -for the two unknown -functions F and G w i l l give

or also

F»(n=+Q=)

I G I <n=+Q=)[Q n I I P

T«n - Q*P = (P.

= T*D + n*P =

The right hand side o-f eq. (2) contains all the mea-
sured quantities and the two -functions F and G can indeed be com-
puted. We also note that the -function F is representative o-f the
dissipated power and must therefore always be positive. While the
•function 6 represents a "power relation" of a different kind,
namely that of a cross coupling between the hydraulic and me-
chanical domain.

In recent years much effort has been expendet to ac-
quire single and two phase flow data for the <4-D) characteristic
of heat transport or coolant pumps for nuclear reactors. These
data are usually presented using the homologous format. The rela-
tions between the measured data, the homologous parameters, the
non-dimensional parameters and their normalized forms are as fol-
lows:
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Homologous Par amet er s

... torque

...h&ad

... speed

...-flow

Normalized Param's Non-dimensional Param's

V

j 2*' i?

f1 if

Graph efficiency...'
Hydrauli

• Mechanic

Specific Speed: r^ - n Giy(Wf» - O F H I I ) */

n Q

Where \P = power CNm/sec3; T = torque CNm3; n = rotational speec
CRPM3; Q = volumetric flow rate [m=I/sec3; H = head Cm3; a. = 9.81
Cm/secz3; P= density Ckg/m33; Dz = impeller e>;it diameter Cm3;
B z = impeller width at exit Cm]. Additional information may be
•found in Appendi>: A of Ref. C133.

With these definitions the canonical form of eqs.(1)
and <2> may then be written as follows:

(3)

j— .|

where

O = the dissipation- or o~function

4 = the gyratoi— or £-function =

If we now assume a "loss less" machine, then £ •
by definition, and we have the special case of

or

(4)

V*from which follows that V •• fY4> . This however, corresponds to
the non-dimensional momentum flu>: equation, namely:
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This was shown in LIT] tii t-e derived -from the tangential component
of the angular moment u<ii equstion. and is well known for
turbomachines. Its corresponding 6 ~+unction is then:

We can then see the gyrator or f-funttion as a conse-
quence o-f the angular momentum equation. It is a measure of the
energy trans-formation and represents a gyrational cross-coupling
<which is power preserving. see e.g. [53. C83, C273) between the
mechanical and the hydraulic domain. as eqs. (2) and (4) reveal.
The dissipation or o —function accounts -for all irreversible losses
that may occure.

We have there-fore the -following interestina result:
The two -functions we set out initially to -find (i.e.. F and G —*-
f) and J" > provide a separation o-f the total energy transactions
within the turbomachine into one o-f energy transformation, the
other energy dissipation. The }f—-function there-fore provides in-
formation on the changes of momentum (i.e., directional changes,
velocity changes, reversible deformations). The & —function on the
Other hand indicates irreversible changes or losses due to deforma-
tion, separation, shear, phase changes.

___ Eq. (3) shows that now only one indepedent variable,
namely + . is needed to compute the two output variables X and <V ,
instead of the initial two (n, D), of eq. (1). The four quadrant
character of the performance is net lost, since

cot© = + •=%* <5>

which suggests a performance transformation from the conventional
cartesian co-ordinates to a polar -form. Its origins and details
are discussed in C133. and only indicated in Figure 1. Its impor—
tance however, may be perceived as follows:

From the sets ©4 per-torwarice parameters, listed above,
it can be seen that the 5 - and <f-f unctions of eg. <4) can always
be calculated, Regardless in what form the test data are pre-
sented, providing they are complete. That is, the hydraulic- (5?=
4 < ̂ ) ) and mechanical graph < "A = f<^»)> are at our disposal
jointly. However, as Figure 1 shows, there are two curves each -for
(+)ve and (-)ve rotational speed respectively. In the (von Karman
- Knapp) Circle diagram. well known through Stepanoff, C2B3, we
still have two curves each, but this time for £h and £^ respec-
tively. Furthermore, in each case these curves go to infinity.
This deficiency is eliminated by inverting the vector of the Circle
Diagram, as proposed by Suter, C293. C3O3, and we obtain a single
closed curve. It has two loops that pass through the origin and
containes finite values everywhere between ±~ approximately. A
point of considerable practical advantage. This we call the Suter
Form (see also Figure 1). This new vector is defined as follows:

WT
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I t s squared -form, i
sal character,

par t icu lar ly convenient s.-uaaeste univer-

( 7 )

Polar plots provide interesting illustrations. The
cartesian co-ordinate with © = cot"1 ? as the abscissa is o-f prac-
tical signi-ficance. It permits superposition o-f data and a direct
comparison o-f performance behavior between single and two phase
•flows. or di-f-ferent speci-fic speeds. .. etc. It is o-f no small
signi-ficance to note that di-f-ferent performance presentations are
used to highlight particular performance -features or to gain in-
sight o-f speci-fic performance aspects. Whatever performance in-
formation may be contained in any set of data they can be retrieved
in this manner. No single performance graph is 11 (.el y to reves!
all aspects. It is however, easy to see that the homologous format
(i.e., h^it , h/y*- vs. V/rf» . **/V ... etc.) reveal little and
serve no purpose, but this situation is readily corrected.

RESULTS and DISCUSSION:

The data sources used are: Brown and Rogers, C143;
Kanupka and Kennedy, C1S3; DeFazio. [163. Brown & Rogers present
their data in a particularly convenient numerical form, namely:
SWM, SWT = *(©>, with intervals of A © = 5°. The data represent
pumps which are typical for hydraulic power stations and water sup-
ply or irrigation plants. From the homologous graphs of single and
two phase flow pump tests (i/5 scale reactor coolant pump) provided
by Kanupl-.a ?' Kennedy we read off the data. In the same way were
the data acquired from DeFazio's reported model tests for a revers-
ible, mixed flow pump turbine with variable pitch rotor blades.

For easy reference we use the same numerical value
specific speed as were employed in the originals.

of

Kef.
C3

C143

Spec. Speed
n.

13500
7600
4400
1935

1270

1140
1O6O
1S65
1490
1320
810

*

#
*

«

0°
0°
o°
0°

0°

Domain

e
<360°)
(360°)
(360")
(360°)

(340<>)

(360°)
(360°)

45°
45°
4S°
45°

to
to
to
to

to

to
to
to
to
to
to

355°
355°
355°
355"

355°

355°
355°
220°
220°
220°
220°

Remarks

a;:ial machine
semi axIal

single suction.
see also C223 t:
double suction.
see also C223 V

double suction,

see also
1223 !< C313

diffusor
C313
volute
C313

see £323



4200 «

-333-

0° (360°) to 250° single phase flow
0° (360°) to 260° two phase flow: c^^ = 0.4

C163 4500 appr. 40° to 250°

di

24° = pitch sr.qle
17.5°

7.5°
2.5°

# Note: see Ref.C133 -for more information

The complete (4—0) characteristic covers the -full
range o-f O° ̂  © ^ 360°. and consists of eight distinct operating
modes that cover all possible steady state operating conditions.
We have an abnormal turbine. <-T), and pump. <-P), respectively! a
normal turbine, <+T), and pump, <+P) ; and -four energy dissipation
regions, E> to £« which separate turbine and pump modes. Table 1
is a summary of this.

TABLE

_o
• • *-) • •
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The e-f-ficientv *2 . de-fined in the parameter list
above, has the interesting property, that

-1 4 \ < +1 for all O° < © < 36O°.

Fiqure 2 shows. that we have -for all pump and turbine
modes 0 ̂  J ^ *!• While all energy dissipation modes are between
-1 ^ \ ^ (i- 1° addition, for all machines regardless o-f geometry,
phase or specific speed "̂  = O at © = O° <36O°). 9O°, 18O°, and
270°. These are the points when either the rotational speed, n, or
the -flow, Q, is zero.

Note: l-f the chosen reference point does not correspond to the peat
efficiency of the pump, and is slightly off to the right or left of
it, then the ma:: efficiency in the +P region will be larger then
one <e.g., for n. = 1140 in Figure 2). The peat efficiency point
for +T, will always be much smaller because here ^ ^

__ The efficiency \ = —1 exactly where the mechanical
power (X > equals the hydraulic power (?<P>. Therefore, whenever
I ̂ "V B ^ I A I the hydraulic power is driving, i.e. we have
"turbining" operation or an "accelerating flow field" in the rotor.
Conversely, when 1 ~K U ^ I <f*V 1 , the mechanical power is driving,
the flow is "decelerating" and pumping modes are possible. It is
also interesting to note that the four separation points,

7 l ^ t t , occure only in the regions of energy dissipation.

Figures 3 and 4 show the gamma- and delta-functions
respectively. The periodic nature, noted by Paynter, C273 and in-
dicated in, C323, is clearly evident. It is easily verified that
these functions may be replicated through a simple "quasi" Fourier
series, namely:

Where it is noted that the wavelength in the first
half <0° - ISO") is larger then in the second half. The constant
term applies only to the dissipation function to account for the
nonzero minimum at the best turbine efficiency point. For most
practical purposes the range required to be covered is between 0°
and 225°. Which further simplifies the approximation, i.e. in some
cases the series reduces to n = 1.

The periodic feature of the 6'snd f-function with its
simple approximation is far more transparent of physical phenomena
and performance peculiarities as a result of design, phase changes,
...etc., then any polynomial approximation could reveal. The prac-
tical significance of this feature for both experimental and model-
ing purposes appear selfevident.

In Figures 5 and 6 finally, we wish to illustrate the
fundamental nature of the canonical form of eqs. <3> and (4) and
the universality of the Suter form, namely the parameters WM t< WV
and SWH t> SWT, of eqs. (6) and (7) respectively.

Figure S shows tint? "hydraulic Parameter". WM, in rela-
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tiori to the ayrator -function, f - litwt- t thê t i_.+ tin- "nit-L h a m cal
parameter". WT. vt-^suL the di &&i pet 1 on. £ . ^t will Lt- rioted that
over some regions the difference between either deLjaii or phase are
almost r<eqJ J ait/1 e. The curvet coincide. While- in oU^rs the di-f-
ferences. ere omfli-f led. For thtr p^rpcit- c-f inttf pret*Uoii we need
to remember that t-oth. W M *rid Wi. re-llt-it the tutcl energetic
transactions that otcur within the turbo^iocrii ne. They re-flect its
"hydraulic" and "iritchsriical" wpects. Wlu'e the £- and X*--* unctions
reflect, an energetic separation, namely: the irreversible losses or
dissipation, and the gyrations! cr oss-coupl i ncjs respectively.

We the-fi note that the "hydraulic" per f or r.r>iice and gy-
rationa! coupling -follow, ticilcr treiidv under L'-phase -flow condi-
tjons c»s the variation c<f jn.peHer 'jei.metr y <see the oraph in the
middle of Figure 5> . T),e discontinuity in the lf-f ur>c 11 on under
2—phase flô j conditions that :e seen in Figure 4 at &- 90°. how-
ever, is much diminished in the WM VE.^J* graph at WM. Jf = +1 appr.
In the "mechanical" periormance and dissipation -function however,
the phase change shows up much more then a thanpe in geometry.
Moreover, phase- changes and geometry changes tend to Q O in differ-
ent directions.

The- iffipact of such observations will have to be re-
flected in any final model.

3.O THE EJECTOR OR JET PUMP AND ITS CANONICAL FORM

The INEL test data reported by Crapo. £173. of the 1/6
scale model 6WR jet pump are unique in two significant ways,
namely: <1> a very large performance range is covered in both
positive end negative flows, and pressure differences respectively,
which go well beyond that of normal ejector operation. and <2) a
large data scatter together with o careful error analysis is re-
ported. Both, the unusual performance range and data scatter offer
the unique ooportunity to demonstrate the great utility of non di-
mensional performance presentation, performance transformation and
canonical form. These were the elements in the method we have de-
veloped in tiro for turbontachines and used in the previous para-
graph. A similar approach will be used for the ejector.

Fayrtter in a recent paper ,1343. developed a bond
graph model for thc< ejector using the INEL data by Crapo. He also
employed the timer proven method of onp particular nor« dimensional
parameter, which he called the Euler number, namely the ratio
P/D3. or mort» spec i f i cal 1 y ** /('*5t)to form * steleton data base
from data clusters for the flow rat os 0?/0i = 0. ±1. £2. This
method of dot<.< selection turns out to Ln? »n unfortunate- choice by
coincidence. Since our approach differs somewhat from F'aynter's
method we wore able to identify thic. Me usi- almo&t all INEL data.
And two additional quite different data sources to supplement the
former. These arei Schuiz and Fatol, CIS], who provide some infor-
mation for negative? drive flow. 0i. -for several different ejector
desions with water at rooiii te«-}'or .-•!. .r c- as test fluid. Jung, £193.
Ci i he ot* er hiitid. provide; t«?«t rt<'i •„< for one eiector design with
..*!.' v •_. *<?=.' f l u i d . Howf-vci- . he- c o n t r o l s tht- air teniperature t o
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schieve a density ratio between the secondary (or suction) flom and
the primary (or driving) -flow o-f
.5 < ?,/?, < 1.96.

A typical jet pump design, and used by Jung, Schulz S-
Fasol, is illustrated in Figure 1, together with de-fi nit ions.
There are three non-dimensional performance presentations in use
for ejectors which are: as -follows:

M = "Vfll, (or li in Crapo's notation)

= P# -(V» " P»S <or

m 7!r

* n l- raPo 's notation)

by Schulz fc Fasol

IT fu>f«v

(9)

For normal ejector operation the input and output
power respectively is readily identi-fied as:

(10)

and the efficiency is then

In Figure 1 are shown qualitatively two of these per
formance representations which are related since

The canonical form for the ejector we derive in
similar manner as shown previously, namely:

Let Po» -

Pos — Poa

and assume that

then

f<0». Da)

f i — — [*• in

(13)

(14)

and we obtain
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Paynter. t~-43. uses the -following definitions

(16)

where 0= = O,= + D==

Using F'aynter's definitions and the non-dimensional
parameters M and ($> from eq. (9). a canonical form can be derived
from eq. (13). (14) which is as -follows:

Tt is the Euler number Fi3/0i= which will increase
the already large scatter even further since the "flow errors" are
very large, as we will show shortly. However, this term is readily
eliminated by dividing the power relations of eq.(15) by the input
power P. = OiiP,,, instead to get:

(18)

The canonical -form is then

or

I I b -tl I

•rh *IM <»*>
where

S - the Dissipation or o~+unction = \",

V

I (20)
}f= the Gyrator or f-function = J***r J

Of particular interest will be the polar plot, or
Suter Form, of tl.e ejector characteristic. Its vector and angle re-
spectively are defined as follows:

WH =

Comparing the canonical form of the turbomachine per-



-388-

-fornirtnce, i.e.. eqs. (3) and (4), with lliiit o-f the ejector, i.e.,
eqs. <19) and (20), a ttntinq timilsnt/ will be noted. The ca-
nonical -form however. also mates visible the difference in the
physical processes that tale place in these two three port devices.

In the turbomschine the change o-f momentum tales place
as a result of energy transformation from the mechanical to the hy-
draulic domain (and vice versa). We have therefore the two depen-
dent variables namely: mechanical torque (*5v) and hydraulic pres-
sure (If ), and also the two parameters WM and WT respectively. In
the ejector we have an energy transfer through the process of mo-
mentum exchange, fn internal interdependence, between two hydraulic
domains (that of the secondary and primary flow). We therefore
have only one dependent variable the pressure ( V ) , and only one
parameter WM.

The independent variable (^) of the turbomachine com-
bines the two independent speeds from the different domains, the
rotational speed. n, and hydraulic flow. 0. Similarly for the
ejector, the independent flows Q, and D= are combined in the inde-
pendent variable <^»).

These differences in the physical processes show up
also in the experimental results with some surprising consequences.

RESULTS and DISCUSSION:

The ̂ »-V performance relation for the INEL data is
shown in Figure 7. Also shown are the "flow errors" as a function
of the flow ratio but represented by the angle &= tan u . The
four quadrants denoted (T) to (iv) are also identified.

The performance relation show clearly two distinct but
disconnected sets (or curves) associated with the positive and
negative_primary flow, 0i. This separation is very similar to that
of the 5>-<f relation for turbomachines illustrated in Figure 1,
where the separation is due to the positive and negative rotational
speed respectively. A performance transformation (i.e., the Suter
Form) will eliminate this "defect". To this we will return later.

The large data scatter reported by Crapo. [173. and
mentioned by Paynter, C343, is clearly evident. Raynter's choice
of/*= 0, +1. +2 corresponds to © = 0° (360°), 45° & 315°, 63° t>
297°. Me find however. in the region between 45° to 65° data
points which show "flow errors" in n>:cess of 200 '/.. We surniise
that the cluster of large "flow errors" is due to flow insta-
bilities rather then deficient instrumentation or procedures.

We begin our inquiry with the first quadrant namely,
normal ejector pump operation. Figure 8A shows the INEL data for
this quadrant, and the results obtained by Schulz/Fasol,C183, are
shown in Figure 8B. The data reported by Jung. C193. are presented
in Figure 9A.

Figurt? 8F* clearly illustrates the well f-nown inter —
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t a n t . t- b t . t n t - i - n t.1 •• - p r j tr.<.-ir v i..... . • ; , - e j t ~.i ,. : t t,» i v l l h J ' l ( « ] W i l r tfic. f

t o I f i t ( M - i i i U t u b f . T h e b' i . i ' i . " ; f « i i ' i c-:ii.J . ' - .niu ] t - t t-t_«ni{.' r e s p e c -

t i v e l y a r e vLft v s i m i l a r i i i t t u ; r t - u o f d . H u w t " / » T . Cr d p u ' s p u m p d e -

p a r t s f r on. t h e s e ' c o n v e n t i o n a l d e s i g t i b i n ' . e v e r s l i n i j ' o r t s i i t w r y s ,

w h i c h s p o t t l i m i t a t i o n d c c - t r i o t p e . - n u t t o c o v e r , D e s p i t e t h i s

S h o r t comi nq we iri^y, w i t h d i ^ L r e t i o r i , compare t h e th r t-e p e r f o r -
iriarice d a t a . From Sc hu l .• / f n ^ o ! we- t t ' l e i ; the- c u r v e -for ^ * = .265Z',
f r o n , Jung th<?t o-f £* .I"V'_. f,r.d ? = 1 . . wh ich h -v t t f,f. t J o s e s t
r e l o t i on t o Cr j p o ' t pump w i t h o ' - .17-71 . 1111 t i =_ c- i ^u ttiow.'i I ri
F i g u r e 8A.

Ttie Curve (̂ <) dr awn t t i r o u q h t h e IfJLL d e t c ( F i g u r e 8Ai
r e l a t e s w e l l t o t h e o t h e r two s o u r c e s , £ind whatever d i H e r e t c c -
there i s may readily be attr ibuted to the peometric di i-f er ences
between the respective pump designs, noted above. This applies to

both the e-f-f i ci ency, ^ • and the pressure coe-f -f l c i t r . t . (y . re la t ion .

The data clusters at /*• = 1 arid 2. and those
which are below curvc-^BJ are- probably due to cavi tat ion.
v ia t ion though, is not signif icant in the present conte,
difference between the idor i t i f ied d^-ta o-f curve (A) and
ever, is more serious. The eff iciency level of curve (h)
the best of conventional .jet pump design, for the region
srerci r a t i o b used. The design deta i ls of the INEL pump
would suggest an eff iciency level of no more the *^= .3
less. Curve (A) indicates then e substantial increase
best ejectors. In addit ion, i t s apparent improvement in the flow
range, ef f ic iency and chanae of slope in the M1-/* re lat ion also sug-
gests the poss ib i l i t y of a density difference between the dr iv ing
and suction flow, approximately in the ranqe of 9 = .6. This
may be inferred from Jung's data shown in Figure 10A. but can not
be ver i f ied from the published data, which are incomplete in th i s
regard. However, the very low pressure difference <FOa - PO i ) ,
i . e . . F", = /F's <•' .01 , for a l l points of curve {A) , males such an i n -
terest ing result suspect. Since for Pn/Fv = 0 approximately a
c r i t i c a l point in ejector performance is reached. To th i s we turn
next. Unhappily therefore, curve (A) I S more l i t e l y associated
with reading errors that »re frequently encountered at very low
pressure d i f fe ren t ia l s . part icular ly at overall hiqi pressure lev-
e ls , as is the case he-re.

I t it- well I nown that no pumpina action w i l l tate
place in an ejector i+ the velocit ies of tiie two streams (primary
and secondary flow) ere equal l n the mining chamber, i . e . , V, = Vs.
Jung has investigated this, region, and his results art? shown in
•figure 9E<. Since he only published a select number of data (these
are shown in Figure 9A) out of hi 6 extensive program. w? use his
approximation for better coverage. Hit re lat ion <eq. (21), of Fief.
C193). using our notation i s :

T h e e ; : p t ' r l m e r i t a l 1 y o h t <<i m - ' d l u f ^ c o e f f i c i e n t i v J f - . A , J " - 1 . .
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4- .2375 nere used -for Fiqurt <?&. The -figure c J fc^r ]•, tliow; th_-t
the -first quadrant contains twu pump regions. The F-'r'inisr v Pump r e —
qian in which thtf centr *1 iet (e>&t! Ficiu-re V) , Q* \<E. the dtivuia
flow. and Oi the suction -flow. 1 rt trie Secondary Pump fteaiot. it is
the annular jet, C's». which J S Lht- di lviitq -flow. and the cerilrol
jet, Oi, becomes the suction -flow. The presburt coe-f -f I L I ei it < 1/it )
becomes :ero -for both reqions when the pressure diHertiict (F'OT -
Po=> = O. Negative values arise when the discharge pressure be-
comes smaller then the suction pressure. At̂ Ao» both curves ap-
proach -oo asymptotically when the pressure difference (F'oj - Fo?)
approaches zero, i.e.. the velocities of both streams are equ<r. 1 ,
V> = V?. For con vent ional jet punip designs as indicated in Figure
1, Junq has> shown this to be at:

The regions between Me and J*o (see Figure 9&) is
difficult to measure sometimes and liable to flow instabilities
(this writers experience). The 1NEL data do not cover the range
beyond I«̂ ft2.f>, as can be seen in Figure BA. To this we will re-
turn later.

In Figure 10 are shown the $ — and &—functions for the
ejectors by Crapo, Schulz/Fasol and Junq. for the range covered by
the data, namely 315°(-45°) < & < 90°. The results of all data
sources relate well to each other and the significant effects of
density ratio P and geometry 5 are clearly evident. They also
agree with those shown by Paynter, C343, as may be verified using
eq. (17).

These data cover only a limited flow range. Crapo's
data only will cover the entire range. This i& shown in Figure 11.
The Jf"- and J—functions shown indicate two things! <1> no data in
the region around & = 90° and 270°, and (2) a large scatter again
with a trend towards oonear these regions.

We now employ the Suter Form, eq. (21). The results
are shown in Figure 12 for the INEL data of Figure 7 (Crapo C173),
and Jung (see Figure 9B). The influence of density ratio f, and
geometry $4are shown in Figure 13A. In all these -figures polar co-
ordinates were used, for ready identification of the four quadrants
I to IV . The primary and secondary pump regions ( I/I and 1/2),
the asymptote for Vi = V3, that separates both and the regions I/A
and I/B for which i/if and the efficiencies are negative. are
clearly evident for the Jung data of Figure 9B.

For the INEL data however, an asymptote could only be
suggested (line (a)) in Figure 12. However a substantial reorder-
ing of the data is seen when compared with Figure 7. The clusters
of large flow errors (see Figure 7) are in the regions of &- 135°.
225°, and 315°- These may be identified on its Suter Graph of Fig-
ure 12, namely the line Q3 = 0. Figure 13B finally illustrates
where the four quadrants can be found in the Flow map and the Pres-
sure Map. M'e then see that positive action, or pumping only occurs,
in the first quadrant, dissipation in all others. It contains all
four regions we have already identified for the primary and
secondary pumping actions. Thit "Flow Quadrant" however, projected
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o n t o t h e F'r i-.tjrfr H e p i l i o w . <•_.!• i m.-'<_|M._.} i<rt.,, <_>_••. >-t' su> •- W>_- i-isi.' •:-_>•

thct the useful pumpa no rfmuii'i ( 1 '' 1 and 1 / ? ' OL * '>[ . c tni-1 ler
pressure rt-aicn i n the Pressure ria<-> then i n the- Ho-i l-l̂ n. The con-
verse ic true- -for the small pumninn r «"-ci) < n :s I/A and I -'F< a<..*_''r iatt-<i
with tlif asymptote, which LO-.-t-rr thfr- f-iilit • t.- > d qitndr t:-r.L c-f the
Pressure nit-ip. Also. the -f} ow pi.t '.t-rn I no i L t-if d 3 ri the f low Nci'
shows the si a m -f l cant changes that occur whenever ar.v o-f the -(lows
0» , B z < and particularly Cs become*., zero. A similar ;itup1 ion it
also seen on the Pressure Map. The larae scatter observed in the
INEL delta can now be associated with the many different siqn
changes arid limit conditions that i<r^ shown in both the c 1 ow end
the Pressure Map. This we lisvi- indicate-a in ttiL- 5Liter Form o-f Fig-
ure 12.

It is perhaps s u r p r i s m q to oL'St-r ve that the- simple

ejector should reveal a complexity o-f H G K dynamics that is not ob-
served in the much more complt?.-- tur bomachi ne. in the prt-tence o-f
two phase -flow the situation is not likely to be improved. Much
more research and thought will be needed in this area be-fore a dy-
namic model can be -formulated that will replicate such behavior.
Crapo has provided us with a very good starting base. similar
COMPLETE data Are needed -for elbows, T- and Y-junct i ons of pipes,
vortex valves, control val ves , . . . be-fore any progress can be
expected.
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ABSTRACT

A new model for multigroup transport calculations based on a group-
dependent spatial representation has been developed. The multilevel method
takes advantage of the orthogonality of the energy and space operators, inherent
to the structure of the linear transport equation, to decompose the energy
domain into subdomains or levels, i.e., fast, epithermal and thermal, where
suitable spatial approximations are used. The aim of the method is to allow
for the use of larger mesh spacings at high neutron energies and, therefore,
to cut down the computational cost while preserving the overall accuracy.
The method can be easily implemented in today's standard transport codes by
introducing small modifications in the computation of the multigroup external
source. The multilevel model is of especial interest for the calculation
of media containing high thermal absorbers. A variant of this method, based
on a nested, multilevel approximation, has been implemented in the APOLLO-II
assembly transport code. Comparisons between the multilevel model and the usual
multigroup approximation have been made for a PWR poisoned cell and for a thermal
neutron barrier used to feed a molten FBR fuel sample. The results show that
significant savings in computational times are obtained with the multilevel appro-
ximation.

I - INTRODUCTION

Cell or assembly deterministic transport calculations are usually carrried
out in a multigroup frame and solved in a iterative fashion whereupon each
group calculation involves the determination of the fluxes for that group in
terms of the fission source and the scattering source from other groups T.z
The discretization of the transport equation, either from its integro-differential
or from its integral form3, determines the number of unknowns, fluxes and
currents, that must be calculated per group. Standard transport cedes4"7 relay
upon the use of the same spatial approximation for all the groups and, therefore
the cost of the calculation depends on the number of unknowns per group (number
of cells and order N of the approximation for SN and related methods, number of
regions for collision-probability methods) and on the number of groups.

In order to obtain an accurate result the geometrical domain is divided
into small cells or regions on which the flux gradient is apriori assumed to be
small, the usual rule of thumb consisting on defining cells or regions with
optical sizes of the order of the mean-free-path (m.f.p.t. For today's
standard transport codes this means that the number of unknowns per group is
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determined by the values of the cross sections in the thermal domain (where
the m.f.p.'s are the smallest). Such an approach is a waste of computer
resources for the high-energy groups where the flux gradients are much smaller
and where the use of larger cells or regions would give the same overall accuracy.

In this paper we propose a "multilevel" approximation based on the use
of a different spatial representation for different energy domains (i.e.,
fast, epithermal and thermal. Our aim is to allow for the use of larger cells
or regions at high neutron energy and therefore to cut down the cost of a
multigroup calculation vhile preserving the accuracy of the results. The
proposed multilevel model can be straightforwardly implemented in the standard
transport codes nowadays in use by incorporating small modifications in the
computation of the multigroup external source.

For the numerical methods arising from the discretization of the integro-
differential form of the transport equation (S.., nodal and finite-element
methods) our approach will lead to a savings in the cost of the inner iterations
for the high-energy groups. On the other hand, for the methods based on the
numerical approximation of the integral form of the transport equation
(collision probabilities and interface current methods),the reduction in the
number of unknowns obtained through the implementation of the multilevel
approximation results in two advantages : a smaller-sized system to be solved
and also, and we believe this is the most significant cost-reduction factor, a
smaller number of matrix elements (collision probabilities) to be calculated.

With the small extra cost involved in the computation of the external
source term, our approach allows for an important reduction on the overall cost
of a multigroup calculation while preserving the precision of the results.
Multilevel approximations are of especial interest for the calculation of cells
or assemblies which contain burnable poisons that generate strong gradients in
the thermal domain and, in general, for the treatment of geometries containing
media with high thermal cross sections (control rods, thermal filters, etc).

Section II is devoted to a presentation of the multilevel methodology.
Numerical examples are presented in Section III. First we have treated a
typical PWR poisoned pin cell containing a lumped mixture of gadolinium
and uranium oxide. Next, we have calculated a one-dimensional modelization of
the Scarabee experiment in which thermal filters are used to feed with
high-energy neutrons an internal molten FBR fuel sample surrounded by a feeding
core. Finally, conclusions and prospects for future work are given in Section IV.

II - THE MULTILEVEL MODEL

The basic idea of the multilevel approximation is the use of a group-
dependent spatial representation in order to take advantage of the variation of
ths value of the total cross section with the energy, which is the determinant
factor in the selection of the spatial calculational mesh. Such an approximation
is feasible because the energy-coupling operator of the transport equation does
not operate on the spatial variable, and this implies that the spatial
discretization is independent of the energy. It is this independence and the
fact that the precision of the calculation depends on the optical size of
the mesh cells that have prompted us to develop the multilevel model. In the
following analysis we consider directly the general case of a group-dependent
spatial representation.



Numerical solutions of the transport equation are based on a functional
representation of the unknown fluxes in terms of representation functions
F g of Homogeneous support 3

1

i

together with a familly of linear operators PT1 (projections or interpolations)
relating the approximation to the actual flux

«(>? = P ? <J> 9 » ( 2 )

such that p 9 F q = 6.- •
i j ' i

These approximations define the one-group structure of the approximate
transport equation to be solved. Tne multigroup coupling is then obtained
in a consisting way as

S J = P 9 S" , (3)

where s 9 is the external source

g '"*q 9
V9 9'

_,_̂  stands for the fission source * v j f and the scattering contribution
Z y g. Use of representation (1) yields the following general form for
the Components of the external source :

q1
 = ^__

• i
where y y '

A i i = P i F i ( 6 )

are the multigroup coupling coefficients.

Standard transport codes use an unique set of representation functions, ,
F T = Fj,in all the groups and therefore the coupling matrix is diagonal, A .. =6...
The supports of the representation functions are obtained by dividing the ''
geometrical domain into a set of homogeneous cells or regions of sizes of the
order of the m.f.p. in the thermal domain. In contrast, the multilevel
approximation here proposed is based on the use of spatial representations
adapted to the different energy domains. For instance, a two-level approximation
will use two different sets of representation functions : those functions
used in the thermal groups will have supports whose sizes would be, as before,
of the order of the m.f.p. for thermal neutron energies, whereas the supports
of the functions used in the fast groups will be determined by the much
larger values of the m.f.p. in the fast energy domain. This will result in a
reduction of the number of functions used for the spatial representation
in the fast domain and, therefore, in smaller calculational costs.
Furthermore, we observe from Eq.(5) that the essential difference due to the
use of a group-dependent representation is the presence of the coupling
coefficients A ?? in t n e external source term.

The coupling coefficients can be computed and stored before the onset of
the external iterations, and then used to calculate the multigroup fission
and scattering contributions to the external source for each external iteration.
Thus, with a minimum of numerical implementation (the calculation of the coupling
coefficients and the book-keeping necessary for the computation of the
external source), the multilevel approximation can be readily incorporated
in standard multigroup transport codes.
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To fix our ideas let us consider the familiar flat-flux, collision
probability method for which the F ? are simply the characteristic functions
of the homogeneous regions i of volume V. . Here, the associated linear
operators P? are the projections onto the representation functions

f F
J (i)

F (r) d r

and consequently

A q q ' = V / V. , <?)
• I ,. i

where V.. is the volume common to regions i and j (regions used respectively
for the representations in groups g and g* . For the standard (one-level)
approximation F? = F. does not depend on the group and we have A99"= *..
which gives the'usual f*orm for the external source. On the other 'ihand!'for
a nested multilevel approximation, where regions used for the spatial
approximation at a given energy domain G are decomposed into subregions to
be used for the next energy domain G + 1, one obtains :

S "
1
 G* j ' q'e Gf ' '

where the sum on j is for all regions in energy domain G' intersecting region i
in energy domain G. For G'^G, VJ: / Vf = 1 and or.Ty the region j(i)
containing region i appears in the sum on j ; for G'> G, Vif / Vj = Vj / V;

and the sum on j is done for all regions at level G' contained in region i
at level G.

Ill - NUMERICAL TESTS

The multilevel approximation has been implemented, as a standard option,
in the multigroup assembly transport code APOLLO II which is been written at
the CEA. In this section we present some preliminary tests that have been
performed to compare multilevel with standard multigroup (one level) calculations
in order to assess the usefulness of the multilevel model.

We have considered two one-dimensional, cylindrical geometries. First
we have treated a typical PWR, poisoned cell of 1.26 cms of side containing
a pin of radius .2 cms and a Zircalloy clad of -025 cms of thickness.
The pin, of density 10 g/cc, contains a mixture of 3 % enriched U0 and Gd 0
(5 % in weight). Our second problem is a one-dimensional modelization of the
SCARABEE BF2 experiment9 that was designed to analyse the behavior of LMFBR'S
molten fuels. The model geometry consists of a central molten fuel sample of
radius 3 cms separated from an external feeding zone by 12 layers containing
structural materials, thermal barriers, sodium and two neutron filters. The
composition of the geometrical model is given is Table I.

Two k __ (albedo = 1) calculations have been performed, using the flat-flux,
collision-probabilities formation, for each problem : a reference multigroup
calculation and a two-levels (fast and thermal) multilevel calculation. The
isotopic cross-section data have been obtained from the APOLLO-II 99 groups
library and the cross sections of the resonant isotopes hare not been self-
shielded 10. Out of the 99 groups, t7 are thermal groups.
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ZONE

1

2

3
4

5

6

7

8

9

10

11

12

13

1t

RADIUS
(cms)

3-

3.JJ6

3.75

3.85

H.15

5.25

6.50

6.57

8.05

10.70

10-98

11.05

13-71^

18.

MATERIAL

Molten fuel sample

Stainless Steel

Sodium

ZrO2

Sodium

Stainless Steel (diluted)

Sodium

Gadolinium filter

Sodium

Stainless-Steel (diluted)

Organic liquid

Hafnium filter

Baffle (Aluminum, water, etc.)

Feeding core

Table I : Description of the Scarabee BF2 calculational model.

In order to take into account the strong thermal flux gradient in the
poisoned pin of the PWR-cell we have subdivided the pin into 16 equivolumetric
regions. Therefore the multigroup calculation has been performed with 18 regions.
The corresponding two-level calculation has been done with the same regions for
the thermal level but with a single region in the pin for the fast level. The
reference, multigroup calculation required 1.362 s in the CRAY XMP for the
computation of the collision probabilities (P..) and yielded k e f f = • 23266,
while only .701 s were necessary for the P.. ''of the multilevel calculation
which gave k = .23237 . Figures 1 and1'2 show the neutron spectra in the pin
obtained from" the reference and the multilevel calculations. We observe that
the fast flux obtained from the 16-pin-regions reference calculation is
practically flat, fact that validates the 1-pin-region approximation used in
the first level of the multilevel calculation. Besides some discrepancies
arising in the resonance domain (and due to the absence of self-shielding), both
calculations give the same result in the thermal domain even though there is a
strong flux gradient.

The reference, multigroup calculation for the SCARABEE problem has been done
by subdividing the central, molten-fuel zone into 2 equivolumetric regions, and
by subdividing each neutron filter into 8 equivolumetric regions, with a total
of 29 regions. This calculation gave l<̂ |j = 1.2571* and required 1.619 s of

CRAY XMP for thej = calculation. The multilevel calculation was done using
a single region Tor each neutron filter in the fast level and yielded keJf= 1.25668
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with 2.^98.: of Pj: computation. The neutron spectra in the central, molten-
fuel zone are shown :r; Figures -I and 4, respectively, for the reference and
the multilevel calculations. Practically the two spectra are indentical The
neutron spectra obtained fram the vt-'i efjv.ee and the multilevel calculations for
the neutron filters are shown in Figure.; S and 6 fvr the gaaoliniure filter, and
in Figures 7 and 8 for the i.ri:':;'.us filter. We observe that the neutron thermal
flux in the innermost, gaao". inium filter is very smll because iv-'Ct of the
thermal neutrons produced by the feeding core are absorbed in the outer, hafnium
filter. As before the multilevel approximation is validated by the rr-ference
calculation results that show that the fast flux ir: the filters is fia*.
Comparisons between Figures 5 and 6, and between Figures 7 and 6 zhov that
the thermal flux gradient is well calculated by t:,-.j multilevel appro:imation.

IV - CONCLUSIONS AND FUTURE WOHK

A ncvel model for multigroup transport calculations, :;a;-ej on the use of
group-dependent spatial representations, has been proposed. This multilevel
approximation can readily be incorporated in standard multigroup transport
codes and allows for a significant reduction on ir.e- cost of the multigroup
calculations while preserving the overall precision of the results.

The multilevel approximation has been implemented, as a standard
option, in the new assembly transport code APOLLO II that is been developed at
the CEA. In this code the user can define a nested, multilevel mesh in which
regions used for the spatial approximation at a given energy domain are
subdivided into regions to be used for the spatial approximation in a lower
energy domain. Test comparisons between a reference, standard multigroup and
a two-level (fast and thermal) multilevel calculations have been performed for
two, one-dimensional, cylindrical geometries: a PVJR, poisoned pin cell and a
modelization of the 5CARABEE ;3F2 experiment. The results show that the
multilevel approximation ir able to calculate accurately the lar,-o flux
gradients produced by strong neutron absorbers, while reducing the collision-
probabilities calculations! time by nearly a factor of 2. Vie expect that a
greater, effective saving can be obtained for two-dimensional problems where
the time used in the computation of the collision matrices represents a large
proportion of the overall time needed for the flux calculation.

A difficulty with the multilevel model arises in the case of a depletion
calculation in which several, consecutive transport calculations are used to
determine the variation of the isotopic concentrations versus the assembly
burnup. In this case the isotopic concentrations may change frcm one thermal
region to the next and, consequently, a region at a higher energy level,
containing several thermal regions, may be composed of different physical
media. The treatment of such heterogeneous regions, that will call for
significant modifications in most of the multigroup, transport codes today in
use, is, however, easy to implement in the APOLLO 11 computer code in which
provisions already exist for the homogeneization of heterogeneous regions prior
to the collision-probabilities calculations. Results on multilevel
calculations using heterogeneous regions will be the subject of a future paper.
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10.
•» I I l.. ..T...1

FIGURE 1: Neutron spectrum in the PTCR pin obtained from the reference
calculation. Only the fluxes in the eight odd regions (1,3,
5, 7, 9, 11, 13 and 15) have been represented.

LCTHWCT

FIGURE 2: Neutron spectrum in the PWR pin obtained with the multilevel
calculation. Only the fluxes in the eight odd regions are
shown.
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FIGURE 3: Neutro spectrum in the two regions of the molten fuel zone
obtained from the reference calculation.

• i i i

termer
FIGURE 4: Neutron spectnss in the two regions of the molten fuel zone

calculated with the multilevel model.
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FIGURE 5: Neutron spectra* in the eight regions of the gadolinium
filter obtained with the nultisroup calculation.

*

FIGURE 6: Neutron spectnn in the eight regions of the gadolinium
filter obtained with the multilevel calculation.
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FIGURE 7: Neutron spectrum in the eight regions of the hafnium filter
obtained fron the miltigroup calculation.

FIGURE 8: Neutron spectrum in the eight regions of the hafnium filter
obtained with the multilevel calculation.
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Acceleration Strategies for the

Interface Current Method

G. Marleau, A. Hebert and R. Roy

Groupe d'Analyse Nueleaire, Ecole Polytechnique de Montreal,
Montreal, Quebec H3S 2A9.

Abstract - The solution of the three-dimensional transport equa-
tion using the interface current method generally involves a very
slowly converging iterative process. Here, we propose three
different techniques which succeeded in reducing drastically the
number of iterations necessary to obtain converged flux and
current solutions to the transport equation.

Resume - La resolution de l'equation tri-dimensionnelle de
transport neutronique par- une methode des courants d'interface
implique generalement 1'uti1isation d'un processus iteratif tres
lent. Nous presentons ici trois methodes qui ont permis de
reduire substantiellement le nombre d'iterations necessaires a
l'obtention d'une solution convergee pour les flux et les
courants de neutrons.

1. Introduction

The interface current (IC) technique is a well known

variant of the collision probability (CP) method which is com-

monly used in the treatment of three-dimensional transport

problems . Thus, we will consider an arbitrary three-dimensional

domain to be divided into independent blocks, each one of these

being analysed using a collision probability method. The complete

domain is then reconstructed using a reflection-transmission
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matrix which mixes together the currents associated with the

various blocks.

This coupling can be performed following two different

paths. On the one hand, the complete collision probabilities for

the domain can be built up directly from the known block prob-

abilities using the reflection-transmission matrix . This results

in a linear system of equations for the fluxes which is solved

using standard methods (matrix inversion, gaussian elimination,

etc.). The main disadvantage of this reconstruction is that the

resulting collision probability matrix is dense, thus producing a

strongly coupled system of equations.

The coupling of t*i° blocks can also be carried out directly

during the iterative solution process . In that case, the fluxes

and outward currents associated to a block are first solved using

the collision probability equations inside each block with the

inward currents for a block being obtained using the current

mixing equation which involves the reflection-transmission

matrix. Since this iterative technique generally turns out to be

slowly converging, we propose three strategies that can be used

to improve on the rate of convergence of this process.

The first two methods introduced are matrix pre-

conditionning techniques which rely on the reduction of the

spectral radius of the system collision probability matrix to
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improve on tho rate of convergence of the solution of interface

current equations. For the scattering pre-conditionning (SPC)

method, one modifies the collision probabilities using the within

H
group scattering cross setions . As for the albedo pre-

conditionning (APC) method, it uses the transmission probabil-

ities for reflective surfaces to reduce the effective spectral

radius of the collision probability matrix. The third accelera-

tion method we will describe is the variational acceleration

method . This method uses a variational technique to minimize the

error on the functional associated with the collision probability

system of equations.

In section 2 of this paper, we present the set of transport

equations associated to the block IC method and we discuss the

iterative technique to be used in solving this system of equa-

tions. Sections 3 is devoted to a description of the scattering

and the albedo pre-conditionning techniques for the CP matrices

while the variational acceleration method will be presented in

section H. The performance of the various acceleration methods is

analysed in section 5 and our conclusions are given in section 6.

2. The Interface Current Method

The set of IC equations we will consider is the following
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^ P.I A 1 J JJ+ dc)

where Q is of the form:

Q1 - Z[ T + S
1 (2)

5

In the above, we assumed a one energy group problem with fixed

sources S . Here, $ , ?+ and J_ are respectively vector repre-

sentations of the fluxes and of the currents (outward and inward

currents) in block "i". The within group scattering cross section

matrix Z1 is diagonal and the reflection-transmission matrix A1J

s

involves both the external boundary conditions and the coupling

matrix for the blocks inside the domain. The probability matrices

p and p are reduced collision probabilities while P and P

are the standard transmission probabilities for block "i".

The set of equations above is generally treated using the

successive block over-relaxation (SBOR) method :

3i(n+1) - (1-u) Q^n) + u) [ EJ J^n) + S1 ]
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J * ( n

where 3 (n+1), <j! (n+1) and ?+(n+1) are respectively the order

(n+1) approximations to the sources, fluxes and outward currents

and a) is a relaxation parameter. The SBOR method is a successive

over-relaxation (SOR) method which is applied to each block

successively (assuming fixed sources and incoming currents inside

a block) rather than to each individual flux and current as in

the standard SOR method. Accordingly, the rate of convergence of

the iterative process in the SBOR method depends only on the

block ordering and on the choice of the relaxation parameter.

3. Scattering and Albedo Pre-Conditionning

Here, for simplicity, let us first replace eq.(2) for the

sources in eq.(1) and obtain:

Pvs 3-

Pss 5- + Psv < ij J1 * 2 1 > Ob)

The first acceleration method we will describe relies on the fact
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that the number N of independent regions inside -i.-icii Lie-..

generally small (one uses N=1 for homogenous block: ', . It

therefore be advantageous to invert directly the flux equa

(eq.(3a)) for each block type. The flux equation then becomes:

( I - p1 E1 T 1 ( P1 J1 + p1 S1 ) <«a)*vv s vs - vv

Using the above in eq.(3b) one obtains:

J1 = W1 r • w1 S1 (Hb)
+ ss - sv

where the matrices H and w are defined as follows:

M1 = P1 + p1 [ I - I1 p1 3"1 I1 P1 (5a)
ss ss Ksv s Kvv s vs

psv + Psv C J - Es P j ^ " 1 ^ P j v (5b)

The new transport equation for the outward currents (eq.(ib)) is

similar to that described in eq.(ib), the main difference beirij

that the sources 3 in eq.(4b) are flux independent. The SBOR

method described before can still be used on the current equation

while the source equation is no longer necessary. As for the

fluxes inside each block, they can be computed once and for all

after a converged solution for the currents has been obtained.

Mathematically, the treatment above is known as scattering

pre-conditionning (SPC). What it does, in practice, is to trans-
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form the matrix involved in the iterative treatment of a given

system of equations (P ) in such a way as to decrease its
s y s

spectral radius, therefore improving on the rate of convergence

of the iterative method .

Let us consider the system of equations (1) to which Is

associated the following iteration matrix PQ, :
s y s

sys

_i i
Vvv

sv

vs

ss

where the elements of the diagonal matrix £. are the one-group

total cross sections. Using the neutron conservation equations ,

one can evaluate the spectral radius p(F ) of the above matrix:

(6a)

The iterative matrix associated to system of eq. C O , pre-

.1
condltionned using the scattering matrix, is H

following spectral radius :

ss
It has the

mind -
o

P(W
3 S

(1 - (6b)

where
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r ( i1 - J:1 P 1 )

takes its maximum value when the scattering cross section

vanishes or in the case where Z p - 1 (infinitely absorbing

media). The spectral radius of the matrix V is generally smal-

ler than that of the system matrix P and one expects the
s y s

convergence rate of the pre-conditionned system of equations to

be faster than that of the original system.

The second pre-conditionning method we will consider is the

albedo pre-conditionning technique (APC). The process here con-

sists of extracting out of the transport equations the external

currents which are coupled via the diagonal elements (reflection

elements) of the refleetion-transraission matrix. First, let us

define the diagonal albedo matrix 0^ for each block in such a way

that the diagonal elements of the transmission matrices T

vanishes:

(7)

One can pre-condition the probability matrix P (as well as the

3 other probability matrices) as follows:

K1 - P1 * P1 [ I - B1 P1 ] ~ 1 a1 P1

K33 P3S PS3 L l * P33 J B P33
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Finally, the current equation takes the form:

which can be solved using the SBOR technique.

This pre-conditionning of the collision probability matrices

using the albedo boundary conditions effectively reduces the

spectral radius of the iterative matrix for the system of equa-

tions. A faster convergence rate of the SBOR method for the APC

system is therefore expected.

The two pre-conditlonning method described above can be used

either independently or in conjonction. In the latter case, one

can start with the SPC transformation followed by the APC trans-

formation of the collision probabilities or use the reverse order

with equal efficiency.

4. Varlatlonal Acceleration

The relaxation factor u> used in the SBOR method is generally

considered fixed during the iterative solution of the transport

equation. Here we propose a technique for computing dynamically

7
this relaxation parameter . The variational acceleration method

relies on the fact that the transport equation can be derived
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from a functional using a Euler-Lagrange equation .

We will consider the following form of the transport equa-

tion:

s (10)

where the vector $ represents both the fluxes and/or the cur-

rents, 3 are the sources and A is a collision probabilities

matrix. The functional F{$J associated to this transport equation

takes the form:

-» 1 -»T T •» +T T -»*
F t * ) - f- «, A * A * - «/ A 1 S (11 )

Assuming the order n acceleration parameter to(n) defined as:

$(n*1) - r(n) • w(n) A(n) (12a)

where ?(n) satisfies:

f(n) - ( I - A ) J(n) • S* (12b)

and 2(n) is the error between successive iteration given by:

(12c)

Here, we choose u>in) to be such that the functional Ffj&J

evaluated at $(n*1) is a minimum. Thus F{$(n*1)} should satisfy:
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After expanding Ff$(n+1)} in terms of $(n) and f(n) using

equation 12, the above derivative is easily evaluated. Then,

after some algebraic manipulations, the following expression for

u>(n) is obtained:

, . AT AT [S*- A f ]w(n) - ^=—=
A A A A

Using the above expression for «(n) one can then compute ${n+3)

which is used as input for che next iteration.

The variatior.al method we described above is quite general

and it can be applied to the set of eq. (3) assuming that $ is a

vector made-up of the fluxes and the currents. Alternatively,

assuming that the variational acceleration technique is applied

to the solution of eq. (4), we can write:

#* i
1 • Msv

and the set of eq. (12) and (lU) can again be used to evaluate
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the variational acceleration parameter.

5. Numerical Results

In order to evaluate the effects of each of the acceleration

techniques described above, we will solve the trant >ort equation

for fixed sources inside the three-dimensional cyliridrical cell

illustrated in Fig. 1. We will assume in all out- calculations

that the external cylinder surfaces are reflector:. ./ith albedo

0-1. Here we will first consider a cell of height QZz$2

homogenous along the z-direction. The geometrical -.nd physical

properties we used for this cell are presented in Table. I. We

considered in our calculations each of the annular regions of

Fig. 1 as an independent block for which the collision probabil-

ities were evaluated using the method described in Ref. 8

The effects of the scattering and albedo pre-conditionning

technique on the speed of convergence of the SBOR method for

solving the transport equation are illustrated in Fig. 2. A

converged current solution to the collision probabilities equa-

tions (relative convergence of 1.0*10 ) was obtained after 400

iterations using the un-accelerated SBOR method. After applying

either one of the SPC and APC method to pre-condition the colli-

sion probability matrices we succeded in reducing the number of

iterations to 250 and 335 respectively while the use of these two
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methods successively resulted in a reduction of the number of

iteration from 400 to 50 iterations.

Here, we should point out that in the case where the size of

the cell is large compared to the mean free path of a neutron

inside it, the effects of the albedo pre-conditionning becomes

negligible. This is because in such case, the cell can be con-

sidered as infinite and accordingly the albedo boundary condi-

tions become diluted.

The variational acceleration was then applied to the albedo

and scattering pre-conditionned transport equation. As one can

see in Fig. 3a, we did not accelerate each iteration. We choose

to alternate between free iterations and accelerated iterations

(three f.'ee followed by three accelerated iterations) . The

reason for this lies in the fact that the computed acceleration

factor u(n) i3 large (here I.Ofi a>(n) £ 7.80) and numerical in-

stabilities will arise due to the non-fundamental modes which are

excited by such a large acceleration factor. The free iterations

are used to stabilize the solution around its fundamental mode.

Numerical tests showed that the optimal scheme which insured both

numerical stability and a minimum number of iterations was a

(3.3) acceleration scheme where 3 free iterations were followed

by 3 accelerated iterations. As one can see in Fig. 3b, the

variational acceleration method results in a significant reduc-

tion (from tO to 12) in the number of iterations required to
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obtain a converged current solution to the transport equation.

The combined effects of these three methods resulted in a

reduction in the number of iterations from 400 to about 12 (a

factor of about 30) while the CPU time required to obtain a

converged solution was reduced by a factor of 40. Here, note that

we considered for each case the total CPU time required to obtain

the final flux and current solutions including the matrix inver-

sions involved in the SPC and APC calculations as well as the CPU

time necessary to compute the acceleration factor oj(n).

In the second test case we considered, we divided the cell

of Fig. 1 into two independent cylinders. The lower part of the

new cell, localised between 0£z£2, has the properties described

in Table. I while the upper part of the cell (2£zS4) has the

properties illustrated in Table. II. Fig. 4 and Fig. 5 illustrate

the improvements in the iteration speed, required for the treat-

ment of this cell. Here, we succeded in obtaining a converged

solution in 25 iterations while the un-accelerated problem re-

quired H35 iterations. Reductions of the CPU time requirements by

a factor of 20 were obtained here.

6. Conclusions

Using the three acceleration methods we have proposed,
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namely the scattering and albedo pre-conditionning techniques and

the variational acceleration method, we succeded in reducing by a

factor of about 30 the number of iterations required for solving

the transport equation for the flux and currents. Such a reduc-

tion in the number of iterations should be even more advantageous

when multigroup and fission sources problems are to be considered

since then addltionnal iteration processes will be needed to

solve the transport equation.
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TART.K I

GEOMETRIC AND PHYSICAL PROPERTIES FOR CELL

OF FIGURE 1 IN THE REGION 0.0 < Z 2.0

Region
Number

1

2

3

4

5

6

7

Outer
Radius (cm)

0,4000

0,5000

2,0870

3,5773

5,0730

10,0000

16,1245

Total

XS (on"-1)

0,3055

1,5646

0,9615

0,9615

0,9615

0,3001

0,3001

Scattering

XS (cm"1)

0,3000

1,5000

0,8829

0,8829

0,8829

0,3000

0,3000

Neutron
Source

0,0000

0,0000

0,1612

0,3319

0,5069

0,0000

0,0000

TABLE II

GEOMETRIC AND PHYSICAL PROPERTIES FOR HFT.T.

OF FIGURE 1 IN THE REGION 2.0 < Z < 4.0

Region
Number

1

2

3

4

5

6

7

Outer
Radius (an)

0,4000

0,5000

2,0870

3,5773

5,0730

10,0000

16,1245

Total

XS (cm"1)

0,3055

1,5646

0,3001

0,3001

0,3001

0,3001

0,3001

Scattering

XS (cm"1)

0,3000

1,5000

0,3000

0,3000

0,3000

0,3000

0,3000

Neutron
Source

0,0000

0,0000

0,0000

0,0000

0,0000

0,0000

0,0000
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Figure. 1

A three-dimensional cylindrical cell



-436-

Figure. 2

Effects of the pre-conditionning methods on the speed of
convergence of the iterative process for test case 1.
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Figure. 3

Effects of the variational acceleration on the speed of
convergence of the iterative process for test case 1.
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Figure.

Effects of the pre-conditionning methods on the speed of
convergence of the iterative process for test case 2.
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Figure. 5

Effects of the variational acceleration on the speed of
convergence of the iterative process for test case 2.
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RAVE - A VIEW FACTORS CODE FOR ARBITRARY GEOMETRY WITH SHADOWING

by

M.S. Milgram, S.L. Thompson
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Chalk River, Ontario
KOJ 1J0

Abstract

A prototype version of the RAVE code for the determination of
view factors between surfaces of arbitrary shape and orientation is
now available from HTFS. This code calculates view factors between
polygons using Monte Carlo and line integral methods of numerical
integration. Arbitrary shadowing bodies which may obscure parts of
the receiving surfaces are accounted for. Curved surfaces are
modelled by polygonal patches in the prototype - for example a
cylinder is represented by a multi-sided right prism. Numerical
results are accurate (typically 5% or better) within a range
consistent with statistical expectations for the number of random
points used, as well as with results calculated in other ways. All
determination of the identity of obscuring surfaces and visibility
of target surfaces is included within the code. The input is free
format and designed for simplicity.

I. Introduction

The surface-surface view factor F12 measures the fraction
of the normal component of Illumination which is received by surface
2 from emission of radiation by surface 1. It is widely used in
heat transfer calculations when the dominant mechanism is radiant
interchange between surfaces; for example, it is needed in such
diverse fields as nuclear safety studies, illumination engineering,
satellite design, solar energy applications and crystal growth. It
is calculated and defined by:

research sponsored by Heat Transfer & Fluid Flow Service,
Furnaces Panel.
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where the symbols are explained in Figure 1. The RAVE computer code
performs a four-dimensional numerical integration to determine
Fj2 using Monte Carlo techniques. The rationale and history of
the choice of methods is outlined elsewhere(l). To summarize,
HTFS wished to obtain a code that would calculate Fjj, the view
factor between surfaces of bodies i and j in arbitrary geometry,
including the possibility of shadowing. Computer running time was
not an important consideration. A literature search elicited the
information that no existing codes were suitable; similarly a study
of mathematical techniques indicated that Monte Carlo methods were
the ones most likely to bear fruit.

This paper is divided into three parts. In the first, we des-
cribe the logical structure of the RAVE computer code; in the second
the mathematical algorithms are given, and in the final section some
examples with both input, output and accuracy are considered.

2. Structure

A schematic outline of the logical flow of the program is given
in Figure 2. To begin with, every surface with N sides is assigned
a unique identifying number; composite bodies (eg. boxes) are com-
posed of a set of surfaces. The boundaries of each surface are
defined by N vertex co-ordinates stored as vectors. The order of
vertices indicates the direction of the normal to that surface - the
normal always faces out from the front-side. Each surface or group
of surfaces can be moved to a desired location and orientation by
the action of translation and rotation operators. View factors are
calculated between surfaces whose front-sides are mutually visible;
the back-side of a surface acts as an obstructing or shadowing body
but cannot receive photons. Allowance has been made in the input for
the user to specify particular combinations of surfaces for which
the view factor is wanted. This permits an optional redeternination
In special cases for which the statistics may be poor or in which
the user has a particular interest.

Once the program has determined that surface j is potentially
visible from i because it both Lies above i's horizon and its front-
side faces the frontside of i, all other surfaces are tested as
well. All surfaces that lie above the horizon of I are potential
obstructing surfaces, except if they can be eliminated on broad
grounds. One such test is to calculate the distance between the
closest vertices of 1 and the potential occluding surface. If this
distance exceeds the distance between the two furthest vertices of i
and j this surface can never occlude. Surfaces which cannot be
eliminated as potential shadowing surfaces are ordered by the
increasing magnitude of their closest distance, on the theory that
nearby surfaces are more likely to shadow than remote surfaces, so
an obstruction will be quickly found. This is a rather coarse test,
and future versions of the code will Include more sophisticated
logic to determine possible shadowing surfaces more accurately.
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A second algorithim has been developed to improve the statis-
tics and limit potential occluding surfaces. Given the orientation
and distance between two surfaces i and j it is possible to calcu-
late an aperture in the range of polar angles 0 and <p outside which
no photons emitted from surface i are physically capable of striking
surface j. If the aperture of a potential occluding surface does
not overlap the i to j aperture, that surface can be eliminated.
This is discussed in more detail in Section 3.

Once a list of potential occluding surfaces is finalized, the
view factor calculation begins. PLi tons ar» emitted in 20 groups of
1000 each from random points and at random angles (within the aper-
ture) inside surface i. Those photons that strike the interior of
the polygon j are counted, unless they intersect the interior of
another polygon at a lesser distance. The integration method is
given in Equation 3.2(3); the statistical analysis of error will be
found in Equation 3.2(4).

3. Mathematical Methods

3.1 Geometry

All calculations are done using invariant vector geometry,
thereby eliminating the need to refer to a particular choice of
coordinate axis X. An obvious requirement is that of finding the
point of intersection of a line, representing the trajectory of a
photon, defined by its endpoints £ and j) and a plane (containing a
target surface) defined by the equation I, . X = p where L̂  is the
outwardly directed normal and p is a parameter. The point of
intersection P_ is given by:

£ = [p (C - D) - C (L . D) + D (L . £)] / L.(C - D) 3.1(1)

Once such a point P_ has been found, it is necessary to deter-
mine if V_ lies within the bounds of a polygon defined by its
vertices, which delineates the target surface in the plane. Several
methods of tasting are well-known (2» »̂ *' in two-dimensions.
In practice, these tests are difficult to apply in three-dimensional
geometry where the plane of the polygon is arbitrarily skewed in
space, since all points would have to be rotated to refer to a new
coordinate system in the plane of the polygon. Accordingly a new
method was developed: form the vector cross products

C x P1
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using vectors A, B, C to define each vertex of the polygon (see
Figure 3). The d^t product E . j[ = (B' . C') _P' •£'-(!' • P.")
{£' " —') w i H be positive if jP lies outside the arms of the polygon
or their extension. Traverse the polygon vertex by vertex and test
for the sign of _E . _F; if J2 • £ > 0 anywhere, the point lies outside,
otherwise the point is internal. This method is valid provided the
polygon has no angles that exceed 180°.

To determine the visibility status of two surfaces, it is
sufficient to test the sign of the dot product between the vector
formed by joining each of their vertices in turn and the normal to
each surface. Various possibilities are discussed elsewhered).

Finally, we outline the method by which the angular aperture of
area A is determined. This method is thought to be new. Consider
two lines A - JJ and X - Jf defining two sides of each of two
polygons. It is clear that the maximum and minimum values of the
azimuthal angle i> will occur when the endpoints are joined each in
turn. With reference to Figure 4, we find

4- = tan"1 V . N/\7 . M

where the symbol indicates that the vectors are normalized, so
yv „ /\

that L, M, N is^an orthonormal co-ordinate system with respect to
the surface i; L is the normal to the plane. The only difficulty
arises when <$ crosses the line ( + O because of the discontinuity in
the arctangent function - suitable precautions must be taken.

The determination of the extreme values of the elevation angle
0 is more interesting, because this does not always occur when the
endpoints are joined, but with one exception, will always occur
between points on the lines defining the bounding edges of the
surfaces.

Let

£ - Y + /3(X - Y) lie on X - Y, and

R = J} + a (A - JJ) lie on A - B

The cosine of the elevation angle u = cos 0 is given by

(JP - R) . L

3 a ( 2 )
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for a line joining P̂  and R. We seek extreme values of \i such that
0 j_ ot, 3 < 1; if such can be found the extreme value of p is defined
by the line _P - i?, otherwise it will be found on the lines formed by
joining the vertices A_, jl, >£ and Y_ in turn. Therefore, we set

lii- = aP = o
O'X Op

and solve for & and 8. We find(5) that the simultaneous
algebraic equations can be written as:

C4 = 0
3.1(3)

+ a C 5 + «
2 C 0 + gC6 + C7 = 0

where

c
0
 = "(X " P'L (A - JJ)2

Cx = -(Y - ̂ ).L (A - _B)

C2 = CX. - Y).L (X - Y).(A - B)

C3 = CX - Y).l (Y - B).(A - B) + (Y - ̂ ).L (X - Y).(A - B)

3.1(4)
C4 = (I ~ 1) •L (I ~ 1) • (A - B)
C5 = -L.(I - D-(A " B).(X - Y_) + 2(A - B).(Y - B).(X - Y).L

C6 = (I " I>'L (I ~ *>2 " (I " D'CX " *> (X " iL>-L
C7 = (I " £)•£ (B - Y) 2 + L.(^ - Y) (X - X)'(JB " I)

which can be solved numerically, since they are at most cubic in a
and/or B . In the exceptional case, £ = TT/2 if the projection o;f
polygon j onto the surface containing polygon i along the normal L
lies entirely inside polygon i. A simple test for this is to check,
whether or not tp spans +TT ; if so, the exceptional case is true.

3.2 Statistics

We consider two random numbers C and V such that | £ | , | V \^_ 1,
from which a random point C_ in the interior of a quadrilateral may
be found

c = I [(l - O (l - 1) vL + (l +E ) (l -v) v2 +

(l + a (i + n) v3 + (l - O (i + n) v̂ j 3.2(1)
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where _Vj (i = 1, 4) are the vertices of the quadrilateral. The
result degenerates into a useful result for a triangle if _V̂  = V4.
The case of an n-gon (n >4) is covered by splitting it up into
quadrilaterals and triangles, and assigning a number of random
points to each in proportion to the area of each with respect to the
whole n-gon. This is done automatically by the code. We have been
unable to find a simple algorithm for determining a random point in
an arbitrary n-gon.

At each point C_ found in this manner, constrained random values

of 6 and <P with respect to the local coordinate system (L, M, N) are
used to define a vector D that is likely to intersect polygon j when
projected

D = cos 6 [coso>M + sin4>N] + sin 6 L 3.2(2)

where all vector coordinates are defined with respect to the
global coordinate system. The methods of Section (3.1) will
now apply to the ray jC - J) defined by 3.2(1) and 3.2(2). If
£ - D or its extension is not occluded, it contributes to the
view factor via the sum

v i k=l

where A defines the angular aperture, f̂  is the kCn random
4-tuple ( £ , 7j , (J, , y ), ( 1 5 k £ N T ) , \ is the ktn random
value of cos 0, H(ffc) = 1 if S , <t> lie inside A , otherwise
H( ^k) = Of Nv is the total number of values of f̂  for which

H( f^) = 1» anc* \/g( ̂  k) is tt16 metric associated with the

transformation from the square | J , V \ < 1 to the quadrilateral de-
fined by V^. It is explicitly given in Appendix A of Reference 1.

Each set of Nx (usually 1000) random rays so generated is
considered to be one experimental determination of Fji, so the
error among N (usually 20) such experiments can be estimated. From
standard statistical tests, the fractional error e in the average
can be estimated at the 95% confidence level using

e -1.96 s/(F1. N)

2 N

where s = Z [(F. .) . - F ]/(N-l)
k=l 1J K 1J

is an estimate of the standard deviation and F.. = £ F.,/N is

the average of N determinations and the best estimate of the result.
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4. INPUT, OUTPUT AND ACCURACY

Input is free format but follows the standard HTFS structure.
Details are given in the "User's Manual"(6). The primal
quantities are geometric surfaces, each of which is uniquely
numbered by the code. Such surfaces can be either regular or
irregular plates (RPLATE or IPLATE). Composite bodies BOXES or
regular prisms (RPRISMS) are made up by grouping together sets of
surfaces. Cylinders can be modelled by an RPRISM with many sides.
Future versions of the code will contain a larger repertoire of
geometrical entities and assemblies.

Any surface can be referred to by its name-number combination.
For example, the following commands could be used to create a box,
reverse the direction of its normal and calculate the view factor
between the top side (side 1) and bottom (side 2) surfaces. The box
has sides of length 3, 2 and 4 in the x, y and z directions (Figure
5a).

102 CREATE BOX 1- 3 2 A
103 REVERSE BOX 1-1,2
110 VFROM BOX 1-1
111 VTO BOX 1-2

The command with sequence number 103 is necessary to reverse
the orientation of the top and bottom of the two surfaces under
consideration. The view factor calculated between these two
surfaces is 0.094108 + 2.8% by the Monte Carlo method, and 0.095392 by line
integrals, a difference of 1.4%. The known analytic result for this case is
0.095392.

As another example, a cylinder of length three units along the
x-axis and radius 1/2 could be introduced (Figure 5b) by the
commands

105
107

CREATE
SPIN

RPRISM
RPRISM

1-
1-

15
90

0.5
90

3
0

The first of these creates a 15-sided regular prism of
circumscribed radius 0.5 and length three units aligned along the
z-axis. The second command rotates all surfaces associated with
this prism by 90° about the y-axis. To obtain the view factor from
the sides of the cylinder to the top surface the commands

110 VFROM RPRISM 1-ALL
111 VTO BOX 1-1

would suffice, although the final result would have to be calculated
by the user as follows:

F = E A F / A
CYL—vTOP i i i—»-TOP CYL
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where i runs over all radial surfaces of the cylinder and A± is
the appropriate area; A C Y L = 3>r(|)

2, the area of the
cylinder.

In general, to calculate FJJ, the view factor between
composite surfaces I and J it is necessary to calculate (using
symmetry if possible)

FTT = \ A. Z F.. / Y: A.
IJ 1 1 j lj 1 1

where i and j run over all surfaces that make up composite surfaces
I and J. Future versions of the code will calculate this
automatically.

For the above example we find the view factors given in Table 1. As
a check of conservation of probability we find:

0.15149 + 0.025105 + 2x(0.15418 + 0.25779) = 1.0005,

consistent with the magnitude of the anticipated error.

In all cases, whenever the correct answer was known the calculated
results were within a few percentage points of that answer,
consistent with expected statistical deviations for the number of
points used. In cases with no shadowing, the line integral and
Monte Carlo methods are in substantial agreement, which improves
whenever more points are used.

Obviously a large number of geometric configurations can be
modelled with the commands presently included. Several examples are
given in the User's Manual^6).

In addition to the evaluation of F^j with shadowing using
Monte Carlo methods, the code also calculates Fjj between
surfaces using a line integral method (7). In cases where no
shadowing occurs, the two methods should be identical. Both results
and the fractional difference between them are reported, so that if
a shadowing surface occludes the view from i to j, the amount of
shadowing is known. The code also reports on the efficiency of its
choice of angular aperture (how many random photons emitted actually
could physically strike the target) and the fraction of photons
occluded, as a consistency test. The initial and final seeds of the
Monte Carlo random number sequence are also given. Future versions
will include a facility to calculate mean beam lengths (first moment
of the view factor integrand) with shadowing and the effect of
absorption along the trajectory of each photon.
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Table 1

FROM

bottom of box

TO

cylinder

top of box

each side

each end

View Factor

0.15149

0.025105

0.15418

0.25779

Correct

0.157208)

0.095392*

0.18286*

0.26944*

omitting shadowing by the cylinder.
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FUEL MANAGEMENT SIMULATION FOR

AN UPRATED CANDU 600

by

D.A. Jenkins

Atomic Energy of Canada Limited

CANDU Operations
Sheridan Park Research Community
Mississauga, Ontario, Canada

L5K 1B2

ABSTRACT

This paper describes a detailed fuel management study which was carried
out for the CANDU 600 uprated by 172. This simulation features the latest
developments in our fuel-management computer programs. The time-average
characteristics of the core, such as equilibrium fuelling rates, exit fuel
burnup, and in-core power and burnup distributions are presented. Also
described is a detailed fuelling simulation of the first 400 FPD (Full Power
I)ays) of operation including the initial core, the excess reactivity ~
transient of the first 100 FPD, the onset of refuelling and the approach to
equilibrium.

Features of this study which have not previously been simulated for the
CANDU 600 are a 172 power increase, mixed four- and eight-bundle shift
refuelling, and spatial control throughout the Q-UQQ FPD simulation.

S60247R/CNS.1
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INTRODUCTION

The study of in-core fuel management is an essential task in the design
of a nuclear reactor. Such a study provides a good estimate of the exit
burnup of the fuel, it establishes an acceptable fuelling scheme, and
provides the power and burnup distributions to be expected in the course of
operation of the reactor. This paper describes such a study for a CANDU 600
design with a power output which is increased by 17% relative to previous
designs.

The first step la such a study is to obtain a time-averaged equilibrium
power distribution* This provides values for the equilibrium fuelling rate
and equilibrium burnup, as well as an indication of the maximum bundle and
channel powers to be expected at equilibrium. At this stage the fuelling
scheme is determined, as well as the degree of radial flattening needed at
equilibrium. This part of the study is done with the time-average module of
the _Fuel jtanagement and ̂ Design ̂ Program (FMDP). This time-average procedure
averages the lattice nuclear cross-sections over the residence time of the
fuel at a particular point in the core. However, the effect of having local
variation in channel ages (ripple) between fresh and discharge is not
included.

To obtain a power distribution in the core as it would actually be at
some time during the life of the reactor, the flux distribution must be
calculated using cross sections corresponding to the actual irradiation of
the fuel in the core. The core is, therefore, simulated from fresh-fuel
conditions until equilibrium is reached in discrete steps (of length 10 FPO
in this case) with the Irradiation and burnup distribution changed from the
previous step based on the previous flux distribution.

During this period the core passes from the initial operating period with
depleted fuel in the core, through the transition period covering the start
of fuelling and early fuelling period. This is a sensitive period of
operation from a fuel-management point of view. Near-equilibrium fuelling
conditions are usually achieved around 400 FPD and a detailed fuelling
simulation beyond this point normally adds little further Information.

This part of the study was made with the jteactor fuelling and Simulation
program (RFSP). RFSP is a subset of FMDP tailored to the needs of . i.e site
fuelling engineer. In addition to predictive studies such as described
here, it is used on site at Pt. Lepreau (New Brunswick) and Wo1sung (Korea)
to follow the reactor history and for the selection of channels to be
refuelled.

FMDP and RFSP use a three-dimensional, two neutron energy group,
finite-difference diffusion technique.

56O247R/CNS.2
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A new version of RFSP has been developed which allows spatial and bulk
control to be used throughout the simulation. As In actual reactor
operation, the zone-controller-compartment levels are automatically selected
so as to match the Instantaneous zone powers to the time-averaged zone
powers as closely as possible. This type of refuelling simulation is,
therefore, much more realistic than previous studies where the zone levels
have been kept fixed throughout the simulation.

TIME AVERAGE CALCULATION

Method

The basic assumption of the time-average calculation is that the power
distribution calculated from cross sections averaged over the fuel's
residence time is approximately the time-averaged power. That is, the cross
sections used for the flux calculation are obtained from:

- i fW2

where £ is any of the fission, absorption, removal or transport cross
sections, and u is the irradiation, u>j at the beginning of dwell time and ^
at the end, and Au> * u>2 ~ top

The residence time is the time a bundle spends at any one location in the
core. The dwell time of a channel is the time between refuellings of that
channel.

The Initial and final irradiation (w^ and w ?) for each axial position
along a channel is obtained by starting with an initial flux guess 0 and
calculating the increase in irradiation from

Au - 0T (2)

where T is the dwell tine.

On refuelling, some bundles are shifted in the channel, some are
discharged and some new bundles enter the channel* For bundles remaining in
the channel, the irradiation at their new position at the start of the new
cycle is equal to the end-of-cycle irradiation at their previous position.
Thus, starting from the fresh bundles and knowing the refuelling scheme, Wj
and (1)2 can be calculated for all positions in the channel if the dwell time
is kno-.'.i.

However, the core is usually designed using the average exit irradiation
values, rather than the dwell times, as independent variables.

S6O247R/CNS.3
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The dwell time can be written in terms of the exit irradiation as
follows:

1 N

average exit irradiation wout = — I w^

where summation is over all N bundles discharged.

Now U i " y tutiz
j

where the summation is over all positions occupied by the bundle during its
core residence. Thus

<°out - I

The double sum necessarily includes all positions in the channel and can be
written as one sum over all positions in the channel (see Figure 1).
Therefore

1
uout " |j

Substituting Eqn. (2) into Eqn. (3) gives

Thus the dwell_time can be calculated from the axial flux 0. , average
exit irradiation wout, and fuelling scheme N. Substituting back into
Eqn. (2) for T gives

where k* is over all positions in the channel.

Since the fluxes used in this equation are the time-average axial fluxes
which are to be calculated, there is a self-consistency problem requiring an
Iterative solution.

S60247R/CNS.4
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The basic steps in the time-average calculation are:

1. The fuelling scheme and exit irradiation for each region of the core are
chosen.

2. The beginning-of-cycle and end-of-cycle irradiations are calculated for
each bundle from the exit irradiation, flux shape, and fuelling scheme•

3- For each position in the channel, average cross sections are calculated
by integrating from beginning-of-cycle to end-of-cycle irradiations.

4. These cross sections are used to calculate a new flux and power
distribution.

Steps 2 to k are repeated until the axial flux and irradiation converge.

Irradiation Zones

For the uprated CANDU-600, which has 388 channels, the core was divided
into 3 main irradiation zones as shown in Figure 2. An inner core zone of
48 channels, a middle core zone of 140 channels, and an outer core of 200
channels. There are also three small irradiation zones at the bottom and
side of the core. These are required to reduce the top-to-bottom and
side-to-side flux tilts introduced by the structural material near the edge
of the calandria (i.e. tensioning springs and brackets and locators).

Refuelling Scheme

The refuelling scheme used was mixed 4/8 - bundle shifts, with 8-bundle
shifts in the outer core and 4-bundle-shifts in the middle and inner cores
(see Figure 2). Since 4-bundle shifting produces a lower local power
increase on refuelling than 8-bundle shifting, the 4-bundle shift region was
defined to consist of channels which experience high ripples at the
Pt. Lepreau CANDU 600 station. Any overall reduction in maximum ripple
translates directly into a possible increase in total reactor power. This
is because the sane operating margin (to trip) can be maintained at a higher
power level.

S6O247R/CNS.5
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Radial Flattening

Radial flattening is much increased in the uprated reactor to reduce the
maximum channel and bundle powers. The target maximum instantaneous channel
and bundle powers at equilibrium conditions are 8.1 MW and 1035 kW
respectively. These values include 3% allowance for possible error in power
set point and also include the effect of ripple. Assuming average maximum
channel and bundle power peaking factors (CPPF and BPPF) of ~ 1.06 (reduced
due to 4-bundle shifting) and ~ 1.11, the instantaneous maxima translate
into time-average maxima of ~ 7.4 MW and ~ 900 kW. The increased radial
flattening is achieved by expanding the high-burnup inner core and
Increasing the burnup ratio between inner and outer cores.

Power Distribution

The maximum time-average channel power is easily kept below 7.4 MW with
radial flattening. However, without any change in the adjuster layout or
loading, it is difficult to reduce the maximum time-average bundle power
below 900 kW. One method which is still available and is used here is to
increase the radial flattening well beyond that necessary to obtain a 7.4 MW
maximum channel power. Thus, as shown in Table 1, the maximum time-average
channel and bundle powers obtained are 7.3 MW and 898 kW respectively. To
obtain this maximum bundle power, a radial form factor of 0.850 is required
(as compared with the previous CANDU 600 design value of ~ 0.820).

Figure 3 shows the time-average channel power distribution. The total
thermal power of the core is 2408.3 MW (corresponding to 2522.4 MW fission
power).

Equilibrium Burnup

The average equilibrium exit burnup for the core is 154.3 MWh/kgU
(6428 MWd/MgU). The mass of U02 In the 37-element bundle is 21.441 kg,
corresponding to 18.9 kg of uranium. The value of 154.3 MWh/kgU Includes a
correction for parasitic material not included in the model.

Equilibrium Fuelling Rate

The average equilibrium fuelling rate obtained was 3.8 channels or 20.8
bundles per full power day. This is comprised of 2.4 4-bundle shifts and
1.4 8-bundle shifts per full power day. The reactivity decay rate is .47
mllli-k/FPD.

6O247R/CNS.6



-458-

Flgure 4 shows the average dwell time for each channel. The core-average
channel dwell time is 102 full power days. The average dwell times in the
4-bundle shift and 8-bundle shift regions are 79 and 143 FPD respectively.

Adjuster Reactivity Worth and Xenon Override Time

Another important aspect of the core design is the effect of changing the
irradiation zones (radial flattening) on the adjuster worth, and
consequently on the xenon override time. This can be studied with the
time-average and XEMAX modules of FMDP. The XEMAX module can be used to
calculate a steady—state xenon distribution based on the time average-flux
distribution and properties, and can also simulate xenon transients such as
startups.

For the uprated CANDU-600, the adjusters were withdrawn while keeping the
axial irradiation distribution unchanged, and an adjuster reactivity worth
of 15.0 milli-k was found. This compares with 16.1 milli-k In the standard
CANDU-600. The reduction in worth is due to the increased radial flattening
which reduces the relative importance of the adjusted region.

The xenon override time was calculated as 25.7 minutes. The value for
the non-uprated design is 30 minutes. This reduction is due to the lower
worth of the adjusters and the higher iodine level at the uprated power.

A summary of results from the time-everage calculation are given in
Table 1.

REACTOR OPERATING HISTORY

The SIMULATE model of RFSP was used to calculate the time history (0 to
400 FPD) of the flux and power distributions at discrete time steps (of
length 10 FPD) with the irradiation distribution incremented from the
previous step using the previous flux distribution.

A new version of RFSP has been developed which allowed spatial and bulk
control to be used throughout the simulation. An excess reactivity of .7
milli-k was maintained (with bulk control) throughout, to account for
parasitic material not modelled, and the average zone level was kept at 40%
+ 57, (usually within 1%). Individual zone-compartment levels vary in the
range 15-60% once duelling starts. As in actual reactor operation, the
zones control to the time-average zone powers. This type of refuelling
simulation is, therefore, much more realistic than previous studies.

S60247R/CNS.7
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Inltlal Core

The Initial core consists entirely of fresh fuel with no radial
flattening provided by differential burnup. Additional flattening is
therefore provided by special bundles loaded into channels in the inner core
region. These bundles have lower than normal U-235 content and reduce the
flux and power in the inner core. They are removed from the core during the
course of normal refuelling, and replaced with natural U02 fuel, by which
time there is sufficient differential burnup to flatten the core.

The depleted fuel loading for the original CANDU 600 design consisted of
depleted fuel in bundles 8 and 9 of the innermost 80 channels. It was later
found that the maximum channel power in the initial core could be reduced by
removing depleted fuel from the Innermost 16 channels and increasing the
radius of the depleted fuel region (as shown In Figure 5).

Therefore, the new depleted fuel loading consists of 68 channels with
depleted fuel In bundles 8 and 9. The isotopic composition of the uranium
in the depleted fuel Is .52 wt. % U-235 and 99.48 wt. % U-238.

The maximum channel and bundle powers in the initial core are 7859 kW
(position 017) and 892 kW (018 bundle 7) respectively.

The concentration of natural boron in the moderator required to suppress
the excess reactivity (about 21 mllli-k) in the initial core is 2.38 ppm.

Initial Transient To Onset Of Fuelling

As the fuel burns up, reactivity initially decreases due to neptunium
holdup (first 10 FPD), then increases due to plutonium production (peaks at
40 FPD), and then falls off as fissionable isotopes decrease and fission
products increase in the high importance inner core.

The excess reactivity of the core during this period is compensated for
by soluble boron poison in the moderator. The amount of boron required to
keep the reactor critical during this period is shown in Figure 6.

Refuelling must start 20 to 30 FPD before the excess reactivity of the
core falls to zero, to avoid excessive fuelling rates. For the uprated core
refuelling was started on FPD 80.

S60247R/CNS.8
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During the first 50 FPD the power in the inner core channels increases
due to plutonium build up and it is during this time that the highest
channel powers of the entire study are obtained. These maxima occur at the
outer edge of the depleted region (channel 0-17).

Initial Fuelling Up to Equilibrium

When refuelling begins, the inner region of the core has the highest
burnup, and the lowest power relative to the equilibrium (time-average)
power distribution. Fuelling begins in this region causing the power to
rise to equilibrium value. Since this region has a 4-bundle-shift
refuelling scheme, we find that in the early stages of refuelling the ratio
of 4- to 8-bundle shifts is higher than the time-average value, however the
total fuelling rate in bundles/FPD starts and remains very close to the
time-average value (see Figure 7).

As is now standard in CANDU 600 design, the swing-8 refuelling scheme was
used for the first refuelling of each channel in the outer (8-bundle-shift)
region. With this scheme, the two end bundles are retained in the fuelling
machine and reshuffled back into the same channel where they originated, and
in their original positions. Bundles 1 and 2 are shifted to positions 9 and
10, and 8 fresh bundles enter the channel in positions 1 - 8 . In this way,
the burnup of the initial core load is increased.

The CANDU 600 has 14 zone-controller compartments, each containing a
variable amount of light water. In actual reactor operation, the light
water fills of these compartments are automatically adjusted by the computer
controlled regulating system such that the sum of the power of the fuel
channels associated with each compartment closely matches the time-average
power. This process is simulated in RFSP.

The zone-controller levels calculated at each simulation step in RFSP are
used as a guide to choosing channels for refuelling during the next step.
The average zone level is kept as close to the time-average value of 40% as
possible. This is done by matching the total worth of channels refuelled to
the core decay rate. Individual zone compartments are usually kept in the
20-70% range as in actual operation. This is done by dividing the core into
V; regions, each region associated with one compartment and then choosing
channels for refuelling within each region based on the associated
compartment's fill. The channels chosen in each region are normally those
with discharge burnups close to or greater than their time-average values
and with low channel powers.

Channels In the 4-bundle-shift region were refuelled on average four
times in the entire period (80-400 FPD). Most 8-bundle-shift channels were
refuelled either once or twice, and a few three times.
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Summary results of the simulated history are shown in Table 2. This
gives the peak channel and bundle powers, the core reactivity, and the boron
concentration at each step of the simulation, as well as the number of
channels refuelled in each previous 10-FPD interval. The average discharge
burnup of bundles leaving the core in each interval is also given.

Figure 8 shows graphically the value of the maximum channel power at each
step of the simulation. Figure 9 does the same for the maximum bundle
power.

Figure 10 shows the average discharge burnup vs. reactor energy
production in FPD. Equilibrium values (time-average) are obtained beyond
~ 300 FPD.

Figure 11 gives the cumulation number of bundles added to the core vs.
energy production.

FUEL PERFORMANCE

Data from the fuel management study is used by the Fuel Branch to
determine the fuel performance (fission gas pressure, fuel temperature)
during normal operating conditions and to calculate fuel defect
probabilities due to jstress £orrosion ^racking (SCC).

Figure 12 shows a power/burnup histogram for the entire 0-400
full-power-day period, i.e., the total number of bundles (from all 41 cases)
in each power/burnup interval. This is used to calculate an overpower
envelope which will include all bundles. The characteristics of a bundle
whose power/burnup history follows this envelope is then studied.

To determine the defect probability due to SCC the plots shown in
Figures 13 and 14 were made of data extracted from the fuel management
study. Of concern are the outer element power and burnup of bundles d ring
and after a 4-bundle shift, particularly those bundles which shift from
position 1 to 5, 2 to 6, 3 to 7 and 4 to 8. Figure 13 shows the outer
element power and burnup just after refuelling for all such shifts in the
0-400 FPD study. Figure 14 shows the change in outer element power with
burnup as a result of these refuellings. Based on these plots the fuel
performance is expected to be good.
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Another method of calculating SCC defect probabilities is with the RFSP
auxiliary code BEPH1ST0 and the fuel code HISTOBUN. This method is
described in detail in Reference 1.

CONCLUSION

This study provides an accurate prediction of the fuel-management
characteristics of the uprated CANDU 600.

The new version of RFSP (with spatial control) provides a more realistic
operating history than previously possible.

The effect of 4-bundle shifting in the CANDU 600 was for the first time
studied in detail. It was found that the average maximum ripple could be
reduced to 1.06 with mixed 4/8-bundle shifting as compared with 1.08 - 1.09
with all 8-bundle shifting.

The effect of 4 bundle shifting on fuel performance was studied.

REFERENCES

1. D.A. Jenkins, M. Tayal, "BEPHISTO and HISTOBUN - Bundle Energy and Power
History Programs" Paper Submitted at the Tenth Simulation Symposium on
Reactor Dynamics and Plant Control in Saint John, New Brunswick, 1984
April 9 and 10.
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1 iTf.:i

No. of Ch.irmrls

Total TK<-rr..il Power (MW)

Total Fission Power (MW)

Fuel ling Scheme

Number of Channels with
4-Bur.dl<- .Shift

Maxin.urr. Channel Power (MW)

Maximum Bundle Power (kW)

Radial Form Factor

Average Discharge Burnup
(MWh/kgU)

(MWd/MgU)

Feed Rate (bundles/FPD)

4-bundle shifts

8-bundle shifts

Total

Feed Rate (channels/FPD)

4-bundle shifts

8-bundlc shifts

Total

Average five 11 Time (FPD)

Decay Rate (milli-k/FPD)

Average Zone Level {%)

Adjuster Worth (milli-k)

Xenon Ovfj-iH*. Tino (min)

VALUE

388

2406.33

2522.40

4/8

188

7.300 (0-6)

898 (0-5/7)

0,850

154.28

6428

9.54

11.22

20.76

2.39

1.40

3.79

102.4

0.470

40

14.99

25.7

TABLE 1 TIME AVERAGE RESULTS FOR 17% UPRATED CANDU 600
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THE OPTIMIZATION OF COBALT ADJUSTERS
WITH OPTEX-3

D. Rozon and M. Beaudet

Groupe d'Analyse Nucleaire
Ecole Polytechnique de Montreal
6600 C6te-des-Neiges, suite 215

Montreal, Quebec H3S 2A9

ABSTRACT

A numerical approach is taken in OPTEX to optimize in-core
devices and fuel management in CANDU reactors at equilibrium
refuelling. The approach consists in linearizing the system
characteristics about points in the feasible domain of the state
variables, and then using mathematical programming techniques to
direct the search towards an improved state. Variational tech-
niques, found in Generalized Perturbation Theory (GPT), are used
to define the true gradients of the system characteristics. This
paper will present recent additions -nd improvements to the code,
dealing with the introduction of a variable load of cobalt in the
adjuster rods. The power shaping capabilities of OPTEX-3 will
also be discussed.

1. INTRODUCTION

CANDU reactors are equiped with adjusters rods which are designed
to provide positive reactivity when withdrawn from the core.
These absorber rods are normally fully inserted, and cause a
significant burnup penalty. On the other hand, they provide
limited Xenon override, typically 30 minutes after shutdown from
full power. This can improve the overall capacity factor by
allowing some margin for startup and power manoeuvering. Their
continuous presence in the core at full power also provides
significant power flattening, increasing the total output of the
reactor for a given number of channels.

The above design considerations are used to localize and estab-
lish the strenth of the individual rods. CANDU 600MWe units
typically contain 21 stainless steel adjuster rods distributed
interstitially along 3 rows in the central region of the core.
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The thermalhydraulic design of the fuel channels and the core
arrangement specify a nominal power distribution, which is ob-
tained in the reactor on a time average basis by an appropriate
adiustment of the fuelling rates.

During operation of the reactor it might be desirable to reduce
(or increase) the total adjuster reactivity load, at infrequent
intervals. For instance, in the Pickering UGS A units, excess
reactivity in the adjusters was traded off to provide additional
shut-off rod capability. [1] The norcinal power shape was main-
tained by fuel management to aecomodate the reduced adjuster
load.

In the Gentilly-2 reactor, the original stainless steel adjusters
were recently replaced by cobalt adjusters, which are made up of
a string of bundles each containing a number of cobalt pencils.
The cobalt adjuster rods can be removed from the core during the
annual maintenance shutdown, and replaced with fresh bundles. The
irradiated cobalt bundles are then sold for their Co-60 content.

The grading of the cobalt adjusters was acheived by selecting the
appropriate number of cobalt pencils in the individual bundles
making up an adjuster string. The current grading and the overall
adjuster load (reactivity worth) were selected in Gentilly-2 in
order to match the stainless steel rods which were initially
installed in the core. Thus, no economic criterion was used in
the redesign of the adjusters, even though revenues from the sale
of Cobalt-60 can represent a significant fraction of the fuelling
costs over the irradiation period of t!.e adjusters (typically 6
months to 2 years).

This paper proposes an approach to the adjusters replacement
problem which incorporates such an economic criterion, by op-
timizing simultaneously fuel and control rod management.

2. THE OPTEX PROCEDURE

In an on-power refuelled reactor such as CAHDU, the depletion
effects are quite localized, and the global power shape results
from the distribution of fuelling rates and fixed absorbers in
the core. An homogeneous model can be used to obtain the time-
averaged flux (and power) distribution in the reactor, as a
function of the exit irradiation (or burnup) distribution. Macro-
scopic cross-sections are then of the form: [2]
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where 6 is the exit irradiation of the fuel in channel SL, and
A£., is the incremental cross-sections accounting for the
presence of a fixed absorber in the vicinity of bundle k in
channel S.. a is a design or control parameter reflecting the
strength of the absorber.

2.1 The optimization problem

The mathematical formulation of the optimization problem in
OPTEX-3 proceeds af follows. The reactor core is first subdivised
into an number of burnup zones, each characterized by a specific
enrichment (e), by a uniform average e/it irradiation (6), and a
particular axial fuelling scheme (n, the number of fuel bundles
removed in a channel per refuelling visit). For cases with ad-
juster grading, adjuster zones are also defined, each charac-
terized by a design parameter (a) such as tube thickness or
absorber density.

These design variables form a state vector and the object is to
vary a subset of the state vector, called the decision or control
vector (X), so as to minimize costs (F).

For the problem at hand, the objective function to be minimized
13 the time-averaged net fuelling costs, including a credit for
cobalt production. Let a represent the distribution of cobalt in
the adjusters (i.e. the initial content of cobalt-59 in the fresh
cobalt bundles). The objective function can then be formulated
as:

FCX.o) = Fc(6,a;*) - R(e,a;«) (2)

The equilibrium fuelling costs F and the cobalt revenues, R, are
both functionals of the time-average flux distribution $.

The fuelling costs per unit power can be written:

* CkFk * 6~
k k k

where C. is the unit cost of fuel in burnup zone k, function of
the enrichment ek, t, and H are cross-section functions of both c
and 9k<

 k
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The cobalt credit is expressed as follows:

= cco I

where

C : unit price of the Co-60, in $/curies.
CO

a. : quantity of Co-59 introduced in volume V..

The irradiation w. of the cobalt in volume k is a function of the
local cell thermal flux $ :

TOT

w i t h PTOT
• : flux normalization

t, : cobalt disadvantage factor, function of a

T : cobalt irradiation period ( ~1 year)

The function f is seen to be the conversion factor from Co~59 to
Co-60 in volume k, given by:

60 59 60

Thus, Eq. U can be rewritten formally as:

R(X,$) • (: <o(X) f(X,$)> (7)
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A mathematical program is defined to minimize F:

Min F(X,$)

(X)

subject to a number of constraints:

a) Criticality:

Keff(X,$.«*) = 1 .0 (8)

K __ is the eigenvalue of the time-average neutron diffusion
equation, which can be written in simplified operator notation:

(A - AB) $(r) = 0 (9)

with the eigenvalue (fundamental):

* " 1/Keff

A is also the eigenvalue for the adjoint equation:

(A* - ABT) $*{r) ' 0 (10)

A simultaneous solution of the flux and adjoint is obtained in
OPTEX, by calling the appropriate routines in the diffusion
module TRIVAC. [3] This allows us to express the gradient of A
and K

eff
 a s functions of the unperturbed flux and of the adjoint

flux (classic perturbation theory).

b) Power shape constraints:

In order to verify the maximum channel power constraints, a
number of control zones are defined (J). These control zones may
Gontain only one channel, or a number of channels In which case
only the average power is monitored.
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The power shaping constraints can be written:

> CPPF(X ). -jL ___ J (j=1,J) (11)

q. is seen to be an homogeneous functional of the time average
flux. CPPF(X.) is a correlation used to account for the variation
of channel power about the local time-average value (fuel manage-
ment ripple).

c) Worth of reactivity devices:

When adjuster grading (a) is included in the decision vector X,
an additional constraint is imposed to ensure a prescribed reac-
tivity worth for the devices:

AK(X,$,$ ,$o,$o) * AKA (12)

We note that this additional constraint also requires the solu-
tion of a field equation for $ , the flux shape with all adjus-
ters removed (altered system).

2.2 Linearization of the system equations

The optimization problem formulated above is non linear, and
requires the solution of field equations every time the system
functions are evaluated for a new state vector. The JJLP algorithm
shown in Fig. 1 is followed In OPTEX-3 to search for a local
optimum. At each outer iteration (k), the objective function and
the.system constraints are linearized about the current state
X using perturbation theory:

I
AF - I a.AX (13)

i 1 1
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Aqi = I C AX (j=1,J) (15)

With the use of the adjoint flux, the classical perturbation
theory expression based on Rayleigh's ratio wiJL1 yield the exact
value of b. in terms of the unperturbed flux c$>

The linear coefficients a. and c . can be obtained in OPTEX-3
using either an implicit or an explicit approach to incorporate
the first order flux effect. [2,^4] When an implicit approach is
taken, a total of J+1 generalized adjoint equations of the fol-
lowing type are solved:

T T * * (r 1
(A" - AB )r.(r) = S. i r ; (j=O,J) (16)

J J

where j=0 refers to the objective function F. The source term S.
is simply the vector derivative of the system characteristic:

«
S_ = -3F/3$ (17)
r

When an explicit approach is taken, a total of I generalized
adjoint equations of the following type are solved for each of
the decision (or control) variables:

(A - XB)ri(r) = SjCr) (i=1 ,1) (18)

In this case, the source term is related to the cross-section
derivatives with X:

S i ( r ) ° aY~ (A " AB)
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Both approaches are equivalent, in the sense that they yield the
same variation with flux:

<SG'ri> " < r G ' V i=1,I (20)
G=0,J+1

Under these conditions, the linear coefficients become:

a. = — + <SG,ri> (EXPLICIT)

= -II- + <r* S.> (IMPLICIT)3X. G 1

(1=1,1) (21)

with similar expressions for the power shape constraints, c. ..

The fixed source eigenvalue problems in Eqs. 16 or 18 are solved
in TRIVAC immediatly following a direct flux calculation, so that
the discretized matrices A and B (containing the cross sections
defined by X) have already been assembled and stored.

A necessary condition for the existance of a particular solution
to these equations is that the source term be orthogonal to the
adjoint flux distribution, i.e.:

<<j> , S, > = 0 i = 1 ,1
* (22)

<Sn, 4>> = 0 G=0,J+1
G

This condition is easily verified for the objective function and
for the zonal power constraints.

Equation 20 was verified numerically, within three significant
figures on the gradients. The choice between implicit and ex-
plicit will then depend whether or not I < J+1.
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2.3 The MLP algorithm

Comming back to Fig. 1, the NLP algorithm poses a quasilinear
problem to be solved at each outer iteration step in order to
find the direction of advance. Indeed, the distance of advance is
pre-determined, and is sufficiently small to limit non linear
effects and allow us to use Eqs. 13 to 15 within that range.

OPTEX-3 thus uses a small step method, similar to the Method of
A p p r o x i m a t i o n P r o g r a m m i n g ( M A P ) , b ut w i t h t h e i m p o r t a n t a d d i t i o n
of.,a quadratic constraint which limits the advance to a distance

AX
c (k)

(23)

The weights p. define a norm to measure distance with widely
different types of state variables X., such as % weight for
enrichment and n/kb for exit irradiation. Various options are
available for solving this quasilinear problem. [4] Since the
linear coefficients are constant when the quasilinear problem is
solved, the linearization step described above is carried out
only once per outer iteration.

The.NLP algorithm is then controlled by reducing systematically
S (half intervals or parabolic interpolation) when a local
minimum is found.

2.t Modelling of the cobalt adjusters

The adjuster rods are made up of a string of cobalt bundles, each
containing a number of pencils with a maximum of 8 cobalt slugs
each. Such an arrangement is illustrated in Figure 2. In our
modelling approach, it was assumed that the length of each cobalt
bundle was equal to the fuel lattice pitch, to simplify the mesh
spacing in the reactor calculations. The cobalt slugs were as-
sumed to contain 8.86 g of cobalt.

The basic fuel properties used in the diffusion calculations are
the time averaged two-group macroscopic cross-sections
homogenized over the unit lattice cell, containing one fuel
bundle. These are provided by the lattice code POWDERPUFFS-V in
tabular form, and interpolated in OPTEX to produce the required
variation of cross-sections with fuel irradiation £(w) in Eq. 1.



-486-

The SHETAN 3D transport code [5] was used to generate the in-
cremental cross-sections needed to properly account for the
cobalt adjusters.

Let the a control parameter represent the number of slugs in the
cobalt bundles making up the adjusters rod. This parameter can
vary along the adjuster rod (grading), and is considered a con-
tinuous variable.

Supercell calculations were carried out in SHETAN to homogenize
the cobalt over the supercell containing two fuel unit cells as
described in Figure 3. These calculations were done for various
quantities of cobalt to provide the variation of the incremental
cross-sections with cobalt content AI(a), as shown in Figure 4.

The time-dependence of the incremental cross-sections was also
investigated with SHETAN. A series of runs were done in a con-
stant cell flux, using a quasistatic approach to deplete the
Cobalt-59 in a single pencil. As shown in Figure 5, the incremen-
tal cross-section varies little over a one year period. Other
factors, such as Km, also very by approximately 10? over one year
in a cell flux of 3.5 x 10 nv, typical of the thermal flux level
in the central core of Gentilly-2 at full power.

A constant incremental X-section therefore seems justified.
However, since the time variation is very nearly linear, a simple
correction was implemented to account for the actual irradiation
period of the cobalt adjusters (T):

We note that because of this depletion correction, the cross
sections are flux dependent and the problem becomes non linear.
Because of the weak variation of M, only one iteration on AI is
carried out for each flux calculation. Furthermore, this varia-
tion is neglected when the system equations are linearized.

3. ADJUSTER OPTIMIZATION RESULTS

3.1 Economic analysis

Let us neglect the flux shape effects and consider only the total
mass of cobalt, M, and the core average exit irradiation 6. For
these uniform values, Equation 2 can be written:
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(25)

By assuming that K f f varies linearly with 9 and M, the
criticality constraint establishes a linear relation between 6
and M

3 K

A K eff ( 2 6 )

so that we can eliminate either e or M from (25), using:

- b(M - MQ) (27)

assuming the reactor is critical at (6 , M )

Setting dF/dM= 0, we obtain:

opt

'opt

- -̂  (e t
o b opt

1/2
[CF a ^ l
|c aoL co 2 J

(28)

Thus, starting with an initial quantity M of cobalt, there would
be an incentive to increase or to decrease M, depending on the
ratio of the unit cost of fuel to the market price for the cobalt
(VCoo>'
By imposing a minimal reactivity worth for the cobalt adjusters,
a lower bound is determined for M .. Similarily, by imposing a
maximum fuelling rate, a lower limit is found for 6 . .

We should expect the same overall behaviour with OPTEX although
the noii-linear effects related to the flux distribution and the
discrete absorbers are economically important.

The use of OPTEX will be illustrated with a series of 2-D cases
in 1/4 core geometry. A typical axial flux shape was used for
axial weighting of the 3D cross-sections in equation 1. However,
since the fuel properties are uniform axially in the homogeneous
model, only the AE's need to be weighted.
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3 • 2 Initialization - reference case

The case geometry is shown in Figures 6 to 8.

The reactor is divided in 3 burnup zones, although initially,
burnup is specified in only two core regions: inner (1,2) and
outer (3)- The adjusters will be graded in 1h zones, and the
power constraints will be monitored in 6 control zones. For the
2D cases considered here, there will then be a total of 17 con-
trol variables to minimize costs while satisfying one equality
constraint (reactivity) and 7 inequality constraints (reactivity
worth and zonal form factors).

In order for OPTEX to successfully solve this problem, we must
establish an initial reference case which falls within the
feasible domain, i.e., which satisfies all constraints. Other-
wise, the algorithm might fail at the beginning. Starting with a
uniform (or arbitrary) distribution of adjusters (a), we can
modify the ratio of inner to outer core burnup (6-/6,) to achieve
the desired flattening, while the criticality search in OPTEX
ajusts the average burnup to obtain K _„ = 1.0. This two-zone
approach will generally provide an acceptable initial gviess.

A reference case closely matching the original stainless steel
adjusters was first obtained. It contains a total of 40.18 kg of
cobalt, with a reactivity worth of 14.68 mk. The reference ther-
mal flux shape is illustrated in figure 9, and the reference
system characteristics are given in Table 1. We note the impor-
tance of the cobalt revenues of this choice of Cy/C

3.3 Optimization with OPTEX

a) Power snapping vs flattening

We note in equation 11 that Q. is the limiting form factor in
control zone j. We can set all the Q. to a single value, or a
different value can be specified for eacA.

When a specific nominal power distribution is to be maintained,
the latter approach is used. For our power shaping cases, we

values obtained in the reference casesimply retained the q.
(Table 1). J

When the objective is to limit the channel power, a unique value
is used. Since this constraint may be active in more than one
zone, this option is refered to as power flattening. For these
cases, the maximum value obtained in the reference case (1.220)
is used as the constraint on all the control zones.
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In order to allow significant changes in the total mass of
cobalt, the constraint on the reactivity worth of the adjusters
was reduced to 6 mk. The results are compared in Table 2 for the
two control options. Flux shapes are also given in figures 10 and
1 1 .

With the power shape maintained as in the reference case, an
optimum cobalt load of 43.5 kg was found. A value of 38.6 kg is
obtained when power flattening is imposed. In both cases, dif-
ferent initial guesses ^ere used (30 kg and 50 kg), to verify
convergence on a local optimum.

Convergence is illustrated in figure 12, where it is apparent
that, although the gain is small, the less neutron leakage as-
sociated with power flattening yields lower costs. We note also
in Table 3 the sel^tive changes in a introduced by OPTEX.

b) Optimal cobalt loading

The previous cases illustrated the effect of the power shape on
the optimization. The optimal cobalt loading is also very sensi-
tive on the economic parameters, as seen in figures 13 and 14.

When the market price for cobalt is increased, there is an incen-
tive to increase the cobalt load, as expected. This incentive
will be greater if the cost of the natural uranium fuel is rela-
tively smaller. We note finally that the curves in Figures 13 and
14 indicate a market price at which there is no incentive for
introduction of cobalt in the reactor.

According to the simplified model (Eq. 28), this will occur when

Cco a 1 b

4. CONCLUSION

Our experience with OPTEX has shown that the gradients of system
characteristics (in particular, costs and power ratios in the
reactor) can be obtained with a Taylor-GPT approach with the same
accuracy but with much less computational effort than with a
direct evaluation of these characteristics.
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Our original derivation of the
provides us with an alternative
Since both options are available
effort can be minimized with
control zones.

implicit versus explicit GPT
in dealing with the power shape.
in OPTEX-3, the computational
an appropriate definition of the

This paper has shown how the cobalt loading in the adjusters can
be included as a design variable. As it is, enrichment, exit
irradiation or burnup as well as adjuster grading can be op-
timized simultaneously in various regions of the core.

Applications to core optimization and fuel management of the
OPTEX approach have been demonstrated. In view of the versatility
of Taylor-GPT in dealing with power shaping and constraints,
applications in spatial control and automatic selection of fuell-
ings are also possible. The enrichment being a continuous design
variable, other applications will be found in the area of ad-
vanced fuel cycles (such as LEU or Pu recycle studies). Axial
fuelling schemes including axially varying enrichment could also
be studied with OPTEX.

An interface with TRIVAC now exist that will allow 3-D optimiza-
tion problems to be defined in OPTEX-4.
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TABLE 1: Reference case (CR = $200/kg, Cco = $0.70/curies)

Reactor power
Maximum channel power
Aug. exit burnup
Fuelling rate
Fuelling costs

Total mass of cobalt
Adjuster reactivity worth
Specific activity
Cobalt revenues

Zonal form factors

Q2

%

%

%

%

Net costs

2180.6
6.72

177.9
15.73

10416.83

40.18
14.68

114.47
1606.64

1.211

1.213

1.163

1.220

1.153

1.177

8810.19

MW
ML'
MWh/kg
bundles/day
$/MW-year

Kg
mk
curies/g
$/MW-year

$/MW-year
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TABLE 2: Optimization (Cp = $200./kg, ZQQ = $0.70/curies)

Total mass of Cobalt (kg)
Adjuster reactivity worth (mk)
Maximum channel power (MW)
Avg. exit burnup (MWk/kg)
Fuelling rate (bundles/day)
Specific activity (curies/g)
Fuelling costs ($MW-year)
Cobalt revenues ($MW-year)
Net costs ($MW-year)

ql
q2
q3
q4
q5
q6

POWER
SHAPING

43.46
15.92
6.72

175.97
15.90
114.26

10532.00
1734.52
8797.48

1.211

1.213

1.163

1.220

1.153

1.177

POWER
FLATTENING

38.61
13.98
6.78

180.88
15.47
113.05
10245.95
1524.53
8721.42

1.220

1.220

1.181

1.220

1.170

1.179

TABLE 3: Optimized cobalt load distribution

Total mass cobalt (kg)
initial guess

Optimum mass

Adjuster grading (slugs)

Zone 1
2
3
4
5
6
7
8
9
10
11
12
13
14

POWER

30.

43.35

22
22
22
35
30
26
24
34
25
27
25
11
20
7

SHAPING

50.

43.54

21
22
23
35
32
28
25
33
25
27
24
13
18
9

POWER

30.

38.61

0
15
33
23
20
26
32
11
31
33
24
0
9
0

FLATTENING

50.

38.93

4
19
33
26
19
27
31
11
31
32
21
0
13
0
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FIGURE 6 - BURNUP ZONES 1/4 CORE

FIGURE 7 - ADJUSTER ZONES
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C F = 200 $/Kg
Ceo = 0.7Q$/Curie

FIGURE 12 - NET COSTS VERSUS COBALT ADJUSTER LOAD
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Abstract

A review of the analytical models used In the past for modelling power
rundown transients initiated by Shutdown System Number 2 (SDS-2) poison
Injection revealed some Inconsistencies. Revised models consistent with
physical assumptions and experimental data are being developed to
simulate SDS-2 performance. The results obtained to date indicate
reasonable agreement with the measured reactivity and neutronic flux
transients.
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1.0 INTRODUCTION

CANDU reactors have two independent, diverse and physically separated
shutdown systems. Each system has enough reactivity depth and speed to
shut down the reactor under all anticipated accident conditions.

The reactivity mechanisms for shutdown system one (SDS-1) are vertically
oriented neutron absorbing rods, termed shutoff rods, normally parked
above the calandria vessel. Upon receipt of a trip signal, these rods
are inserted rapidly into the core under gravity, with
compressed-spring-assisted initial acceleration.

Shutdown system two (SDS-2) has horizontally oriented shutdown
mechanisms, termed Liquid Poision Injection System. It consists of a
tank containing helium gas at high pressure which is connected through
fast acting valves to several tanks (6 to 8) containing neutron absorbing
(poison) gadolinium nitrate dissolved in heavy water. The tanks are
connected through a series of pipes to horizontal injection nozzles in
the reactor moderator (Figure 1). When the valves are opened by a trip
signal, the gadolinium-heavy water poison solution is driven into the
poison injection nozzles from outside the core, filling the nozzles with
poisoned solution, displacing unpoisoned solution. When the pressurized
poison solution reaches the 3.2 mm diameter holes In the nozzles It is
ejected into the moderator In the form of a thin jets, which break up
rapidly, to form a dispersing "curtain".

In the Pickering NGS B reactors, there are six injection nozzles
extending horizontally across the core in two rows of three, 5 lattice
pitches (1 LP = 28.575 cm) above and below the reactor centre line.
There are four rows of holes around each nozzle. In each row, the holes
are arranged in groups of four, each group positioned to direct Its jets
between adjacent calandria tubes. The injection nozzles are made with
two hole orientations. In one the holes direct the poison jets parallel
and perpendicular to calandria tubes; in the other, the holes direct the
poison jets at 45° to the calandria tubes (Figure 2). The active
position of the nozzle will extend across the entire width of the core,
with the holes at each end Injecting poison into the reflector.

The original approach In modelling the injection of neutron absorbing
poison by SDS-2 Into the moderator was as follows:

(a) The poison Injection transient was computed with the hydraulics
code ALITRIG. This code gave the position of the leading edge
of the poison mass ("poison curtain") as a function of time.

(b) The "poison curtain" was modelled In the core physics codes by
rectangularlzing (see Figure 3) the poison front and assuming a
thickness 4n the transverse direction of 4 cm. The
concentration of poison in this parallel piped was assumed to be
same as in the poison tank.

4719b



-503-

(c) Incremental neutron cross section for the rectangularized
curtain were obtained by a three-dimensional supercell type
calculation. In the core physics model the presence of a
curtain is simulated by incremental cross sections smeared
uniformly over the region of interest. The incremental cross
section is the difference of cross sections with and without the
poison curtain.

(d) The evolution in time of the poison injection in the modal
spatial kinetics code SHOKIN (Reference 1) was modelled by
Increasing the length and width of the poison parallelepiped.
This continued until the poison jet length reached a maximum
value of 1.8 m. The poison parallelepiped dimensions were then
frozen for the remainder of the transient. This implies that
the dispersion of poison through the moderator was ignored.

This approach gave apparently good agreement with low power commissioning
experiments. However, towards the end of 1984. a study to determine
Impairment limits on tank poison concentration produced some rather odd
results. Subsequent analysis revealed that the negative reactivity
provided by SDS-2 as calculated by the model was higher than the one
obtained assuming uniform dispersion of poison in the moderator.
Specifically It was found that the calculation of the incremental
cross-sections was performed without conserving the total amount of
poison available in the tanks.

The model was revised to conserve the poison mass. The results obtained,
however, remained Inconsistent with experimental data.

Having identified deficiencies in the modelling, we set out to develop a
model which would be physically consistent, yield acceptable accuracy and
would be dependable for use in licensing simulations. This involved
modelling the injection in considerably greater detail, being careful to
conserve poison at each instant of time, modelling the poison In the
nozzle as a function of time, carefully conserving the surface area of
the curtain, etc.

in this study we modelled the Pickering NGS B low power rundown
experiment. The Pickering NGS B low power commissioning power rundown
data were then used to validate the SOS2 modelling.

2.0 METHODOLOGY

2.1 Nozzles

The gadolinium - heavy water solution Is driven into the Injection
nozzles from the poison tanks outside the core, filling the pipes with
poison solution, displacing the heavy water. Neutron absorption in the
poison filled pipe is modelled as an absorbing cylinder, with
concentration of gadolinium nuclldes as originally In the tank, using
current-to-flux ratio boundary condition obtained by using Kushneriuk's
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inethod (Reference 2) for uniformly absorbing grey cylinders. The pipe Is
represented by a square region sized to conserve surface area.

2.2 . Poison Curtain

The code ALITRIG is used to calculate the poison curtain characteristics,
for a given helium tank pressure, as a function of time; these include
curtain length, height and the amount of poison injected into the
moderator. The poison curtain is then modelled in the core physics codes
by rectangularizing the poison front and assuming 4 cm thickness in the
transverse direction. The homogenized concentration of poison in this
parallelepiped is then determined from its volume and the amount of
poison injected into the moderator. The validity 4 cm assumption will be
discussed later.

The curtain is broker, into approximately 10 cm long sections along the
length of each nozzle so that the parallelepipeds do not intersect any
fuel channels. The current-to-flow ratio is computed using Kushneriuk's
method for an equivalent uniform absorbing cylinder with the same surface
area as the parallelepiped.

The incremental cross sections are computed for six configurations:

1. Poison filled nozzle with no jets,

2. Poison filled nozzle with jets at 90°.

3. Poison filled nozzle with jets at 45°.

4. Horizontal jets,

5. Vertical jet. and

6. 45° jet.

Since the incremental cross sections are smooth functions of poison
concentration, specific calculations are performed for six poison
concentrations. Intermediate points are obtained by interpolation.

The modal reactivity weights of the poison curtains based on the modal
approximation method are calculated using a computer code. These results
are used in the code SMOKIN, to compute the neutronic flux and reactivity
transients.

In the Pickering KGS B Unit 3. the neutronic flux transients during a low
power rundown was measured with fission chamber. The experimental
reactivity transient for the poison Injection can be obtained from the
measured flux transient by Inverting the point kinetic equations as
described In Appendix A.

The simulated neutronic flux and reactivity transients were then compared
with these experimental results.
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3.0 RESULTS

The Incremental cross sections for six configurations were computed for
six specific concentrations. Here we list only the incremental cross
sections for nozzle with jets at 45° in Table 1.

Figure 4 shows a comparison of the reactivity transients. The abscissa
is the transient time in seconds. The t=0 second corresponds to the trip
time. The delay Includes the valve operating time of 92 millisecond and
artificial delay of 250 ins introduced during the low power commissioning
experiment. The ordinate is the negative reactivity in milli-K. The
curve #1 is the simulation results from SHOKIN: the curve 82 is obtained
from experiment. The measured and simulated neutronic flux transients
are given in Figure 5.

The simulations predicted a stronger negative reactivity transient and
faster power rundown than the experimental ones.

4.0 DISCUSSION

This is the first attempt of SDS-2 modelling which properly conserved the
amount of poison injected. The transient time is also well defined, it
was obtained from hydrodynamic code ALTTRIG plus valve operating time and
artificial delay measured during the experiment.

Given the complexity of the problem, the agreement between the measured
and simulated reactivity transients is reasonable. The agreement In the
time Interval 1.3 to 2 second Is within 10 to 20%; in the Initial time
Interval it is within about 30%.

We continue to work on the problem aimed at improving the results. One
task Is to compute more accurate and detailed data on poison curtain
growth. One of the authors (G. Austman) has modified ALITRIG,
particularly In the area related to poison curtain growth. He has
developed a curtain model based on empirical results for steady submerged
axially symmetric jets, with modifications to account for (1) Interaction
of the many small conical jets emitted from the Injection nozzle, and
(11) Impingement of the resulting curtain on calandrla tubes. The new
data obtained for poison curtain showed that the jet lengths (curtain
heights) are shorter than the ones used in all the analyses so far. This
Is consistent with the results obtained, which overpredlcted the poison
negative reactivity and therefore resulted In a faster power rundown than
the experimental one.

Particularly significant is that the new curtain growth model, for the
first time, provides a well defined (within the model) volume of the
curtain. This removes the arbitrariness In the transverse thickness of
the curtain. In all the analyses so far. a 4 cm thickness was assumed
during the entire transient in order to compute the volume and the poison
concentration of the curtain. This 4 cm thickness resulted In the
overpredlctlon (on top of the longer jet length mentioned above) of the
volume of the curtain In the Initial transients.
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By using the new Jet lengths and thickness we expect to further improve
SDS-2 modelling results.
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Appendix A

Determination of Reactivity Transient from
Measured Flux Transient

Reactivity cannot be measured directly from an experiment. It is
possible to infer reactivity from the dynamic behaviour of the system by
inverting the point kinetics equations as follows:

dn (t) = p - B . n(t) + l± Xj Cj(t)

dt 1

d c K t ) = H_ . n U ) - Xj Ci(t)

dt 1

where

n(t) Is the neutronic flux
Cj is the i-precursor concentration
p is the reactivity
1 is the mean neutron lifetime
flj^Xj are the delayed neutron fraction and decay constant, and

i %

The above system of differential equations is inverted as follows:

(i) determine initial precursor concentrations

Cj (to) = % n (to)

1 \j

(ii) determine the precursor concentration transient

Ci<t> = Ci(t0)e-M(t-t0) + e-\jt .Bl J n(Tt)£iT dT

to

(ill) determine the reactivity transient from n(t), Cj(t) and

dn(t)
dt

p(t) = _X_ (p
n(t) dt

4719b
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SIMULATION METHODOLOGY FOR PRESSURE TUBE lU^.GRITY ANALYSIS
AND COMPARISON WITH EXPERIMENTS

G.H. Archlnoff. J.C. Luxat, P.D. Lowe,
K.E. Locke, A.P. Muzumdar

Ontario Hydro
Nuclear Studies and Safety Department

700 University Avenue
Toronto, Ontario, M5G 1X6

ABSTRACT

The computer code SMARTT (Simulation Method for Azimuthal and Radial
Temperature Transients) is used In safety analysis of CANDU reactors to
predict fuel and pressure tube thermal and mechanical behaviour under
asymmetric coolant conditions such as stratified flow. This paper
presents comparisons of SHARTT predictions with preliminary results of
two experiments In which large temperature non-uniformities developed on
pressure tubes undergoing heatup and transverse strain at 1.0 MPa
Internal pressure. Temperature asymmetries developed as a result of slow
boil-off of coolant in the channel. The SMARTT temperature predictions
are shown to agree well with the experimental results. SMARTT accurately
predicts the time at which the pressure tube balloons Into contact with
the calandrla tube. The transient liquid level in the channel can also
be accurately predicted using a simple venting/boil-off model.

1.0 INTRODUCTION

One of the objectives of safety analysis of CANDU reactors is to
demonstrate that a postulated accident does not lead to rupture of the
fuel channels. The computer code SMARTT (Simulation Method for Azimuthal
and Radial Temperature Transients) (1) is one of the analytical tools
used In the analysis of fuel channel integrity. SMARTT models fuel and
pressure tube thermal behaviour under asymmetric fuel cooling conditions,
such as stratified coolant flow, such conditions can lead to non-uniform
pressure tube heatup in the circumferential direction. If there is a
highly localized hot region on the pressure tube circumference while the
pressure tube is undergoing transverse strain (ballooning), the pressure
tube may fail prior to contacting its calandria tube. SMARTT predicts
the pressure tube circumferential temperature distribution and its
associated effects on pressure tube ballooning, and whether the pressure
tube will fall, or whether it will contact the calandrla tube.

This paper describes comparisons between SMARTT predictions and
preliminary results of two experiments in which pressure tubes were
heated up to initiate ballooning under the Influence of non-uniform
circumferential temperature distributions. The temperature
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non-unlformlties arose as a result of slow boil-off of coolant in the
channel. The pressure tube ballooned into contact with the calandria
tube, without failure, in both experiments.

The experimental apparatus and results are described first, followed by a
discussion of the modification implemented in SMARTT in order to simulate
the experiments. The treatment of the thermal-hydraulic boundary
conditions required as input data to SMARTT is then described. SMARTT
predictions are presented and compared to the experimental results.
Areas of disagreement and agreement are discussed, along with their
implications for the validity of the models used in the simulations.

2.0 DESCRIPTION OF EXPERIMENTAL APPARATUS AND RESULTS

A series of four pressure tube circumferential temperature distribution
experiments is being performed under CANDEV at Whlteshell Nuclear
Research Establishment. Two of these experiments have been completed
(2). Preliminary results from these two tests are described below. A
detailed description of the experiments and analysis of the results will
be available when the series of experiments is completed.

The apparatus consisted of a 2.3 metre long segment of a CANDU-type fuel
channel as shown in Figure 1. The pressure tube was closed at one end
and open to a vertical pipe (1.16 cm ID) at the other. In the channel,
36 indirect heaters were grouped into three different rings. These
heaters together with a supporting central tube formed the CANDU-type
37-element fuel bundle configuration. The power distribution to the
three rings of heaters is shown in Figure 2.

Thermocouples were placed on the outside of the pressure tube to monitor
Its temperature distribution during the experiments. Their locations
were different in the two tests (see Figure 1). In the second test,
thermocouples were also placed on the heater sheaths. The temperature of
the fluid at the exit of the channel was also measured. The vertical
pipe was connected to a surge tank so that the pressure in the channel
could be kept relatively constant at 1 MPa during the experiment. The
channel was immersed in a pool of water (23"C at 1 atmosphere) to
simulate the moderator.

At the start of each test, the water in the pressure tube was heated
slowly from room temperature. When the thermocouples on the top of the
pressure tube registered saturation temperature (181°C). the power to the
heaters was raised to a preset level, as shown in Figure 2. The
experiment terminated when the heaters failed. In both tests the
pressure tube was dry when this happened.

Figure 3 shows an example of the circumferential temperature distribution
measured around the outside of the pressure tube. Just before the power
was raised, the temperatu e distribution varied from saturation at th'e
top to subcooled at the bottom. The water inside the pressure tube
should have had a similar distribution, as the heat transfer across the
pressure tube was low. As the power was Increased, water boiled off
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gradually. The inside of the pressure tube became exposed to steam in
succession from top to bottom. This is reflected by the sequence of
sudden rises in temperature above saturation on the thermocouple readings
in Figure 3. The pressure tube strained as the temperature increased.
When the pressure tube came into contact with the calandria tube, heat
transfer to the moderator water increased, which caused a decrease in the
pressure tube temperature.

The axial temperature gradients were relatively small when compared to
the circumferential temperature gradients. In general, the axial
temperature distribution had a maximum in the middle of the channel.

3.0 SHARTT MODEL

The 37-element SHARTT model is described in detail in Reference 1.
Although the geometry of the experimental rig is identical to that of a
segment of a fuel channel containing a 37-element bundle, the fuel
element simulator internal geometry and materials are different from
those of a CANDU fuel bundle. Each simulator consists of a Pressurized
Water Reactor (PWR) fuel sheath contained concentrically within a
Bruce-size CANDU sheath (as shown in Figure 1). Helium gas fills the
Internal voids. Power is applied directly to the PWR sheath, which heats
the CANDU sheath via radiation and conduction through the helium. SMARTT
was modified to model this heater geometry.

Figure 4 shows the SHARTT model of a standard CANDU fuel element, and the
SHARTT model of the fuel element simulators used in the experiments. The
fuel element simulator is modeled exactly, with the two innermost radial
nodes treated as helium. The third and fourth nodes are Zircaloy,
representing the PWR sheath heater. The fifth node is helium, and the
sixth node is Zircaloy, representing the CANDU fuel sheath. This was the
only modification made to the models In SHARTT for the simulation of the
experiments.

4.0 BOUNDARY CONDITIONS

The Important input data required by SHARTT are the power transient, the
pressure transient, the coolant temperature transient In each subchannel,
and the transient convectlve heat transfer coefficient on each sheath and
pressure tube surface node. This information was obtained either
directly from experimental measurements (power and pressure), or it was
derived using simple models or approximations (thermal-hydraulic boundary
conditions).

The power and pressure transients were obtained directly from measured
values. The pressure in both tests was approximately constant at
1.0 MPa. The power in the first test was about 40 kW, which corresponds
to 1% of full power for a 7.5 HW channel. The power in the second test
was 80 kW.
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For simplicity in modeling, two types of thermal-hydraulic subchannels
are defined. The first type is characterized by good convective heat
transfer to saturated liquid. The heat transfer coefficient is assumed
to be 50 kW/m^K. This type of subchannel represents portions of the
bundle covered by liquid and cooled by boiling heat transfer. The second
type of subchannel represents portions of the bundle exposed to steam
only and is characterized by significantly lower convective heat transfer
to steam.

The convective heat transfer coefficient for the steam filled subchannels
Is derived from:

Nu = hd = 4 (1)
k

where Nu = Nusselt number
d = hydraulic diameter
k = thermal conductivity of steam
h = heat transfer coefficient

A Nusselt number equal to 4 approximates laminar cooling. This was
judged to be a reasonable assumption, since the mass flow rate of steam
at the centre of the channel is estimated to be typically less than
10 g/s. based on the observed boil-off rate. This results in Reynolds
numbers within the laminar regime.

Coolant temperatures in the steam filled subchannels are estimated by
setting them equal to the average of the temperatures of the sheath
surfaces encompassing each subchannel, weighted by the arc length of each
surface. This approximation Is also consistent with low flowrates of
steam, and Implies that steam cooling or heating Is not a dominant factor
In these experiments.

The timing of the transition from water filled to steam filled In any
subchannel is derived using the venting/boll-off model described in
Reference 3. This model predicts the average steam fill fraction In the
channel using the measured power transient and the hydraulic resistances
associated with the experimental rig. Minor modifications were made to
the model to account for venting from the test section with one end
closed.

In the experiments, the vertical portion of the piping between the
channel exit and the condenser is initially liquid filled. Steam
generated in the channel must overcome the static head of the liquid in
the exit piping prior to venting from the channel. Subsequently, the
rate of venting from the channel depends on the pressure difference
between the channel and the condenser, the steam generation rate, and the
hydraulic losses in the exit piping. When the liquid level drops to the
point where the steam generation rate is not sufficient to maintain an
excess pressure in the channel, the subsequent liquid level transient Is
governed by simple boil-off. The vent Ing/boil-off model accounts for
these processes, and predicts an average liquid level transient.
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Thls Information is used in 3HARTT by defining subchannels above the
calculated liquid level to be steam filled, and the subchannels below the
calculated liquid level to be liquid filled. SMARTT considers seven
possible liquid levels ranging from a liquid filled channel to a steam
filled channel. The timing of the transition from one level to the next
is based on the level transient derived using the ventlng/boil-off model.

5.0 COMPARISON WITH EXPERIMENTS

The second experiment was conducted with thermocouples monitoring fuel
sheath temperatures as well as pressure tube temperatures, whereas in the
first test only pressure tube thermocouples were used, because of this,
and because some heater elements burned out prior to the pressure tube
reaching temperatures at which It would balloon In the first test, the
emphasis of the comparison of predictions with measurements is on the
second test.

Figure 5 compares the predicted average water level transient with the
transient inferred from measurements of pressure tube thermocouples In
Test 2. The Inferred transient is derived by assuming that the timing of
the first Indication of dryout on a thermocouple Is the time the water
level reaches the height of that thermocouple. Thus, two inferred water
level transients are shown In Figure 5. one derived from the set of
pressure tube thermocouples In Ring 1 In Figure 1, the other based on
thermocouples in Ring 3. Similarly, Figure 6 compares the predicted
water level transient with transients inferred from fuel element
thermocouples In Rings 1 and 3, respectively.

Figures 5 and 6 show that the predictions of the simple venting/boil-off
model are in good agreement with water level transients Inferred from
thermocouple measurements. In particular, the Initial rapid drop In
level, corresponding to venting from the channel. Is very well
predicted. The figures also show that, according to the thermocouple
Indications, the fuel elements In the upper portion of the channel
experience dryout before the pressure tube, while the converse is true In
the bottom portion of the channel.

Figure 7 compares 3HARTT predictions with measurements of temperature at
the top of the pressure tube (thermocouple 1 In Rings 1. 2 and 3 In
Figure 1}. SMARTT slightly underpredlcts the temperatures Initially,
however the agreement towards the end of the transient Is excellent.
(The comparisons are terminated at the time of predicted pressure tube
ballooning contact with the calandrla tube which, as discussed later, is
In good agreement with observed time of ballooning contact.)

Figure 8 compares SMARTT predictions of temperatures at the side of the
pressure tube (100 degrees from the top) with measurements from
thermocouple 4 in Rings 1, 2 and 3 (see Figure 1). The SMARTT predictions
fall within the range of tf.e experimentally observed temperatures.
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Figure 9 compares the pressure tube circumferential temperature profile
predicted by SMARTT at 225 seconds (10 seconds prior to ballooning
contact), with the experimentally observed profile at the same time at
axial Rings 1, 2 and 3. Again, the SMARTT predictions are in good
agreement with the experimental observations, failing within the range of
measured temperatures.

Figures 10 and 11 compare the SMARTT predictions of fuel sheath
temperature with results obtained from thermocouples 12 and 14 in Rings 1
and 3. These thermocouples are located on the underside of the top fuel
element in the outer ring of elements, and on the top of the fuel element
located at 60 degrees in the intermediate ring, respectively (SP,>
Figure 1). The thermocouple transients are terminated at the times when
the readings become irrational, indicating the thermocouples have failed.

Figures 10 and 11 show a significant axial variation in the measured fuel
temperature, with the fuel at the outlet end exhibiting lower
temperatures. The variation ranges from 50° - 100°C on the top fuel
element, to 100° - 200°C on the intermediate ring element. This axial
variation is likely due to convective cooling by steam, which would have
a greater effect toward the channel outlet end as observed.

The SMARTT predictions are in good agreement with the observed
temperatures. The SMARTT predictions generally fall between the two
thermocouple transients on each figure, but are closer to the transients
recorded at axial Ring 1.

The final comparisons presented for Test 2 are of the observed and
predicted times of pressure tube ballooning, and the observed and
predicted local pressure tube strains following ballooning. Table 1
compares the time of pressure tube/calandrla tube contact predicted by
SMARTT with the contact inferred from pressure tube thermocouple
measurements (Indicated by a sharp decrease in temperature). SMARTT
predicts a single time of contact for all points on the pressure tube
circumference, because the tube is assumed to remain circular and
concentric within the calandria tube. Thus, the pressure tube Is assumed
to touch the calandria tube at the same time at all locations on Its
circumference. Based on the pressure tube thermocouple measurements,
however, the pressure tube contacts the calandria tube at the top first,
followed by a gradual spreading of comact in the circumferential
direction. This phenomenon is accentuated at Rings 1 and 3, which are
near the closed and outlet ends of the channel, and may be influenced by
end effects. Ballooning appears to be more uniform at Ring 2, near the
centre of the channel. The SHARTT-predicted contact time Is In good
agreement with the contact time at the top of the pressure tube at all
three axial positions.

Table 2 shows the observed and predicted pressure tube wall thickness at
the end of the test. SMARTT overpredlcts the degree of wall thinning at
the top of the pressure tube. This Is consistent with the apparent
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non-clrculsr ballooning behaviour In trie experiment, which would cause
the pressure tube to contact the calandria tube with less-than-predlcted
wall thinning.

Figures 12 and 13 compare predictions of water level and top pressure
tube temperature with results of 'tef* 1. The Initial rapid drop in water
level Is slightly ci.derpredlcted leading to a slight underprediction of
pressure tube temperature In the early part of the transient. Toward the
end of the transient, however, the pressure tube temperature is
accurately predicted.

6.0 DISCUSSIOM

The comparisons Jn Figures 5 - 1 3 show that the combination of the
ventlng/boll-o£f model described in Reference 3. and SHARTT. using simple
thermal-hydraulic boundary conditions, predicts the outcome of the
experiments with good accuracy. Pressure tube temperatures as well as
fuel temperatures are well predicted, as is the time of pressure
tube/calar.drla tube contact.

Additional Improvements in accuracy can likely be obtained by making
further use of the ver:ting/boil-off model, in addition to predicting the
transient steam fill fraction used In the simulations described herein,
this model also predicts steam temperatures and convectlve heat transfer
coefficients as functions of axial position In the channel. This
thermal-hydraulic information can be used in SHARTT Instead of the simple
assumptions described earlier. The model can also be explicitly
dlscretlzed In the axial direction, allowing the prediction of stem fill
fraction to be dependent on axial position. With these refinements the
venting/boll-off model - SHARTT combination can be used to predict fuel
and pressure tube response at any axial position In the channel.

The comparisons In this paper show that the ventIng/boil-off model -
SMARTT combination can be used with confidence In reactor safety
analysis, at least when conditions are similar to those of the
experiments. The combination of these two models Is sufficient to carry
out a complete analysis of pressure tuoe integrity, since the only
required input conditions are the power, header pressures and initial
void and temperature distributions, and this information Is typically
generated by network thermal-hydraulic codes. The range of validity of
the models will be expanded as more experiments in this series are
completed.

7.0 COMCUJSIOMS

This paper has presented comparisons of predictions with Initial
measurements obtained from the first two pressure tube temperature
gradient costs performed under CANDEV at WNRE. The comparisons show that:

1) the transient steam fill fraction in the channel Is well
predicted using the venting/boll-off model described in
Reference 3,
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II) fuel and pressure tube temperatures are accurately predicted by
SMARTT when the transient steam fill fraction is obtained from
the venting/bol1-off model and simple thermal-hydraulic boundary
conditions are used,

III) the time of pressure tube/calandria tube contact at the top of
the pressure tube Is accurately predicted by SMARTT. and

lv) the venting/boil-off model - SKARTT combination can be used for
reactor analysis with confidence in the accuracy of the results,
when the accident conditions are similar to those of the
experiments.
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Tafale 1.
Time of PT/CT Contact

Test 2

SMAfiTT Prediction 235 s

Circuraferential
Contact Position

(degrees)

0

20

40

60

80

100

Ring 1

241 s

238

247

254

283

293

Ring 2

229 s

232

235

238

247

254

Ring 3

230 s

238

250

253

263

271

Circumferential
Angle

(degrees)

0
(top)

Table 2.
Post-Test PT Wall

Test 2
Thickness

Measured Thickness
(trniji

Ring 1 Ring 2 Ring 3

3.32 3.20 3.33

SMARTT Prediction
(rim)

1.87

20 3.26 3.12 3.18 2.25

60 3.70 3.40 3.48 3.77

100 3.76 4.04 4.01 4.15

180
(bottom)

4.08 4.15 4.15 4.15
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sheath

Nodalization for Standard Bruce-type Fuel Element

Zircaloy Sheath
(node 6)
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(nodes 3 and 4)
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Figure 4
SMARTT Fuel Element Nodalization
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DEVELOPMENT OF THE MINI-SMARTT CODE FOR FUEL ELEMENT/PRESSURE
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D.B. Reeves, G.H. Archinoff, K-E. Locke, A.P.Muzumdar

Ontario Hydro
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Abstract

The MINI-SMARTT computer code was developed at Ontario Hydro from
the existing SMARTT computer code in order to analyse the
thermal-mechanical behaviour of the pressure tube due to the
contact of a hot fuel element (FE/PT contact). This paper des-
cribes the development of the models used in the MINI-SMARTT code
and its application to the FE/PT contact accident scenario.

Sensitivity studies examining the effect of various parameters on
code predictions and sample FE/PT contact calculations are in-
cluded. The results given show that the MIWI-SMARTT code is a
flexible model which .nay be used to predict the thermal-mechani-
cal behaviour of the pressure tube under a wide range of FE/PT
contact conditions. Comparisons of MINI-SMARTT predictions with
a detailed pin radiation code show close agreement for heat flux
and pressure tube temperatures.

1.0 Introduction

During a postulated large break Loss of Coolant Accident (LOCA)
in a CANDU reactor, rapid voiding of the coolant may occur in
some fuel channels, followed by a period of steam cooling. Dur-
ing this degraded cooling period, changes in geometry of the fuel
and fuel channel components will occur if sufficiently high
temperatures are reacned. Among the possible distortion modes,
diametral straining (ballooning) of the pressure tube into con-
tact with the calandria tube occurs if the temperature and inter-
nal pressure are high. As well, the fuel elements could distort
into contact with the pressure tube (FE/PT contact) as illus-
trated in Figure 1. If FE/PT contact occurs prior to pressure
tube ballooning it may create a hot spot on the pressure tube
leading to local strain failure. Rupture of the pressure tube
may be precluded if the overall heat flux to the pressure tube
causes rapid ballooning. The resultant rejection of heat to the
cool moderator prevents further straining of the pressure tube.

The computer code MINI- SMARTT was developed at Ontario Hydro as
a licensing code to predict the thermal-mechanical response of
the pressure tube due to FE/PT contact. This paper describes the
development of the code and illustrates the sensitivity of the
thermal predictions to the heat transfer modelling assumptions
used in the code.
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2.0 Development of the MINI-SMARTT Code

The FE/PT contact code MINI-SMARTT was developed from the exist-
ing computer code SMARTT1(Simulation Method for Azimuthai and
Radial Temperature Transients). SMARTT was originally developed
to predict two-dimensional pressure tube circumferential tempera-
ture distributions under asymmetric stratified coolant and geom-
etry conditions.

SMART? (and MINI-SMARTT) employ a finite difference technique to
solve the heat transfer equations for radiation, convection from
the coolant and conduction through the fuel elements and pressure
tube. The equations are solved implicitly using a sparse matrix
solver. Allowance is made for teroperature dependent properties
based on current temperatures through an iteration scheme.

2.1 Modelling Features of the MINI-SMARTT Code

To assess FE/PT contact, the SMARTT code was modified to include
the effects of contact conduction between any specified number of
outer fuel ring elements and the pressure tube. The resultant
two-dimensional MINI-SMARTT model is illustrated in Figure 2 for
single fuel element contact. The pressure tube and fuel elements
may have any number of radial and azimuthal nodes, graded from
fine to coarse proceeding away from the FE/PT contact region.
This grading is necessary for spatial convergence, since during
FE/PT contact, high, localized heat fluxes may exist, giving rise
to steep thermal gradients in the fuel sheaths and pressure tube.
The temperatures associated with non-contacting fuel pin rings
and the transient thermal-hydraulic boundary conditions of fuel
power, coolant pressure, coolant temperature and convective heat
transfer coefficients to the fuel and pressure tube are supplied
separately by codes such as HOTSPOT, SOPHT and CHAN-II. The heat
generation modes considered are fission and decay power with
bundle and element flux depression and Zircaloy-steam reaction on
the outer surface of the fuel sheath and inner surface of the
pressure tube. For simplicity the following discussion illust-
rates single pin contact with the pressure tube, although the
modelling may also be used for multi-element contact.

2.2 MINI-SMARTT Heat Transfer Models

In developing the MINI-&MARTT code, simplified heat transfer
models were employed so that the parameters affecting FE/PT
contact could be studied for their sensitivity on the prediction
of pressure tube rupture. As well, the CANDU licensing phil-
osophy of using a conservative approach when uncertainties exist,
was followed.

The modes of heat transfer modelled in the code are smrnarized in
Figure 1. These include :

- radial and azimuthal conduction within each fuel element
specified in FE/PT contact;
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- convection from sheath co coolant and coolant to pressure
tube;

- ring radiation from the outer fuel ring to the pressure
tube;

- radial and circumferential conduction within the pressure
tube;

- contact conduction between specified fuel elements over
any contact width;

- ring radiation from the second (inner) fuel ring to the
outer contacting fuel elements;

- radiation and conduction across the gas gap between the
pressure tube and the calandria tube.

2.3 FE/PT Contact Conduction and Convective Heat Transfer

The conduction heat transfer between the pressure tube and the
fuel sheath is calculated using the standard equation :

q = h (T - T ) (1)
con con sheath pt

where:
q : contact heat flux (kW/m )
ccn
h : contact conductance (kW/ro C)
con
T : outer fuel sheath temperature in contacting node(s)
sheath (°C)

T : pressure tube inside surface temperature for contacting
pt node(s) (°C)

The heat flux calculation in equation (1) is performed for each
individual node comprising the contact region. Convective heat
transfer is calculated for all surfaces not in contact using the
input thermal-hydraulic boundary conditions of coolant tempera-
ture and heat transfer coefficients for the pressure tube and
fuel sheaths.

2.4 Radiation Model

The detailed pin radiation model in the 37-element SMARTT code
gives a 186 by 186 view factor matrix with about 2,000 non-zero
entries. Since this viewfactor matrix is applicable only to a
specific fixed geometry with no FE/PT contact, the use of a pin
radiation model for the entire fuel bundle was not practical to
study the transient effects of FE/PT contact. Any alteration of
the number of contacting fuel pins, length of contacting arc
between fuel and pressure tube, and graded nodalization scheme
would invalidate the viewfactor matrix.

In order to retain flexibility, modelling of radiation in MINI-
SMARTT has been implemented using a ring radiation model similar
to that used in the CHAN-II2code. Figure 3 shows the ring radia-
tion model. Transient temperature data are read in from the
theraal-hydraulic boundary conditions file for the inside and
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outside fuel rings. If these temperatures are derived from a pin
radiation code such as HOTSPOT, the bulk pressure tube tempera-
tures will be accurately predicted by MINI-SMARTT. A comparison
of pressure tube transient temperatures between the two codes is
given in Section 4.1. For intermediate transient times between
the input data, a linear interpolation scheme is used.

For all ring radiation calculations the general ring radiation
heat flux equation is as follows :

q =
- T24)

C2 + (a/b)(ci - t\c2) (2)

where :

q : radiation heat flux (kW/m2)

«x : emissivity of emitting surface

«2 ; emissivity of receiving surface

a • Stefan-Boltanann constant (kW/m2 K )

T : temperature of receiving surface (K)

T, : temperature of emitting surface (K)

a : circumference of emitting surface (m)

b : circumference of receiving surface (m)

This equation has been applied to two different radiation heat
transfer situations in the MINI-SMARTT code as described below.

2.5 Radiation Heat Flux Received by the Pressure Tube

As illustrated in Figure 3, the calculation of radiation heat
flux received by the pressure tube from the outer fuel sheath
surface is accomplished using the transient input temperatures
from HOTSPOT for Tj and the individual nodal pressure tube sur-
face temperatures for T2. The emitter and receiver emissivities
are determined from the SMARTT property tables at the appropriate
nodal temperatures. The value of a/b is set equal to the outer
radius of the third fuel ring divided by the inner radius of the
pressure tube.

For FE/PT nodes which are in contact, the temperatures T. and T,
are equal to the contact node temperatures in the fuel and pres-
sure tube. Since the nodes are in contact, the ratio of a/b
equals 1.0.

This approach to radiation modelling slightly overestimates the
radiation heat flux in the region of the pressure tube near the
contact point. The heat flux is overestimated because of the use
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ot tne ring temperature, rather than the temperature of the lower
half of the fuel pin in contact with the pressure tube. In
reality, the fuel sheath temperatures in the lower half of the
contacting pin are lower than those .ssŝ T.ed for the ring tempera-
ture. This is a result of the cir-in-.f-r̂ ntial heat transfer
around the fuel sheath and into the pressure tube. By ignoring
this fuel sheath temperature profile, both the radiation heat
flux to the pressure tube near the contact region and the pres-
sure tube curcumferential temperature gradient are slightly over-
predicted, thus leading to earlier predictions of pressure tube
localized rupture than might occur. The effect of varying this
radiation assumption in the contacting fuel pin region is exa-
mined in Section 3.2.2.

2.6 Radiation Heat Fluz Emitted by the Contacting Fuel Element

In Section 2.5 it was stated that the- heat flux received by the
pressure tube is based on an average outer ring temperature in
order to give conservatively higher heat fluxes in the region of
pin contact. To maintain this conservative approach, the oppo-
site holds true for radiation heat flux emitted by the contacting
fuel elenent. That is, the calculation model if not exact,
should conservatively underestimate the heat flux emitted by the
contacting fuel pin. The calculation is accomplished in two
stages, pro-contact and post-contact, described as follows.

For pre-contact, the heat flux emitted by the fuel pin is equal
to the ring radiation heat fluz received by the pressure tube.
For post-contact, the reduction in the fuel pin surface tempera-
ture due to pressure tube contact must be considered in the model
to maintain conservatism. Individual circumferential sheath
surface temperatures are used in equation (2) for T- and an
average inside surface temperature of the pressure tube between
fuel elements is used for T2. The resultant heat flux is adjus-
ted for each pin surface node by applying the same viewfactors
used for pre-contact times. This method is illustrated in Figure
3. Using this approach accounts for the actual temperature
distribution of the contacting fuel pin which is lower than the
input value of fuel ring temperature used for the bulk radiation
received by the pressure tube. Implicit in this method is the
assumption that neighbouring fuel pins in the same fuel ring do
not exchange radiation (i.e. they have similar surface tempera-
ture profiles). For the fuel nodes in contact with the pressure
tube, the radiation emitted is equal to the radiation received by
the pressure tube contacting nodes.

2.7 Radiation Heat Transfer from the Second Fuel Ring

The temperature of any fuel sheath is determined, in part, by the
heat energy received or emitted on its circumference. For the
case of a contacting fuel pin, the inward facing pin surface
exchanges heat convectively with the coolant and by radiation
with the next innermost fuel ring. Convective heat transfer is
accounted for through the input transient values of coolant
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temperature and heat transfer coefficients. Radiation heat ex-
change betweem the contacting fuel pin and the second fuel ring
is modelled assuming concentric ring radiation. The approach
used is similar to that described in Section 2.6 for post-contact
and is illustrated in Figure 3.

2.8 Simulation of the Oxide Effect on Fuel Sheath Conductivity

The accumulation of a layer of Zirconium-Dioxide (ZrO~) due to
the Zircaloy-staam reaction alters the thermal conductivity and
thickness of the fuel sheath. The conductivity of ZrOj at tem-
atures relevant to postulated LOCA conditions is approximately a
factor of 10 lower then the conductivity of Zircaloy.3

For FE/PT contact, since circumferential heat conduction is a
major heat transfer mechanism, it is necessary to include the
effect of the development of an oxide layer on the fuel sheath
conductivity. Coding was included in MINI-SMARTT to simulate
this phenomenon. Since prior to pressure tube ballooning very
little ZrO2 is typically formed on the pressure tube, the oxide
effect was not extended to the pressure tube model.

Specifically, the thickness of the oxide layer in the fuel sheath
nodes is continually monitored throughout the transient. The
conductivity of any fuel sheath node is adjusted depending on the
degree of oxidation within the node and the nodal temperature.
For the case of a node which is not 100% ZrO2, the conductivity
is calculated on a weighted basis depending on the thickness of
the ZrO layer in that node.

2.8 Multi-Element Contact

As previously mentioned, MINI-SMARTT has the capability to model
any number of outer fuel ring pins contacting the pressure tube.
The contact width of each fuel pin is individually specified in
the data, thus allowing each pin to contact over a different
width. The points of contact with the pressure tube are defined
by specifying the pressure tube contact node numbers in the data
file. For the remaining fuel pins in a ring which are not in
contact, radiation is calculated by the ring model.

2.9 Calculating Pressure Tube Strain

In order to calculate the mechanical response of the pressure
tube associated with the non-uniform ballooning which may occur
due to FE/PT contact, a separately developed strain code NUBALL*
(Non-Uniform-Ballooning) has been added as a subroutine. The
equations for transverse c.eep strain used in the code have been
verified against uniaxial and biaxial pressure tube strain exper-
iments .

The code uses the geometric properties of the pressure tube, the
internal pressure, and the temperature distribution around the
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pre^sure tube circumference to determine strain. Both average
pressure tube strain and local strain in each node (wall thin-
ning) are calculated. The locril 3-crain at r-iny node is contin-
uously compared with a derived pr^ssur- "ube failure criterion,
while the average strain is compared TO -.;•,--_ strain required for
pressure tube/calandria tube contact • ../)u: 16.4°s). The status
of these conditions is continually rroni'ored and reported in the
transient output.

3.0 MINI-SMARTT Sensitivity Studies

The purpose of the following sections is to examine how sensitive
are the results of MINI-SMARTT simulations co certain modelling
assumptions, as well as .jriations in input parameters, under
postulated large break LOCA conditions. The results of these
studies give a clearer understanding of the code's capabilities
and identify what input data is critical. Extensive nodalization
studies were conducted prior to using the code for FE/PT accident
analysis. The nodalization studies were performed in order to
optimize the spatial convergence of the graded node grid in both
the fuel elements and the pressure tube. Figure 2 shows the
resultant graded grid used for the 37-element studies. A summary
of the reference case conditions used in the sensitivity studies
is given in Table 1.

3.1 Calculation Time Step Sensitivity

Time step studies were conducted using calculation times of
0.05s, 0.1s, 0.2s, and 0.5s. 3ul< radiation heat transfer from
the fuel bundle was neglected in order to demonstrate the effects
of contact conduction alone. The resultant pressure tube circum-
ferential temperature profiles for the inside surface of the
pressure tube are shewn in Figure 4.

These results indicate that a calculation time step of the order
of 0.Is gives accurate pressure tube temperature profile predic-
tions since smaller time steps do not significantly alter the
results. As well, within a few seconds after contact, costs
could be reduced by increasing the time step without greatly
sacrificing accuracy. This is especially true when the effects
of radiation are simulated since the maximum pressure tube circu-
mferential temperature difference &T) including radiation, oc-
curs in the first few seconds where the greatest accuracy would
be required. In general, the more rapidly temperatures are
changing with time, the smaller the time step required.

3.2 Effect of Radiation Modelling Assumptions

The radiation model used in MINI-SMARTT has been discussed in
Section 2.4. Since a ring model has been used in the code, it is
possible to develop a number of alternatives for the simulation
of radiation in the vicinity of a contacting fuel element. This
section shows the effect of including ring radiation in the outer
and inner fuel rings as well as the sensitivity of the contacting
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fuel element temperature predictions to the radiation assum-
ptions.

3.2.1 Effect of Outer Ring Radiation on the Pressure Tube

In the time step studies the simulation of radiation heat tran-
sfer was not included as it would have no bearing on the sensiti-
vity results. If radiation from the outer fuel ring to the
pressure tube were included in the simulation to account for the
effect of heat transfer from all other elements in a fuel bundle
not in contact, an overall increase in pressure tube circumferen-
tial temperatures would result. Figure 5 shows this effect by
comparing one simulation with no radiation, with the same simula-
tion including outer ring radiation.

The effect of ring radiation is to produce a global increase in
pressure tube temperatures. However, the pressure tube AT is
decreased when compared to the no radiation results. This dec-
rease in AT increases with transient time so that an overall
flattening of the temperature gradient occurs. Thus, as tran-
sient time increases, contact heat flux decreases and radiation
heat flux becomes more impor-ant to the overall heat transfer.
It is the timing and extent of these two heat flux sources which
give rise to the transient mechanical behavior of the pressure
tube for FE/PT contact.

3.2.2 Effect of Radiation from Contacting Fuel Pins on the
Pressure Tube

With the ring radiation approach, the modelling of radiation
received by the pressure tube as a function of the temperature
distribution on the contacting fuel sheath, cannot be explicitly
simulated. However, as will be shown in the results given in
this section, the assumptions used in the modelling has a signi-
ficant effect on the resultant pressure tube temperature profile.

Three different assumptions were examined, the first case under-
estimates the radiation heat flux, the second case overestimates
the radiation heat flux, and the third cas represents and inter-
mediate case. The first case (Case 1) uses the outer ring radia-
tion temperature for the bulk of the radiation to the pressure
tube; however, for the first ten degrees of pressure tube arc
away from the contact nodes, radiation is calculated using the
contacting fuel pin temperatures from the contact nodes and
pressure tube node temperatures in the ring radiation equation.
Since the fuel sheath temperatures actually exhibit a gradient
from some higher temperature at the top of the fuel pin down to
the lower contacting node temperature, this assumption would
result in lower radiation heat transfer to the pressure tube than
would actually occur. It also ignores the effect of radiation
from non-contacting fuel pins on the 10 degree pressure tube arc.

The second case (Case 2) assumes that the ring radiation calcula-
tion applies to all pressure tube nodes except those actually in
contact. For the contacting nodes radiation is calculated using
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the fuel and pressure tube contacting temperatures. This gives
the upper bound since the effect of the contacting pin fuel
sheath temperature gradient on reducing radiation to the pressure
tube is not considered. The third case (Case 3) considers that
the individual azimuthal node temperatures in the contacting fuel
pin sheath radiate to the corresponding pressure tube azimuthal
node. Thus, the third case represents an intermediate case since
some consideration is given to the temperature gradient in the
fuel sheath.

Figure 6 shows a profile of the resultant pressure tube circumf-
erential temperatures for the three different radiation assum-
ptions. Within the first second following contact, Case 2 and
Case 3 give identical pressure tube profiles while Case 1 pro-
vides less radiation energy such that the temperatures in the 10
degrees of arc are lower than for the remainder of the pressure
tube.

For later transient times, the three assumptions diverge such
that Case 2 gives higher temperature gradients while Case 3 and
Case 1 give lower gradients. It is clear from the Case 1 profile
trends that this assumption underpredicts radiation heat flux
within the first 10 degrees of arc. For the analysis of FE/PT
contact, the peak temperature difference circumferentially in the
pressure tube is a key parameter. Figure 6 shows that within the
first few seconds after contact there is very little difference
between the Case 2 and Case 3 results, indicating that the choice
of assumption between Case 3 and Case 2 is not critical. How-
ever, for conservatism, the Case 2 radiation assumption is used
in MINI-SMARTT.

3.2.3 Effect of Radiation Between the Second Fuel Ring and the
Contacting Fuel Element

In this study, the effect pf radiation neat flux between the
inner (second) fuel ring and the contacting fuel pin will be
examined. The second fuel ring temperatures are obtained from
HOTSPOT simulations with the same boundary conditions.

Fuel sheath circumferential temperature profiles for the cont-
acting fuel pin at three transint times are plotted in Figure 7.
A comparison of the reference case with the case with second ring
radiation included shows that the additional radiation heat flux
to and from the second ring has increased the temperature at the
top of the fuel sheath by approximately 50 °C at 15 seconds.
This difference decreases from the top of the fuel so that there
is no difference at the bottom contacting nodes. Since the
contacting node temperatures are the same, there is no substan-
tial effect on the pressure tube temperature profile. This is
confirmed by observing that there is a difference of +2°C on the
peak pressure tube temperature at the contacting nodes for the
second ring case. A plot of these results is not included since
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no difference would be discernible from the plot.

Although the above results have shown that there is no meaningful
effect on the pressure tube temperature predictions due to
account-ing for second ring radiation, this model has been in-
cluded in MINI-SMARTT for completeness. Since it does have an
effect on sheath temperature/ radiation from the second ring
should be considered if accurate fuel sheath temperature profiles
are required.

3.3 Effect of Zirconium-Dioxide Conductivity

Figure 8 shows a comparison of the fuel sheath circumferential
temperature profile with and without the effects of ZrOj conduc-
tivity modelled. Only at the 15s transient time is any effect
noticeable. As expected, the case with ZrO2 simulated has
slight-ly lower temperatures near the contact region. This ef-
fect is dependent on the thickness of the oxide, and in this case
the oxide layer comprised about 12% of the total sheath. The
effect on the pressure tube temperature profile was to decrease
the peak inside surface pressure tube temperature by 3 ° C. A
more noticeable difference would be expected with increasing
oxide thickness.

3.4 Sensitivity to Input Parameters

Sensitivity studies have been conducted on the important input
parameters for the FE/PT contact scenarios. These are not pre-
sented in detail here as they have been previously reported.
However, in sumnary, the parameters which have little effect on
the calculated consequences of FE/PT contact are :

a) Fuel to sheath heat transfer coefficient
b) Neutronic power transient
c) Initial bundle power, and
d) number of pins in contact.

The most sensitive parameters relevant to FE/PT contact are :

a) FE/PT contact conductance
b) Time of FE/PT contact, i.e. the difference between the time of
contact and the time at which PT ballooning would occur in the
absence of contact, and
c) FE/PT contact width.

4.0 MINI-SMARTT Code Verification

Two methods are being used to verify the results of the MINI-
SMARTT code. The first method,documented below, is a comparison
of the code results with the detailed pin radiation model
HOTSPOT-II, with no fuel to pressure tube contact. The second
method involves comparisons of the code predictions with results
from a CANDEV funded experimental program conducted at
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Westinghouse Canada. These comparisons are in their early
stages, however, preliminary results show excellent agreement
between the code predictions and the experiments- As well,
another CANDEV funded experimental program is currently underway
at WNRE aimed at quantifying the values of contact conductance
and contact width as a function of pressure and temperature for
FE/PT contact.

4.1 MINI-SMARTT - HOTSPOT-II Comparisons

The HOTSPOT-II code uses a detailed pin radiation model to calcu-
late heat transfer among the fuel pins in a bundle and the pres-
sure tube and calandria tube. By comparing the predictions of
MINI-SMARTT and HOTSPOT-II using identical boundary conditions,
the accuracy of the ring radiation model used in MINI-SMARTT for
the bulk heat up of the pressure tube, may be asses
sed.

Two comparisons have been made, one for a 750kW Pickering-type
bundle in a 6.1 MW channel, the other for a 556 kW bundle in a
4.6 MW channel. The thermal-hydraulic boundary conditions used
in both codes are obtained from SOPHT simulations of a 40% RIH
break. The ring temperatures for MINI-SMARTT are supplied from
the HOTSPOT predictions.

Tables 2 and 3 give the results of these comparisons for the 750
kW and 566 kW bundle, respectively. Both tables show that MINI-
SMARTT compares well with the HOTSPOT-II temperature and heat
flux predictions. The minor differences shown for radiation heat
flux are attributed to the simplified ring radiation model used
in MINI-SMARTT. Differences in convection heat flux may be due
to the finer node structure used in MINI-SMARTT. The smaller
nodes would give more accurate results for MINI-SMARTT than
HOTSPOT-II, since they more closely model the actual surface
temperatures. These results show that the simplifying radiation
assumptions used in the code are accurate in predicting the bulk
pressure tube temperatures prior to FE/PT contact.

5.0 Conclusions

The MINI-SMARTT code has been specifically developed to assess
the thermal-mechanical effects of contact between a fuel element
or elements and a pressured tube under postulated LOCA condi-
tions. Flexibility of use has been considered by employing
simplified heat transfer models. Although simplified, this paper
has shown that either the predicted results are not sensitive to
the assumptions or that a conservative result is predicted.
Initial studies to verify the ring radiation model have shown
that MINI-SMARTT heat flux and pressure tube temperature predic-
tions are accurate when compared to a detailed pin radiation
code. Data on values of contact conduction and contact width as
a function of load and temperature are expected to be available
pending results of FE/PT contact experiments conducted at WNRE.
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Table 1 Sensitivity Study Reference Case Conditions

Break : large break LOCA
7.5 Mw Cnannel Power
Peak Temperature Fuel Bundle

Fuel Geometry : 37 fuel elements

FE/PT Contact Time (Ct) : 6.0 seconds (corresponds to sheath
temperature approximately at 1200 °C)

Contact Width Assumed (\) : 4 inn.

Contact Conductance (h con) : 5.0 kW/mz °C

TABLE 2

HINI-SHARTT-HOTSPOT Comparison 6.1
Pickerinq A

HOTSPOT (top line)
MINI-SMARTT (bottom line)

Fuel Temp #C Sheath Temp °C
Tine Outer Surface Outer Surface
(s) Top Bottom Top Bottom

0

2

4

6

8

10

12

14

15

578
578

1028
1029.2

1164
1166.5

1306
1312.3

1376
1381.2

1402
1408

1442
1446

1469
1478.1

1511
1519.9

613
613

1120
1121.8

1234
1233.4

1344
1339.8

1382
1372.8

1390
1380.5

1410
1398

1424
1410.9

1450
1434.1

317
316.3

938
943.9

1066
1069.8

1271
J281

1280
1285.2

1346
1354

1381
1388

1436
1447.7

1481
1492.4

320
319.3

1004
1008.3

1106
1102.4

1271
1263.7

1254
1243.0

1302
1288.7

1320
1304.9

1357
1340.0

1384
1363.2

Pre-eq 401

Pt
Temp "C
t

289.6
269.6

293.1
291.5

327.9
326.

399.
398.

494.7
493.0

598.2
595.

682.5
680.

760.6
760.2

788.
788.3

. R1H

From
Rad

4.0
0.7

67.9
67.9

97.0
105.4

165.2
173.3

157.8
164.7

170.1
179.1

173.4
181.8

179.3
190.3

195.6
206.0

HW

Heat Flux
Fuel

Conv

1340.
1340.

93.
63.

173.
195.

97.
78.

415.7
410.

162.9
163.0

200.2
195.

15.5
17.0

61.4
52.2

(kW/m2)
To PT
Bad

4.4
0.76

83.3
86.2

119.5
123.2

204.8
210.7

196.5
199.9

212.5
217.6

217.3
220.9

225.2
231.3

246.4
250.4

Conv

-2.8
-3.8

21.8
19.3

41.1
40.2

77.6
90.1

699.1
663.9

267.5
260.5

324.8
310.6

31.1
40.5

121.1
120.4
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TABLE 3

HIMI-SHARTT-HOTSPOT Comparison 4.6 HW

HOTSPOT (top line)
MINI-SHARTT (bottom line)

Fuel Temp °C Sheath
Time Outer Surface Outer
(s) Top Bottom Top

0

2

4

6

8

10

12

14

16

18

20

503
502.7

808
808.4

881
881.8

909
912.9

973
978.4

1043
1049.9

1021
1028.6

1019
1027.8

1006
1014

1001
1010.4

964
975

528
528

874
874.

936
936.

953
954.

1007
1007.

1061
1060

1029
1029.

1020
1020.

1005
1003.

997
997

978
960.

7

7

7

6

1

0

6

5

310.
309.6

710.
712.1

791.
793.1

819.
825.

941.
947.5

996.
998.5

964.
974.1

943.
952.5

944.
953.2

936.
947.1

913.
905.

Pickerinq A

Temp *C
Surface

Bottom

312.
311.9

756.
757.7

629.
829.0

847.
649.2

958
958.1

991.
988.3

959.
958.3

932.
931.6

932.
930.6

922.
922.7

900.
882.4

Pre-eq 40%

Pt
Temp *C
£

289.5
289.6

290.2
289.2

288.4
286.5

290.9
289.0

299.1
296.5

331.7
330.7

365.9
364.6

398.3
397.

427.5
426.5

453.9
453.5

478.1
497.5

RIH

Heat Flux
From Fuel
Rad Conv

3.35
0.5

29.0
30.2

39.9
41.5

43.5
46.5

64.7
68.7

75.2
79.7

64.7
69.2

59.6
63.6

57.0
60.4

54.0
58.0

48.5
51.8

1010.5
1010.1

372.4
370.

336.1
324.

351.
348.

66.8
70.

265.
268.

200.
206.

365.
358.

238.
230.

264.
252.

295.
285.

(JcW/m2)
To PT
Rad

4.2
0.56

35.6
36.6

49.1
50.6

53.6
56.4

79.9
83.3

93.2
96.9

80.2
84.1

74.0
77.1

70.7
73.5

67.0
70.5

60.2
62.9

Conv

-24.2
-38.2

-75.3
-45.4

-148.6
-70

-551.7
-234.

89.9
93.6

129.8
133.5

94.3
83.1

121.3
110.2

80.4
80.4

81.1
62.0

74.7
57.0
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Validation of the
Computer Code NUBALL for Simulation of

Pressure Tube Asymmetric Ballooning Behaviour

Prabhu S. Kundurpi
Nuclear Studies and Safety Department

Ontario Hydro
Toronto, Ontario

M5G 1X6

ABSTRACT

In a CANDU reactor, the pressure tube can experience severe temperature
transients during some hypothetical accidents, such as a loss of coolant
accident. To examine the mechanical deformation of the pressure tubes
during these pressure and temperature transients, a two dimensional
computer code NUBALL (Non-Uniform Ballooning) is currently used at
Ontario Hydro. In the code, the pressure tube is discretised into a
series of arc segments with uniform temperature for strain calculations.
The hoop strain in each of these segments is evaluated for small
incremental time steps using the transient creep rate equations. The
peak and average strains in the pressure tube are also evaluated in each
time step. To validate the computer code NUBALL, the predicted strain
response of the pressure tube is compared with the experimental results.
These comparisons indicate that the code is able to accurately predict
the deformation of the pressure tube with known temperature distributions.

nssd.468
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1.0 INTRODUCTION

The pressure tubes in CANDU Reactors form the coolant pressure boundary
within the reactor core. Consequently they are designed with the Intent
to meet the ASME requirement for the Class I nuclear pressure vessels and
to withstand all operating loads. However during certain hypothetical
accidents, such as Loss of Coolant Accident, the pressure tubes may
experience severe temperature transients. The temperature distribution
on the pressure tube circumference will generally be non-uniform due to
coolant boil off in the channel. During the transient, the pressure tube
will experience non-uniform creep deformation around the circumference.
The cumulative effect of this creep deformation is either ballooning of
the pressure tube to come into contact with the calandria tube or local
wall thinning which might lead to pressure tube failure. If the pressure
tube contacts the calandria tube by ballooning, the integrity of the
pressure boundary is maintained. Consequently, in the safety analysis, a
knowledge of the conditions which could potentially cause pressure tube
failure, prior to contact with the calandria tube, is important. To
examine the behaviour of the pressure tube under these transient
conditions, the computer code NUBALL (Non-Uniform Ballooning) is
currently used at Ontario Hydro. This code evaluates the local and
average strain in the pressure tube. A brief description of the computer
code, the creep rate equations used, the failure criteria employed, and a
detailed validation of the computer code NUBALL are presented in this
paper.

Analytically the problem of creep deformation of pressurized cyllndrial
shells is relatively simple, as the creep rates are dependent only on the
membrane stresses in the shells. Any bending stresses in the shell due
to temperature non-uniformities or thickness variation will be very
localized and these do not influence the ballooning process. The
membrane stresses in the shell can be easily obtained by equilibrium
considerations. Various studies of creep deformation of pressurized
cylindrical shells are reported In Ref (1, 2). Computer codes also exist
which can model the creep behaviour of tubes (Ref 3, 4). However these
models and computer codes do not account for variation of temperature in
the circumferential direction. Consequently a large amount of
uncertainty exists regarding the prediction of average hoop strain at
failure for tubes under internal pressure with non-uniform temperature.
To examine this problem computer codes such as GRAD have been developed
(Ref 5) at WNRE. Based on similar methodology an in-house code called
NUBALL has been developed at Ontario Hydro to examine this problem.

To validate the computer code, the existing experimental data {generated
under CANDEV) in which the pressure tube experienced significant strain
or failed due to non-uniform temperatures are used. The test data Is
divided into two categories. In the first set of tests the pressure tube
had only a small temperatures variation around the circumference
(Ref 6). As a result, these test data are used for verification of the
failure temperatures. With the known rate of heating and internal

nssd.468
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pressure the code predicted failure temperatures are compared with the
experimental results. In the second set of experimental data the
temperature variation around the circumference is large during the
transient heat up and deformation (Ref 7). The code NUBA1.L has been used
to predict the behaviour of the pressure tube in these controlled biaxial
deformation tests in steam with large temperature gradients. The
predicted and post test measured strain profiles for all these
experiments is also presented.

2.0 DESCRIPTION OF THE CODE

The computer code NUBfll.I. predicts the ballooning deformation of the
pressure tube under internal pressure with non-uniform temperature
distribution. The code accounts only for the membrane hoop stresses by
assuming plane strain conditions. The sagging behaviour of the pressure
tube Is neglected. The code is similar to the GRAD code (Ref 6 and 8)
developed earlier at WNRE, as both these codes use the same creep rate
equations and an identical solution technique. The pressure tube is
represented by a series of arc segments in the circumferential direction
as shown In Figure 1. The temperature within these small segments is
assumed to be uniform. The model does not consider any axial variation
of temperature or stresses. During the ballooning process the pressure
tube is assumed to remain circular. This assumption is shown to be valid
for creep deformation of thin walled tubes under internal pressure.
(Ref 9). Hence with these assmptions, the hoop stresses which control
the creep rate at any point in the pressure tube cross section are
obtained by.

08 - El (1)

where r - instantaneous mean radius of tube
t - local wall thickness.

The temperature variation around the pressure tube can be given as input
to the code or it can be assumed to be varying in a defined manner by an
analytical expression. Knowing the temperature and the hoop stress in
each of the arc segments and using the appropriate creep rate equations
for pressure tube material, the strain rate in each pressure tube segment
is calculated in small time steps. At the end of each time step, the
average hoop strain in the pressure tube is calculated by averaging the
strain over the complete circumference. Also, at the end of the time
step the new geometry of the pressure tube consisting of a new radius
with a varying wall thickness is obtained.

As the code calculates both the local strains at all the points and the
average hoop strain on the pressure tube, two separate strain limits have
been selected in the code. The first strain limitation is on the average
strain which is limited to around 18 percent on the pressure tube due to
the presence of the calandrla tube. The second strain limit is on the
maximum local strain at any point. Examination of the fracture surface
of ruptured pressure tubes indicate that the local strain at the point of
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failure is almost infinite as the wall thickness has reduced to zero. As
a practical limiting criteria, the maximum local strain at any point Is
limited to 100 percent, at which point the tube Is considered to be
failed. When either of these conditions are met, the transient Is
assumed terminated.

Creep Rate Equation

The following creep rate equations are used in the code. These equations
are shown to be valid for transient heat up of the pressure tube material
up to about 1000° In Ref (5, 8).

For the Temperature Range 450°C to 850°C

, 7 7 1.8 , 29200
* - 1.3 x 10-5 a9 exp(- 1^20) * * " ° " ^ ~ ^ "

[l^xlO^/expC-^dt]0"2

(2)

For the Temperature Range 850°C to 1200°C

4 1.4 , 19600x3-5 x 10 o exp< =—)

—=-
2 7 4 / exp(- ̂ ) ( T - U 0 5 ) 3 - 7 2 dt

t2 (3)
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where c is the transverse creep rate In s *
a Is the transverse stress In MPa
t Is the time In s
T Is the temperature In K
tj is the time when T = 973 K
t2 is the time when T - J123 K

3.0 COMPARISON WITH EXPERIMENTS

A series of pressure tube ballooning tests have been conducted under
CANDEV at Ontario Hydro Research Laboratories. From these experiments
two sets of experimental data have been used to validate the computer
code. A brief description of the test results and the code prediction
for these cases are given below.

3.1 Low Temperature Gradient Tests

In the first set of experiments the pressure tube deformation behaviour
under internal pressure and ramp temperature loading have been reported
(Ref 6). Short segments (0.6 m long) of pressure tube were pressurized
by either inert gas or steam. This resulted in very small variation of
temperature around the circumference of the order of 50°C. Controlled
heating rates in the range l-25°C/sec and constant internal pressure up
to 5 HPa have been used in the tests. The temperature at which very
rapid straining of the pressure tube occurs Is taken as the failure
temperature of the pressure tube. The failure temperatures predicted by
the code NUBALL for various rates of heating and internal pressure are
compared with test results in Figure 2. These results indicate close
agreement between the code predictions and the experimental results.

3.2 Tests on Pressure Tubes With Large Temperature Gradients

The second set of experimental data is from a series of pressure tube
ballooning experiments (total 5 tests) in steam. The primary objective
of these tests was to measure the creep strain response of the pressure
tube due to an imposed large circumferential temperature variation.
Closed ended pressure tube segments, partially filled with water, have
been heated inductively to generate large circumferential temperature
variation. The internal pressure, average hoop strain and temperature
distribution have been measured in the tests. The test conditions and
the main test results are summarized in Table 2. The details of these
experiments and the results obtained are reported in detail in Ref (7).
The strain predicted by the computer code NUBALL using the temperature
and pressure data from each test are presented herein and are compared
with the test results. The predictions for each of the tests are also
summarized in Table 2.

3.3 Representation of Temperature Distribution in the Transient

During the heat up phase the circumferential temperature distribution was
constantly changing, while at any point the temperature was increasing
linearly with time. Typical temperature transients (from test 1) at
various points around the circumference are shown in Figure 3. The
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temperature profiles at various times on the pressure tube are shown in
Figure 4. These temperature profiles are represented in an analytical
form for analysis by the code as:

T (6) - T +
°

- C,

for o < e < e1 (4)

T (6) = T for 9 > 9
1

where T(0) - temperature at any point at angle 6 at time t.

T o - Initial temperature (= saturation temperature
corresponding to the pressure)

C| - Maximum rate of heating (top of the tube)

C2 - Maximum difference between rates of heating (i.e.,
difference between the rates of heating at top and at
water line.)

6 - Circumferential angle measured from the hottest point
on the tube

8j - Circumferential angle up to the water line

t - time in seconds

The values of Cj and C2 are obtained from the measured rates of heating
In Figure 3. The value of the Index n Is obtained by measuring the slope
of the log-log plot of (TQ=O - TO)) vs 8 at various times as shown in
Figure 5. The mean value of the slope Is used In the calculation of
strains. Similar procedures, when applied to different tests. Indicate
the value of n Is always close to 2, (I.e.. the distribution of
temperature Is parabolic). The parabolic temperature distribution is
considered to be due to the Inductive heating of the pressure tube which
effectively results In uniform heat generation within the pressure tube
wall.

3.3.1 Test 1

In this test the Internal pressure was maintained constant at around
1.7 HPa with a peak rate of heating of 3°C/sec (= Cj). The test was
terminated when the maximum temperature was around 850°C. The pressure
tube did not rupture in the test. The pressure, temperature and hoop
strain measurements In the test are shown In Figure 6.
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From the hoop strain measurements, it is evident that the pressure tube
was straining very rapidly at the time of test termination. Hence the
measured values of hoop strain and peak temperature can be considered as
the hoop strain at failure and failure temperature respectively for
comparison with code predictions.

For these test conditions the computer code predicts failure of the
pressure tube (i.e., 100% strain at top of the tube) at a peak
temperature of 820°C with an average hoop strain at failure of 10.8% with
parabolic temperature distribution. The predicted hoop strain agrees
well with the measured final strain of 11.2%.

Post test measurements of the local strain obtained from measuring the
wall thickness are shown in Figure 7. In order to compare the code
predicted strain distribution with the post-test measurements, the peak
strain on the tube during the code calculations has been limited to the
peak strain measured after test. The code predicted strain distribution
is also shown in Figure 7. These results indicate that the strain
distribution predicted by the code agrees well with the test results,
even though the magnitude of the strain away from the peak location is
underpredicted.

3.3.2 Test 2

The measured temperature and pressure transients during the test are
shown in Figure 8. The pressure was maintained constant at around
2.3 MPa throughout test. The pressure tube was half filled with water
and the maximum rate of heating was 25°C/sec. The pressure tube ruptured
In the test with the peak temperature of about 900cC. The measured hoop
strain at the instant of failure was 14.4%.

For these test conditions the code predicts failure at 890°C and the
predicted hoop strain at failure is about 12.9% with a parabolic
variation of temperature (i.e., n = 2). The temperature distribution was
Indeed close tc parabolic In the test. The predicted value of failure
temperature Is in close agreement with the test result. The predicted
hoop strain at failure is seen to be lower than the measured hoop strain
at failure.

3.3.3 Test 3

In this test, the pressure tube was also subjected to a rapid temperature
transient with the maximum rate of heating of 25°C/sec. The Internal
pressure was maintained around 2.2 MPa. The main difference In the test
conditions compared with test 2 was the amount of water In the channel.
The pressure tube was only quarter full In this test. The temperatures
and pressure transients obtained during the test are shown In Figure 9.
The pressure tube ruptured at a peak temperature of 884°C with a hoop
strain at rupture of about 15.8%. From the measured temperature
distribution during the transient the value of the Index, n (In equation
(4)), was observed to vary between 2 and 1.5 In this test. To bound the
test results, the computer code was used to simulate the test condition
with n=2 and n=1.5.
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For these test conditions the code predicts failure at a peak temperature
of 894°C and a hoop strain of 17.5% with parabolic variation of
temperature (n = 2). The predicted failure temperature is again in close
agreement with the test results while the predicted hoop strain is
slightly higher. With n - 1.5. the code predicts failure of the tube
during test at a peak temperature of 896°C and a hoop strain at failure
of 13.1%. These results indicate that only the failure strain Is
sensitive to the temperature distribution while the failure temperature
is dependent only on rate of heating and internal pressure.

Local strain measurements have also been reported In Ref (7). which were
obtained by measuring the local wall thickness of the ruptured pressure
tube at various locations along a circumference. Post test measurements
of the strain variation around the circumference are compared with the
predictions In Figure 10 (for n = 1.5 and 2). The strain profile with
the index n - 1.5 agrees well with the measured strain variation around
the circumference. It Is to be noted that the strain at the rupture
location was very large (much higher than 100 percent) whereas In the
code, the peak strain is limited to 100 percent at which point failure
assumed.

It is also to be noted that the hoop strain at failure in test 3 with
lower water level is larger than with the half filled tube In test 2.
This result is expected as a larger circumference of the pressure tube is
straining in Test 3 with lower water level. This result is also
consistent with the predictions of the code NUBALL.

3.3.4 Test 4

The test was conducted with very low pressure (0.5 MPa) and at a maximum
rate of heating of 3°C/sec. The pressure tube was filled with water up
to 1/4 full. When the peak temperature on the pressure tube reached
990°C. it was held steady for 150 seconds. The temperature, pressure and
hoop strain transients obtained are shown In Figure 11. The pressure
tube did not rupture during the test. The hoop strain at the time of
test termination was around 16%. Post test measurements of local strain
on the tube are shown in Figure 12 which shows a peak strain of 78%. The
strain distribution also shows a hump at +80° on either side of the peak
strjln location.

With these test conditions, with a parabolic variation of temperature the
code predicts failure of the pressure tube at about 70 seconds, during
the temperature hold period, at the +60" location. The predicted hoop
strain at failure Is about 19.8 percent. The discrepancy In the result
is considered to be due to the oxidation strengthening of the pressure
tube during hold period. As the code does not account for this
strengthening mechanism. It overestimates the strain rate over the high
temperature region. This phenomenon is of Importance only when the
pressure tube temperature Is relatively high (approaching 1000°C).

To compare the code predicted strain distribution with the measured
strains, the peak strain In the calculation was again limited to the
measured peak strain at the hottest point. The strain distribution
obtained for these test conditions Is also shown In Figure 12. The
predicted strain distribution also shows secondary peaks in the strain
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dlstrlbutlon at around +60°. The appearance of secondary peaks In the
predicted strain profile can be explained by examining the creep rate
equations. The Zr-2 1/2% Nb material undergoes a phase change (from « to
B phase) at about 850°C. The creep rate of this material Is generally
lower In the B phase than In the « phase for the same stress level. When
the pressure tube Is continuously heated, the creep rate Is highest at
the point with highest temperature as long as the temperature Is below
850°C. When the pressure tube temperature rises above this value, the
peak temperature point is no longer the fastest creeping point on the
pressure tube. Depending on the local stress level, the points which are
closer to 850°C will be starting to strain at a faster rate. This
phenomenon is already modelled in the code by the creep rate equations
used. The predicted and measured strains profiles are seen to be in
agreement.

3.3.5 Test 5

This test was effectively a repetition of test 4. however the test
conditions were selected so as to exacerbate the secondary strain peak
observed in test 4. The test conditions were: internal pressure 0.4
HPa. maximum rate of heating 5°C/sec. pressure tube I/A full and peak
temperature held steady at 990°C for 300 seconds. The temperature and
pressure transients obtained during the test are shown in Figure 13. The
pressure tube did not rupture during the test. The hoop strain measured
at the time of test termination was 14.2 percent. Post test measurements
of the strain distribution on the pressure tube are shown In Figure 14.

With these test conditions the code predicts failure of the pressure tube
at +85° locations at about 200 seconds during the temperature hold
period. The predicted hoop strain at the Instant of rupture is around
15.5 percent. This discrepancy In the results Is again considered to be
due to the oxidation strenghthenlng of the Zr-2.5% Nb material at these
temperatures. The calculated strain distribution is compared with the
measured strains in Figure 14 which Indicates close agreement between the
two. In particular the strain peaks at the sides of the tube are well
predicted.

4.0 CONCLUSIONS AND DISCUSSIONS

The code NUBALl. has been used to simulate the asymmetric ballooning
behaviour of the pressure tube in a steam environment using existing
creep rate equations. The predicted failure temperatures are shown to be
in good <greement with test results with a constant Internal pressure and
a linear ramp rate of heating. Hence It is concluded that the code is
able to predict the failure temperature accurately for the case of
non-uniform as well as uniform temperature distribution.

Comparison of code predicted strain distributions with the measured
strains, for the case of known temperature distributions Indicate a close
agreement between the two; however the local strain at the hot spot Is
overpredicted below 1000°C. As a result, under transient heat up
conditions, the code predicts earlier failure due to higher local strains
and hence the code predictions are conservative. When the pressure tube
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temperature rises above J000°C. the code predicted strain rates are
larger than the measured values. As a result when the code NUBALL Is
used for simulating the pressure tube deformation. It predicts failure in
the high temperature region, whereas in the test no failure occurred.
This discrepancy is considered to be due to the creep rate equations used
as these do not account for the high temperature oxidation effects. As
all the tests were conducted in a steam environment, this oxidation
strengthening effect is expected to be significant at low pressures.
Further experimental programs are in place to investigate the oxide
strengthening effect at temperatures greater than 1000°C.

The code NUBALL is a one dimensional code which does not account for
variation of temperature in the axial direction. Non-uniform temperature
distributions in the axial direction cause bulging of the pressure tube,
which tends to reduce effective hoop stress due to curvature in the axial
direction. In the present NUBALL code both the oxidation strengthening
effects and the axial temperature variations are neglected. As both
these effects tend to delay the local wall thinning, the results
predicted by the code are conservative for licensing analysis purpose.
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-

C Next
time step

No

Read the tube geometry, transient
pressure and temperature data.
set up the Grid. Select time step.

Calculate the stress and strain
rate at all the points.

I
Calculate the creept strain
accumulated at each point
during the time step.

Update the tube geometry.
New radius and thickness at
each POint.

Check for
/CT contact

Check for
local fallur

Is it end of
transient

Yes

Yes

Print the strain distribu-
tion over the P/T circumfe-
rence

[ENDJ
TABLE 1

Flow Chart for the code NUBALL
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TABLE 2

Test ConditIons

Test
Pressure
MPa

Max Rate
of Heating

•C/Sec Water Level Remarks Result
Predictions by

the Code

1.7 half full Test stopped
at a maximum
temperature
of 850°C

Final strain
values
Peak strain - 68%
Mean hoop strain
- 11.2%.

Mean hoop strain = 10.8%
(at failure).
Failure temperature = 820°C.

2 2.3 25 half full PT ruptured at
900°C
Mean hoop strain
= 14.4% at rupture

Failure temp - 8906C
Mean hoop strain = 12.89% at

failure

? 2.2 25 1/4 full PT ruptured at a
peak temp = 884°C
Hoop strain = 15.8%
at rupture

Failure temp = 896°C
hoop strain = 17.5% n = 2

= 13.5% n = 1.5
in
en
i

4 0.5 1/4 full Temperature
held steady at
a peak value
of 990°C for
150 seconds

Max local strain=78%
A second hump in
the strain
variation around
circumference
noted at 9 = +808C

Failure predicted
at 9 = 60 location
at about 70 sec, during
the hold period.

5 0.4 1/4 full peak tempera-
ture held
steady at 990°C
for 300 seconds

Max local
is at 6 =
location

strain=44%
+90°

Failure predicted
at 9 = + 85°
location in about
200 seconds during the hold
period.
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TRANSIENTS UNDER STRATIFIED CHANNEL COOLANT CONDITIONS +
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ABSTRACT

In a number of postulated accident scenarios in a CANDU reactor,
some of the horizontal fuel channels are predicted to experience periods of
stratified flow. During this time, the upper fuel elements and part of the
pressure tube become exposed to superheated steam and heat-up. The
stratified channel coolant condition can lead to a circumferential
temperature gradient around the pressure tube. At sufficiently high
temperature and channel pressure, the temperature gradient may result 5n
non-uniform (and localized) pressure tube strain.

To study pressure tube strain and integrity under stratified flow
channel conditions, it is, therefore, necessary to determine the pressure
tube circumferential temperature distribution. This paper presents an
algebraic model, called AMPTRACT (Algebraic Model for pressure Tube
TRAnslent Circumferential ^Temperature), developed to give the transient
temperature distribution in a closed form.

AMPTRACT models the following modes of heat transfer: radiation
from the outermost elements to the pressure tube and fro- Vne pressure to
calandrla tube, convection between the fuel elements a~d the pressure tube
and superheated steam, and circumferential conduction from the exposed to
submerged part of the pressure tube. An iterative procedure Is used to
solve the mass and energy equations in closed form for axial steam and
fuel-sheath transient temperature distributions. The one-dimensional
conduction equation Is then solved to obtain the pressure tube
circumferential transient temperature distribution in a cosine series
expansion.

+ Presented at CNS/ANS Second International Conference on Simulation
Methods in Nuclear Engineering, October 14-16, 1986, Montreal, Canada.
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In the limit of large times and in the absence of convection and
radiation to the calandria tube, the predicted pressure tube temperature
distribution reduces identically to a parabolic profile. In this limit,
however, radiation cannot be ignored because the temperatures are generally
high. Convection and radiation tend to flatten the parabolic distribution.

Reasonable agreement is obtained between steam and pressure tube
temperature distributions predicted by AMPTRACT and those observed in the
pressure tube heatup tests conducted in experimental facilities at
Whiteshell Nuclear Research Establishment and at Westinghouse Canada.

1. INTRODUCTION

The core of a CANDU reactor consists of a large number of
horizontal pressure-tube fuel channels connected via feeders to common
headers above the core. Each pressure tube contains 37-element fuel bundles
and is enclosed by a concentric calandria tube. The annular gap between the
pressure and calandria tubes is filled with gas. The calandria tubes are
surrounded by heavy water moderator. The pressure tubes provide a pressure
boundary between the high pressure primary heat transport system and the low
pressure, relatively cold moderator system.

In a number of postulated accident scenarios, some of the fuel
channels at decay power levels are predicted to experience periods of low
flow. During this period, the coolant boils and stratifies, exposing the
upper fuel elements and part of the pressure tube to superheated steam. The
exposed fuel elements and the surrounding pressure tube then heat-up due to
reduced fuel cooling. At sufficiently high temperature and channel coolant
pressure, the pressure tube may strain radially into contact with the
relatively cold calandria tube, providing a path for heat transfer to the
moderator. However, stratified channel coolant conditions can lead to a
circumferential temperature gradient around the pressure tube. The
resulting non-uniform and localized strain needs to be predicted to assess
the pressure tube integrity.

To predict the pressure tube strain, it is necessary to predict:

(i) the channel thermohydraulic condition (i.e., the channeJ water
level transient, steam flow rate, convective heat transfer
coefficient, channel pressure etc.) for a given accident
scenario,

(il) steam, fuel and pressure tube temperature distributions given the
thermohydraulic conditions,

(iii) mechanical response, i.e., non-uniform strain, of the pressure
tube and compare the strain with that set by a failure criterion.

The above three requirements, which were identified some time
ago' ', are weald.y_coupled and are addressed separately. An experimentally
verified model1 » ' giving requirement (ill) has been developed at WNRE
(Whiteshell Nuclear Research Establishment). Requirement (i) can be
obtained using the general purpose thermohydraulic one-dimensional two-fluid
computer code CATHENA*4' developed at WNRE. Simple two-fluid models^5'6*
have also been developed to give the requirement (i) in specific accident
scenarios.
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CATHENA also models requirement (ii). A recent computer code,
called SMARTT; ' has also been developed by the Ontario Hydro to model
requirement (ii). This paper presents an algebraic model, called AMPTRACT,
developed to give the pressure tube transient circumferential temperature
distribution in an algebraic form, i.e., it models requirement (ii).
AMPTRACT also solves for the steam flow rate, convective heat transfer
coefficient and transient axial steam and fuel-sheath temperature
distribution in closed form. Thus, AMPTRACT is an integrated model
incorporating both channel thermohydraulic and temperature calculations.
AMPTRACT provides a simple, flexible and inexpensive tool for the study of
the parametric dependence of pressure tube temperature distribution. This
paper presents a comparison of AMPTRACT predictions with those of the SMARTT
code and with the results of experiments performed recently at WNRE.

Section 2 of this paper describes briefly the WNRE channel heatup
test facility and summarizes the results of two preliminary pressure tube
heatup tests. In Section 2, the full-scale channel test facility at
Westinghouse Canada is also briefly described. Section 3 presents an
interpretation of the experimental results. Section A presents AMPTRACT
assumptions, governing equations and their solutions. Limiting values of
steam, sheath and pressure tube temperatures are also given in Section 4. A
comparison of AMPTRACT predictions with those of SMARTT and with the results
of WNRE tests is given in Section 5. Major conclusions and remarks are
given in Section 6.

2. EXPERIMENTAL RESULTS

A series of four pressure tube circumferential temperature
distribution experiments is being performed at WNRE. Two of these
experiments have been completed. Preliminary results from these two tests
are described below. A detailed description of the experiments and analysis
of the results will be available when the series of experiments is
completed*' ' .

The apparatus consisted of a 2.29 meter horizontal CANDU type
channel (Figure 1). It was closed at one end ("inlet") and open to a
vertical pipe (24.3 mm ID) at the other ("outlet"). In the channel, 36
indirect heaters were grouped into 3 different rings. These heaters
together with a central tube formed a CANDU-type 37 element fuel bundle
configuration. The linear heat capacity of a heater element is about six
times smaller than that of a fuel element in a CANDU reactor fuel channel.
The power distribution to the three rings of heaters are shown in Figure 2.
Thermocouples were placed on the outside of the pressure tube to monitor its
temperature distribution during the experiments. Their locations were
different in the two tests (Figure 1). In the second test, thermocouples
were also placed on the heater sheaths. The temperature of the fluid at the
exit of the channel was also measured. The vertical pipe was connected to a
surge tank so that the pressure in the channel could be kept relatively
constant at 1 MPa during the experiment. The channel was immersed in a pool
of water (23°C at 1 atm.) to simulate the moderator.

At the start of each test, the water in the pressure tube was
heated slowly from room temperature. When the thermocouples at the top of
the pressure tube registered saturation temperature (181°C), the power to
the heaters was raised to a preset level (as shown in Figure 2). The
experiment terminated when the heaters failed. In both tests the pressure
tube was dry when this happened.
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Figure 3 shows a typical circumferential temperature distribution
measured around the outside of the pressure tube. Just before the power was
raised, the temperature distribution varied from saturation at the top to
subcooled at the bottom. The water inside the pressure tube should have a
similar temperature distribution as the heat transfer across the pressure
tube was low. As the power was increased, water boiled away gradually. The
inside of the pressure tube became exposed to steam in succession from top
to bottom. This is reflected in Figure 3 by the sequence of the sudden
increase in temperature above saturation given by the thermocouple readings.
The pressure tube strained as the temperature increased. When it came into
contact with the calandria tube, heat transfer to the moderator water
increased, and caused the pressure tube temperature to decrease.

The axial temperature gradients were relatively small compared to
the circumferential temperature gradients. In general, the axial
temperature distribution had a maximum in the middle of the channel.

Pressure tube circumferential temperature distribution was also
measured some time ago in a series of standing start tests in the CWIT
facility. This facility* ^ has a header to channel to header configuration.
The full-scale channel consists of a 6 m long pressure tube containing
37-element indirectly heated bundles. Thermocouples are placed around the
pressure tube circumference and on the heater rods in two axial planes
symmetrically on either side of the channel mid plane. The channel heat
capacity is nearly equal to that of a CANDU reactor fuel channel. The
result of one of these tests will be described in Section 5. The test
procedure and the relevance of the tests to small loss of coolant accident
with loss of Class IV power scenario in the CANDU reactor are described
elsewhere^ '.

3. INTERPRETATION OF WNRE EXPERIMENTAL RESULTS

In Figure 3 turnaround in some of the temperatures indicates
pressure tube calandria tube contact. In a given ring and at a given time
prior to contact with the calandria tube, the pressure tube temperature
decreased from maximum at the top to the saturation temperature at the water
level. Figure 3 shows that the upper parts of the pressure tube (i.e.
upper thermocouples) are uncovered more rapidly than the lower parts. This
indicates that the channel water level dropped relatively rapidly initially
possibly due to the large volume of steam produced and the large axial steam
flow which would pressurize the channel forcing some of the water out of the
channel. With no makeup water to the channel, the level subsequently
dropped gradually as the water boiled away uncovering in succession lower
heater rods and lower parts of the pressure tube.

Figure 4 shows a typical steam temperature transient measured near
channel outlet. Steam superheat of about 600°C or more was observed in
spite of some heat loss to the surroundings near the channel outlet.

Figures 5 and 6 show the pressure tube circumferential
temperatures at 300 and 400 seconds in rings 1 and 2 (Figure 1) in test 1.
These temperature distributions are deduced from the measured temperatures
like those in Figure 3. (Similar distributions were obtained in ring 3 and
in test 2). Comparison of water level in Figures 5 and 6 shows that the
water level axial profile was nearly flat possibly due to the short channel
length (about 2.3 m) and, hence, small wall frictional pressure drop.
Figures 5 and 6 show that the pressure tube (and heater rod sheath, not
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shown) temperature Increased with distance from channel exit as expected
since the steam flow rate and, hence, convective heat transfer coefficient
(i.e., steam cooling) of the heater rods decreased. Temperatures in ring 3
(not shown) were, however, somewhat lower than those in ring 2 possibly due
to heat losses at channel Inlet.

The pressure tube in tests 1 and 2 was observed to strain radially
into contact with the calandria tube as indicated by some of the temperature
turnarounds in Figure 3. The top part of the pressure tube contacted the
calandria tube first followed successively by the lower parts indicating
non-uniform pressure tube strain due to temperature gradient around its
circumference.

4. AMPTRACT: AN ALGEBRAIC MODEL OF PRESSURE TUBE TRANSIENT
CIRCUMFERENTIAL TEMPERATURE

At each instant of time and in a given channel axial plane,
AMPTRACT computes the steam temperature, the temperature of the exposed fuel
elements In the outermost ring and the pressure tube circumferential
temperature distribution for stratified channel coolant conditions. The
model accounts for the most significant effects influencing the pressure
tube temperature.

4.1 MODEL ASSUMPTIONS AND APPROXIMATIONS

AMPTRACT uses the following assumptions and approximations:

(i) At each instant of time and in a given axial cross-section, the
exposed fuel elements are all assumed to be at the same
temperature. This is a reasonable approximation for the range of
temperature relevant to the study of non-uniform and localized
pressure tube strain. (Inner elements eventually heatup to
temperatures higher than those of the outer elements. However,
this generally occurs at temperatures above that at which
pressure-calandria tube contact is expected.)

(li) The modes of heat transfer modelled are:

Conduction around the pressure tube circumference, radiation from
the outermost (exposed) elements to the pressure tube and from the
pressure to calandria tube, and convection between the fuel
elements and the pressure tube and superheated steam. (Radiation
from the calandria tube to pressure tube and from the pressure
tube to the fuel elements is ignored because the calandria tube is
relatively cold and peak pressure tube temperatures of interest
are significantly lower than those of the fuel elements.
Consistent with (i) above, radiation exchange among the fuel
elements is ignored.)

(ill) The fuel element surfaces are considered black.

(iv) In calculating the total radiation from the fuel elements to the
pressure tube, the number of outermost fuel elements is increased
from the actual number to the number that would exist on the
outermost ring if the elements were touching. The view factor
from an outermost element to the pressure tube is taken to be
0.5.
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(v) Radiation exchange between the pressure and calandria tube is
calculated assuming isothermal, gray and diffuse surfaces.

(vi) Radiant energy is approximated by an expression linear in
temperature.

(vii) Axial and radial conduction in the fuel element and pressure tube
are ignored because of expected small axial temperature gradient
and thin pressure tube. Nevertheless, the fuel and pressure tube
temperatures vary with the axial distance along the channel
because the steam temperature varies with this distance.

(viii) The pressure tube geometry (i.e. radius and thickness) and
properties (density, specific heat and thermal conductivity) are
assumed constant during heatup and evaluated at a representative
temperature.

Cix) At each instant of time, the channel water level is assumed to
have dropped rapidly to the level at that time. The rapid level
drop from full channel occurs initially due to large volume of
steam produced and the resulting channel pressurization which
forces the water out of the channel.

In a reactor channel with sufficient Inventory in the inlet
feeder, the level would then remain essentially constant as the
incoming water flow rate balances the steam generation rate. In
the WNRE tests 1 and 2 described in Section 2, following the
initial relative rapid drop, the water level dropped gradually as
water boiled away because there was no makeup water to the
channel. The gradual level drop causes different parts of the
pressure tube circumference to uncover at different times and,
hence, heatup for different durations. This effect Increases the
circumferential temperature gradient. For relatively long
durations of heatup, this Increase Is negligible and AMPTRACT can
be used to predict the temperature distribution in the tests. To
Improve the temperature distribution predicted by AMPTRACT for
short durations in the tests, a given point on the pressure tube
circumference is allowed to heatup only for the duration for which
it was exposed.

(x) To compute the steam flow rate, steam superheat and convective
steam cooling, an average channel void fraction and bulk boiling
are assumed. The Heineman correlation is used for the
convective heat transfer coefficient. The average void fraction
as weLL §s the channel water level may be obtained from other
models^'6'.

4.2 DERIVATION OF GOVERNING CONSERVATION EQUATIONS

With the assumption (vi), the pressure tube circumferential
temperature is given by the following one-dimensional conduction equation
(refer to table of nomenclature):

§£ V a* ~- TP
 + Qfr - V + KP * (Ts " V (1)
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where K is a known constant. From the approximations (i) - (iv), the rate
of radiation incident on a unit axial and circumferential length of the
pressure tube from the fuel elements is given by

Qfr = bP
Tf ( 2 )

where b is a known constant.
P

From the approximation (ii), (v) and (vi), the rate of radiation from a unit
axial and circumferential length of the pressure to calandria tube is
evaluated In the usual manner to be:

V E *3lf3 • TP (3)

In eq. (3) small radiation contributions from the calandria tube and the
submerged part of the pressure tube have been omitted. Q in (3) has been
linearized in T by setting T = X.T* where A is a known "constant".

With the approximation (vi), the fuel-sheath temperature is given
by the energy equation:

f- Tf = q - bf. Tf
4 - Kf . (Tf - Ts) (4)

ot

where be and K, are known constants and the partial derivative indicates
that axial distance z is held constant.

The steam temperature is given by the energy equation for the
steam phase:

— (A p h.) = - — (W h ) + K . a (Tf - T ) (5)
at s s s 5 z s s s s r s

where K is a constant and

^s 5 hs " hg ' Tf 5 Tf " TSAT ' Ts = Ts ~ TSAT

In (5) the equation for mass conservation:

k (AS P-> ' " h Ws + Ms (6)
has been used.

A.3 SOLUTION FOR STEAM FLOW RATE

Eq. (6) is integrated assuming bulk boiling, uniform channel power
(assumption (x)) and slow level transient (assumption (ix)) for which the
time derivative of the level in eq. (6) may be neglected. Eq. (6) then
gives
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4 . 4 SOLUTION FOR ZEROTH ORDER SHEATH TEMPERATURE

Eqs. (4) and (5) are solved i terat ively . To begin the
calculation, a zeroth order steam temperature:

T s o = J <Tf+TSAT> <8>

is assumed. Expression (8) is substituted in (4), the resulting equation is
l inear ized in Tj and integrated to obtain the zeroth order sheath
temperature:

Tfo= A1+B1 . e ^ (9)

where a . A, and B. are constants and the in i t ia l condition T- » TCAT i s
- O i. 1. IO OAJ.

used.

4.5 SOLUTION FOR STEAM TEMPERATURE

For slow level transients (assumption (ix)), the void fraction in
eq. (5) is replaced by its mean value. With the zeroth order sheath
temperature in eq. (9) used for Tf in eq. (5), eq. (5) is integrated by the
method of characteristics to obtain:

• (1 - e ° ) (10)

where the limiting (i.e. t+ <*>) steam temperature is

\ 'Pz

Ts» = TSAT + ~ ( Pz " 1 + e ) (11)

and X and f} are constants. The initial and boundary conditions used are:

To (t - 0) - T-.-,, T (t, z - 0) -

4.6 SOLUTION FOR FIRST ORDER SHEATH TEMPERATURE

The steam temperature in eq. (10) is substituted into eq. (4) and
the resulting equation is solved to obtain:

Tf - A2 + B2 (z) . e"
at (12)

where a and A_ are constants and B~ is a function of z.
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4.7 SOLUTION FOR PRESSURE TUBE CIRCUMFERENTIAL TEMPERATURE
DISTRIBUTION

Eq. (1) is solved below for T with T and T, as given in eqs-
(10) and (12) respectively subject to the Initial and boundary conditions:

Tp (t = 0, z) = TSAT> Tp (t, • - ^ - T S A T (13)

Eq. (1) subject to (13) is solved using Duhamel's integral to
obtain:

T_ (*,t) - T S A T + Z Q^t.z) . cos (|2iL n*) (14)

where QR is a function of t, z and n.
The infinite series in eq. (14) is rapidly convergent and

generally only a few terns in the series is needed to give a pressure tube
temperature accurate to within 10°C.

4.8 LIMITING PRESSURE TUBE CIRCUMFERENTIAL TEMPERATURE DISTRIBUTION

In the limit t + <» and for negligible radiation to the calandria
tube and convection to steam, eq. (14) reduces to:

V ' TSAT+ C. (1 - £-) (15)
•o

The parabolic profile (15) is identical to that obtained from a
steady state derivation where all the heat generated in the fuel is assumed
to be radiated to the pressure tube and where convection is ignored.

However, in the limit t • <», radiation cannot be ignored because
the temperatures are generally high. For small convection to steam and
radiation to calandria tube, the limiting pressure tube circumferential
temperature may be expanded in powers of a small parameter to show that
convection and radiation tend to flatten the parabolic temperature profile
In eq. (15).

5. COMPARISON OF AMPTRACT PREDICTIONS WITH EXPERIMENT

Steam and sheath axial and pressure tube circumferential
temperature distributions predicted by AMPTRACT have been compared with
those observed in the two WNRE pressure tube heatup tests described in
sections 2 and 3. The pressure tube temperature distribution predicted by
AMPTRACT has also been compared with that predicted by SMARTT in
Reference 7.

Figure 7 shows the pressure tube circumferential temperature
distributions at various times predicted by AMPTRACT (solid curves) and
SMARTT (dashed curves) in channel central plane for conditions given in
Table 1. The agreement between the two predictions is good.
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Figures 8-13 show the pressure tube circumferential temperature
distributions observed (crosses) and predicted (solid curves and open
circles) by AMPTRACT in rings 1, 2 and 3 in tests 1 and 2. Generally, the
agreement between the observed and predicted temperature distributions is
good at later times in the heatup as is seen at 400 second test time in
Figures 8-10. At erlier times in the heatup, the predicted temperature
distribution is more flat than that observed if the same duration of heatup
is used in the model for each exposed point on the pressure tube
circumference (compare predicted and observed distributions at 300, 200 and
150 second test times in Figures 8-13). In the test, however, chere was no
makeup water to the channel and, hence, the level, following the Initial
relatively rapid drop, fell gradually causing different points on the
pressure tube circumference to be uncovered for different durations.
Indeed, when these durations are used in AMPTRACT, the predicted
distributions (open circles in Figures 8-13) agree well with those observed
in the tests. This result shows that accident scenarios in which the
channel water level falls gradually, as in boil-off process, give steeper
temperature gradient around the pressure tube circumference. (Note that in
most postulated accident scenarios in CANDU reactor, the feeder contains
sufficient coolant inventory to supply the channel with makeup coolant.
Thus, the coolant level in the channel remains essentially constant
following the Initial rapid drop.)

Figures 8-13 show that for a given water level, the peak pressure
tube temperature decreases and, hence, the temperature distribution becomes
more flat with distance from channel "inlet". This effect is due to steam
cooling which increases with distance from channel "inlet" as the steam flow
rate increases. Figure 14 shows AMPTRACT predicted top element sheath, peak
pressure tube and steam temperatures and convective heat transfer
coefficient versus distance from channel inlet in tests 1 and 2. Sheath
and, hence, pressure tube temperatures decrease slowly with the distance as
heat transfer coefficient increases. The steam temperature, however,
increases rapidly with distance as steaa with low specific heat continues to
absorb fuel heat. This Increase is not sufficient to cause the pressure
tube temperature to increase with distance because of small convective heat
transfer between the pressure tube and steam. Figure 14 shows that axial
temperature gradient along the sheath and pressure tube Is small supporting
the model assunptlon (vi) in Section 4.1.

Figure 15 shows the observed (dashed curves) and predicted (solid
curves) peak pressure tube and steam temperature transient in ring 1 in
tests 1 and 2. The agreement between the observed and predicted pressure
tube temperatures Is good. The steaa temperature is reasonably well
predicted. The agreement between the observed and predicted steaa
temperatures Improves when heat losses to the surrounding near the channel
exist (where the steaa temperature Is measured) are accounted for.
Figure 15 shows that, initially, the steaa temperature Is higher than that
of the pressure tube. The pressure tube temperature, however, Increases
faster due to the Increasing effect of radiation. Thus, after some tiae the
pressure tube teaperature exceeds that of steam with the result that the
pressure tube transfers heat to steaa. But, as was mentioned above, this
heat transfer Is small.

Figure 16 s'.-ows that there Is also reasonably good agreement
between the pressure tube circumferential temperature distribution measured
(crosses) In and predicted (solid curve) by AMPTRACT for the CWIT standing
start test 1146. The peak pressure tube teaperature In test 1146 is nearly



-588-

equal to that in WNRE test 1 (Figure 9) for the same duration of heatup
inspite of higher (about twice) linear power in test 1146. This result is
due to smaller (about six times) channel linear heat capacity in the WNRE
facility.

Figure 17 shows that measured and predicted top element sheath
temperatures decrease with axial distance as the steam temperature and heat
transfer coefficient increase. The predicted pressure tube temperature near
the channel raid plane is higher than the steam temperature and it decreases
with axial distance. Beyond a certain axial distance, the steam temperature
exceeds that of the pressure tube. Eventually, the steam temperature Is
high enough to cause the pressure tube temperature to increase. The
measured pressure tube temperature is also higher closer to the channel exit
supporting the prediction.

6. CONCLUDING REMARKS

AHPTRACT provides steam and sheath axial and pressure tube
circumferential transient temperature distributions in algebraic forms. In
the limit of large times, the pressure temperature distribution reduces to a
parabolic profile expected from steady state heat transfer considerations.
Second order effects such as convection to steam and radiation to the
calandrfa tube tend to flatten the circumferential temperature profile.

Pressure tube temperature distributions predicted by AHPTRACT
agree closely with those predicted by SMARTT for the conditions given in
Reference 7.

Good agreement is obtained between pressure tube circumferential
temperature distributions predicted by AMPTRACT and those observed in the
WNRE tests when the appropriate heatup durations which account for gradually
falling water level in the tests are used in AMPTRACT. It Is predicted that
accident scenarios In which the water level falls gradually, as In boil-off
process, give steeper temperature gradients around the pressure tube
circumference. The predicted steam temperature is also in reasonable
agreement with that measured in the tests. These results show that the
AMPTRACT model captures the major Interactions.

AMPTRACT provides a simple, flexible and Inexpensive tool for Che
study of the parametric pressure tube temperature distribution under
stratified channel coolant conditions.
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TAHLr: OF NuMKNCI.ATL'RE

A ; Steam flow area.
6

h : Specific enthalpy.

h : Saturated steam specific enthalpy.

hs : Specific heat of vaporization.

X : Channel lengtii.
M : Steam mass generation rate per unit channel length.

n : Positive integer.

Q : Uniform channel power.

T : Teoperature.

t : Tine variable.

W : Steam mass flow rate.

z : Axial distance measured from the location where either a > 0 or
steam velocity vanishes.

CRKKK SYMBOLS

a. : Liquid fraction

a ' Void fraction

a A constant related to pressure tube thermal dlffusivity

fi : Density

9 : Azirauthal angle measured from the vertical.

A : Azlnuthal angle at water level.

SUBSCRIPTS

<» : LI nit Ing value

f : Fuel element

p : Pressure tube

B : steaa.
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TABLE 1

Channel Conditions Used In AM1 3ACT For

Comparison of AMPTRACT and SMARTT Predictions

Time
(s)

180

500

700

Average
Channel
Pressure
(MPa)

:.o

1.22

1.22

Average
Channel
Power
(kW)

238.8

218.2

212.5

Average
Top Element

Power
(kW/m)

2.06

1.89

1.84

Average
Channel
Void

0.24

0.42

0.52

Final
Channel
Void

0.24

0.40

0.80
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FAIG-A CODE FOR ANALYSIS OF IRRADIATION - INDUCED AXIAL

DIMENTIONAL CHANGE IN PWR FUEL ASSEMBLIES
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Water Reactor Fuel Engineering Team II

Core Engineering Department
Nuclear Engineering Division

Mitsubishi Atomic Power Industries, Inc.
4-1, Shibakouen 2-chome, Minato-ku, Tokyo 105, JAPAN

ABSTRACT

A PWR fuel assembly, which will show an axial assembly growth

and a fuel rod growth, should be designed and manufactured with

adequate dimensional tolerances to preclude interference between

a top nozzle and an upper core plate, or fuel rods and top/bottom

nozzles.

A computer code FAIG(Fuel Assembly Irradiation Growth Analysis

Code) has been developed to predict those irradiation - induced

axial dimensional changes in PWR fuel assemblies.

This paper presents the basic concepts considered in the code

development, the verification results and an example of an applica-

tion of the code.

The code employs a simple FEM model and the calculation is

performed at each time step divided into small increments.

FAIG prediction showed a good agreement with measurements,

consequently, the code can be applicable for the evaluation of the

PWR fuel assembly irradiation performance.

1. INTRODUCTION

A PWR fuel assembly should be designed and manufactured with

adequate dimensional tolerances to preclude interference between

certain components such as a top nozzle and an upper core plate,

or fuel rods and top/bottom nozzles.
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During the operating lifetime, PWR fuel assemblies show the

dimensional change because of the assembly and rod growth. The

difference of the assembly and rod growth results the reduction

of fuel rod to nozzle clearances. Fig. 1 and Fig. 2 show the

example of the measured data of the PWR fuel assembly growth and

the rod to nozzle gap closure, respectively.

For the purpose of improving and optimizing the design and

of assuring the mechanical integrity of assemblies, it is neces-

sary to establish the methodology for predicting these axial

dimensional changes throughout their lifetime. From this point

of view, a computer code FAIGtFuel Assembly irradiation Growth

Analysis Code) has been developed.

The following information will be given by the code.

- Assembly growth

- Rod to top nozzle gap closure

Rod to bottom nozzle gap closure

Total (top plus bottom) gap closure between rod and

nozzle

Thimble stress

This paper presents a brief description of the code, verifi-

cation results and an example of an application of the code.
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2. ANALYTICAL METHOD

2.1 PWR FUEL ASSEMBLY AXIAL MODEL

A structural framework of the PWR fuel assembly is comprised

of rechrystalization annealed Zircaloy-4 guide thimbles, Inconel-

718 spacer grids connected with these thimbles by swaged joint

and stainless steel top and bottom nozzles. Fuel rods are sup-

ported by contact forces with grid spring/dimple sets and are

possible to axially move in the grid cell by the irradiation

growth. Fig. 3 shows a schematic view of the PWR fuel assembly

structure with its axial model in the FAIG code. In the model,

one dimensional FEM model has been employed to represent an axial

behavior of the fuel assembly, where guide thimbles are modeled

as one-dimensional beam which is sectioned at each grid location.

The following effects are considered in FAIG analysis:

i) Irradiation-induced growth of rechrystalization annealed

Zircaloy-4 guide thimble

ii) Irradiation-induced qrowth of cold worked Zircaloy-4

fuel clad

iii) Irradiation-induced creep of guide thimble

iv) Stress relaxation of grid spring

v) Change in fuel rod diameter due to clad creepdown

vi) Change in hoiuaov/n spring force due to assembly growth

vii) Lift force due to coolant flow

The numerical analysis is performed at each small time incre-

ment and is conducted with the basic equation given by,

J G«e



-602-

Where, G": axial displacement of node n at time t

growth =

G^ . : change in length of element i by irradiation-c, 1

induced growth at time t

G?r. P : change in length of element i by irradiation-
"C # 1

induced creep at time t

2.j_ s length of element i

h: time increment

£grow ^ t j ; irradiation-induced growth strain for

thimble tubes as a function of fast neutron

fluence $t

£ (<}>,c)r irradiation-induced creep strain rate for

thimble tubes as a function of fast neutron

flux i> and stress o

The changes in rod to nozzle gaps are calculated by means

of considering the difference between the fuel rod growth and the

guide thimble displacement.

A holddown spring force is calculated at each time step

considering the change in the spring deflection due to the fuel

assembly growth as follows,

Ft = Fo + kAX

Where, Ffc: holddown spring force at time t

k: spring constant

Fn: BOL (Beginning of JLife) spring force
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A<: additional deflection of the spring due to the fuel

assembly growth at the previous time step

A flow diagram of the whole analysis is shown in Fig. 4.
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2.2 THIMBLE STRESS ANALYSIS

A thimble stress analysis is conducted to evaluate the

integrity of the guide thimble under operating conditions. The

resultant stress is utilized as the input to calculate the thimble

creep deformation.

The following external forces are considered to calculate the

stress.

i) fuel rod growth exerting force upon the grids

ii) fuel rod weight, buoyancy and flow lift force

iii) flow lift force at grids and top nozzle

iv) holddown spring force

The magnitude of the irradiation-induced growth of cold

worked Zircaloy-4 tubing used for fuel clad is larger than that

of rechrystalization annealed Zircaloy-4 guide thimble, which is

the cause of the fuel rod growth exerting force upon the grids.

This interaction force, the maximum value of which is limited to

the grid cell friction force, is considered to cause the tensile

stress in guide thimbles and consequently induces their creep

deformation. The problem of the thimble stress analysis seemed

to be further complicated due to a stick-slip type interaction

between fuel rods and grids. In the FAIG model, it is assumed

that the fuel rod is always slipping by the growth difference in

all cf the grid cells with the exception of the one grid cell

which is a neutral point of the fuel rod growth, i.e. the direc-

tion of the rod growth is upward above the cell and downward below

the cell. This assumption made the problem relatively simple.

The basic equation for calculating the stress is,

(F) = [KJ (X)
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Where, (F): load vector

[K]: total stiffness matrix of PWR fuel assembly axial

model

(X): displacement vector

The load vector (F) can be determined by means of consider-

ing the items i) "<- iv) based on the assumption mentioned above.

In each time step, the fuel rod exerting force is re-calculated

taking account of the reduction of the grid cell friction force

due to the stress relaxation of the grid spring and the fuel clad

creepdown. The holddown spring force is also re-calculated taking

account of the change in the spring deflection due to the assembly

growth.

The displacement vector (X) is determined as,

(X) = [K]"1-(F)

Then the stress on element i can be obtained by using the

nodal displacement for node i and i+1 of element i as follows.

Where, o^: stress on element i

E: Young's modulus

U^: displacement of node i

i^: length of element i
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3. VERIFICATION

A verification of the code was accomplished by comparing the

calculating results with the measured PIE(Post Irradiation Exami-

nation) data of the assembly growth, the total gap closure, the

rod to bottom nozzle gap closure and the rod to top nozzle gap

closure. The measured data were obtained in the on-site inspec-

tions conducted during refueling outages at some commercial reac-

tors.

Fig. 5 shows the comparison between the predicted assembly

growth calculated by the code and the measured data as a function

of assembly-averaged burnup. This analysis was performed with the

input parameter set to give a best estimate value. Fairly good

accordance can be seen between the predicted value and the aver-

age value of the measured data; i.e. the code is applicable in

predicting the assembly growth.

It appears that the fuel assembly growth rate is relatively

high early in life, which can be attributed to the high creep rate

at this stage caused by the large rod growth exerting force acting

on guide thimbles due to a small grid spring stress relaxation.

In the figure, a relatively wide scatter is observed in the meas-

ured data, which is thought to be owing to a slight difference in

the microstructure of the material which might affect the growth

or creep characteristics as well as to uncertainties of the meas-

urements. In the code, the upper-bounds of the assembly growth

can be also simulated with an adequate input parameter set such

as a growth factor and a creep factor of 1.2 ^ 1.3.

Fig. 6 shows the comparison of the total gap closure. From

this figure, also fairly good accordance can be seen between the

predicted value and the average value of the measured data; i.e.
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the code is applicable in predicting the total gap closure. The

total gap closure is corresponding to the difference between the

magnitude of the fuel rod growth and that of the assembly growth.

A relatively wide scatter observed in this figure would be a

result of a deviation of the fuel rod growth and some uncertain-

ties related to the measurements.

Fig. 7 and Fig. 8 show the comparison of the calculation with

measurements on the rod to bottom nozzle gap closure and the rod

to top nozzle gap closure respectively. From these figures, good

accordance can be seen between the predicted values and the meas-

ured data; i.e. the code is applicable in predicting these gap

closures.

These figures indicate that the bottom gap decreases contin-

uously with burnup whereas the top gap changes much less with

burnup than the bottom gap, which implies that the fuel rod growth

relative to the grids is predominantly downward. This is explained

by the fact that the top grid maintains its spring force in its

whole life and the other grid support forces become loose rapidly,

because of the axial distribution of the fast neutron flux.
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4. APPLICATION

The code has made it possible to estimate the stress arising

in the guide thimbles during operating conditions as well as to

predict the axial dimensional changes. An example of the results

of the guide thimble stress analysis is presented in this section.

Fig. 9 shows axial distributions of thimble stress for various

stages. The maximum stress arised in thimbles was well within its

acceptable limit. From this figure, the maximum value was observed

in the middle span of the fuel assembly at the BOL (IJeginning (Df

Life) stage. However, the span showing the maximum stress would

shift to the upward with increasing burnups and the stress level

would decrease with burnups. This tendency should be explained by

the reduction of the fuel rod growth exerting force due to the grid

spring relaxation and a skew of the force, which is the same mech-

anism as described in the previous section for the rod to bottom/toj

nozzle gap closures.

By this analysis, the followings can be said,

The maximum stress arised in guide thimbles is well

within its acceptable limit and decreases with burnup,

so the stress in guide thimbles is not a problem during

the operating conditions.

- The maximum stress occurs in the BOL conditions, so

the stress analysis is necessary only for this stage.
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5. CONCLUSIONS

The conclusions of this work can be summarized as follows:

(1) A simulation code FAIG has been developed to predict

the irradiation-induced axial dimensional changes in

PWR fuel assemblies.

(2) The verification results showed that the FAIG is

applicable in predicting the irradiation-induced char-

acteristics such as the assembly growth and the changes

in rod to nozzle gaps.

(3) The analytical results showed that the thimble stress

was well within its acceptable limit throughout the

operating lifetime.
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ABSTRACT

The Use of Supercomputers in University Based Research,
The University of Calgary Experience

R.E. George
Director, Academic Computing
The University of Calgary

This paper will describe Che successful implenentation of Canada's first

university based supercomputer and its use in science and engineering

projects of the universities in Alberta. The availability of the computer

has encouraged a vide range of projects across Che province. It Is

emphasized that the technology is new to most users and to be successful

a wide range of technical support is required. Future directions of the

supercomputer facility will be discussed.
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•Department of Chemical Engineering
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Fredericton, N.B., E3B 5A3

CANADA

ABSTRACT

The vectorization of a Monte Carlo neutron transport program on the
Cyber-205 supercomputer is presented. The performance of the program
under varying parameters is analyzed indicating that a speedup
of the order of 16 over the scalar program can be achieved. The vector
algorithm is shown to be able to accommodate the learning process that
is usually utilized in Monte Carlo programs. The cross-section table
lookup, however, is proved to be a major obstacle in attaining high
levels of speedup in multigroup Monte Carlo codes.

1. INTRODUCTION

The Monte Carlo method is a powerful numerical method for solving
radiation transport problems. Although Monte Carlo calculations are
time consuming and expensive, they provide the only means for solving
problems with complicated geometry. Complex three dimensional
configurations, encountered in many fission, fusion and radiation
shielding problems, are readily accommodated by the Monte Carlo method.

Scalar (conventional) Monte Carlo codes simulate the history of
single particles, one at a time, by repeated tracking of the particle
random walk through the system geometry and by random sampling from the
collision probability distributions of the materials encountered. The
flux and flux-like quantities are estimated by gathering the
contribution of a large number of particles. This accumulation- of data
may sometimes require a large number of particles (10 to 10 is not
uncommon) to achieve statistically acceptable results. Consequently,
some Monte Carlo simulations may require several hours (or even days) of
CPU time on conventional sequential computers like the CDC-7600 or the
IBM 30810. Thus, it is natural to consider the implementation of such
Monte Carlo codes on supercomputers.

Direct implementation of existing Monte Carlo codes to advanced
computers such as the CYBER-205 and CRAY-XMP may typically result in a
speed up ratios of two or three, over the CDC-76OO computer. This
speedup is the result of the reduced cycle time and improved
architecture of the scalar processor. One may, however, achieve higher
speedup ratios by making use of the vectorized calculation
(non-recursive operations on ordered data arrays) capabilities of the
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advanced computers. This is not generally possible with Monte Carlo
codes, since they are not suited for direct vectorization. The
randomness of the Monte Carlo method seems to defy vector processing,
where identical operations are performed on stream of contiguous data
(vectors). Furthermore, Monte Carlo codes generally contain very few
loops and very many conditional statements, providing a structure that
cannot be effectively exploited for vector processing. Direct
conversion of a Monte Carlo program, using automatic vectorization
software or simple recoding, is not an efficient means of utilizing new
supercomputer machines. Major restructuring of existing Monte Carlo
codes is, therefore, needed to fully exploit the vector capabilities of
supercomputers to speedup Monte Carlo algorithms.

Considerable work in adapting particle transport methods to vector
supercomputers has been reported [1-3]. However, in order to achieve
the best possible speedup ratio, one must understand the effect of
vectorization on the Monte Carlo random walk process. This can be best
achieved by vectorizing a simple Monte Carlo code, into which features
of more complicated codes can be gradually incorporated. With such
approach, one can identify the parts of Monte Carlo processing that can
be readily vectorized and those that require special attention. For
this purpose, a Center-of-Mass Monte Carlo program, named COM, was
considered. COM simulates the scattering of fast neutrons incident on a
water-vapor two-phase flow in a pipe [4]. This program is described in
Section 2. Section 3 introduces the program VCOM, which is a vectorized
version of the COM program, implemented on the Cyber-205 supercomputer
at the University of Calgary [5]. A number of experiments carried out
to study the performance of the VCOM code under different vectorization
conditions are described in Section 4.

The vectorization process alters the pattern of random sampling of
Monte Carlo programs, which may affect the final results of the problem.
This effect is studied in Section 5. Monte Carlo programs, generally,
use a history learning process to help in reducing the time spent in
tracking subsequent particles. The effect of introducing the learning
process into VCOM is discussed in Section 6. The original versions of
COM and VCOM employed functional fits for material cross sections and
center-of-mass scattering kinetics for angular distributions.
Engineering applications, however, usually require the employment of
multigroup cross section tables. This introduces a table look-up
process for sampling collision probabilities. The effect of this table
look-up process on VCOM is examined in Section 7. A summary and the
conclusions of this work are presented in Section 8.

2. THE CENTER-OF-MASS MONTE CARLO PROGRAM

COM is a Center-of-Mass Monte Carlo program that simulates the
scattering of fast neutrons incident on a water-vapor two=phase flow in
a pipe. The program is used to aid in designing neutron densitometers
for use in two-phase flow systems [4].
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The COM program assumes isotropic scattering in the center-of-mass
system and utilizes functional fits for neutron cross-sections. Seven
different flow regime geometries are treated using simple analytical
geometry methods.

The neutron source used in COM is a uniform line source (beam). A
general setup for the COM problem is shown in Figure 1. Neutrons
incident on the pipe's surface are followed through the pipe until they
reach a lower energy cut-off or they escape. The escape probability and
the thermalization probability are calculated in this program.

A random walk is the path followed by a neutron from the point it
originates, until it escapes or reaches a lower energy cut-off. The
following steps, demonstrated in Figure 2, are required to define a
random walk:

Determine source particle position
The X-coordinate of the source particle position is determined

by choosing a random position on the line source. Since no
collision is assumed in the air between the source and the
pipe's wall, the Y-coordinate of the particle position lies on
the pipe surface. The Z-ccordinate is equal to that of the
source.

Determine position of next collision
The distance (D), travelled by a particle before suffering a

collision, is randomly picked from an exponential distribution
such that:

D= - lng/z ,
where: z - macroscopic cross-section of water, cm .

5 = uniformly distributed random number in
the interval [0,1].

The new position of the particle is calculated given the
incoming particle's directional cosines.

3. Check if particle escaped
If the newly calculated position of the particle lies outside

the pipe or it is in an external void, then the particle escapes
the scattering medium and the random walk is terminated.

4. Determine new energy and directional cosines
a) Determine if the neutron collides with the oxygen or

hydrogen of water.
if Pn < 5, { £ [0,1] then collision is with hydrogen
occurs, otherwise the collision is with oxygen,
Where
PH = Hydrogen cross-section in water

Total water cross-section
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b) The new energy after a collision is calculated based in
simple particle kinetics:

Where5" = " E ° 1 d + ? ( E ° l d " ° E ° l c | )

E -I . = energy of incoming particle before scattering.

A = Mass number (1 for hydrogen, 16 for oxygen)

5. Check if energy cut-off is reached
If the new neutron energy lies below a preassigned value, the

neutron is considered to be thermalized, the thermal neutron
counter is updated and the random walk is terminated.

6. Calculate new directional cosines
Isotropic scattering is assumed in the center-of-mass system.

The polar angle is randomly chosen in the center-of-mass system
and is then transformed to the laboratory system. For the
azimuthal direction, isotropic scattering in the laboratory
system is assumed enabling direct sampling of the azimuthal
angle.

Scoring techniques

The COM program calculates two quantities, the thermalization
probability and the escape probability of thermal neutrons to detector.
The product of the two provides an estimate of the detector response.
Two different estimators are used for the thermalization probability.
The first estimator evaluates at every collision the probability of
reaching the thermal energy. The second estimator is the ratio of the
number of thermalized particles over the total number of particles. The
two estimators are usually in agreement with each other, if sufficient
number of random walks is used. For each thermalized particle, the
escape probability is estimated as the probability of the particle
reaching the detector after escaping form the pipe. Since the escape
probability is exponential in nature, very poor statistics are obtained
for large pipe sizes.

The COM program was first implemented on the IBM3081D at the
University of New Brunswick and then on the Cyber-205 at The University
of Calgary to run in scalar mode. The computational results from these
programs provided a basis for comparing the validity of numerical
results for the vectorized COM program (VCOM) described in the ensuing
section. It was found that the COM ran about 2.5 times faster on the
Cyber 205 compared to the IBM3081D.
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3. THE VECTORIZED MONTE CARLO PROGRAM (VCOM)

Vector computers exploit The idea of executing identical operations
on contiguous data elements (vectors). Thus, in a vectorized algorithm,
one has to follow many particles through their random walks at the same
time. This is done by forming particle vectors and then applying the
same operations to all the particles in the vector using vector
instructions. The random walk is, therefore, tracked on event-by-event
basis by forming blocks, each block representing a different physical
event. The operations in a block are applied to all particles in the
vector and then the particles are tested to see if they qualify for the
next event. If they are not, the particles are deleted form the vector
or stored in a secondary vector for later processing.

In VCOM, a stack (i.e., collection vectors, not a first-in-
first-out (FIFO) stack) of eight vectors, named VSTAK, is used to hold
all necessary information about the particles (i.e. position,
directional cosines, energy and weight). At the end of each random walk
the particles that have escaped or have been thermalized are deleted.
Then the stack is compressed to form vectors with contiguous significant
data elements. Since deleting some particles from VSTAK reduces its
effective length, VSTAK must be refilled al some point because vector
operations are more efficient for full vectors. However, the overheads
incurred from frequent refilling of VSTAK may cancel the benefits of
working with long sparse vectors. Consequently, we decided to
incorporate a parameter, named minimum VSTAK length (MINSTK), to
determine when to refill VSTAK.

The escape probability of thermalized neutrons can be computed in two
ways:

(i) perform calculation every time a particle is thermalized, or
(ii) store the escaped particles in another stack and calculate the
escape probability for all particles when the stack is full. In the
second approach, the frequent execution of code that computes escape
probability is cut down and therefore it seems to be more efficient.
Thus, a second vector stack, VDST, is set up to hold the necessary
information about the thermalized particles. Figure 3 shows a flow
diagram of the VCOM program, which incorporates operations on the VSTAK
and VDST vector stacks.

We have coded VCOM using FORTRAN-200 [6] for the Cyber 205. Almost
100 percent of the code for the random walks is vectorized. Bit
control operations via the block WHERE statement of FORTRAN-200 are used
to vectorize decision points and logical branches. The COMPRESS, EXPAND
and MERGE operators are used for handling the stacks. Vector library
functions and hardware coded functions are also used in VCOM.
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Figure 3: Flow diagram for random walks in the VCOM program.
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4. VCOM PERFORMANCE STUDIES

A number of experiments were carried out to determine the effect of
various parameters on the running time of the VCOM program and the
resulting speedup over the scalar COM program [5,7], A problem in which
the source energy, pipe diameter and liquid density were assigned high
values was considered. This was done deliberately to create a large
variance in the random walk lengths of different particles, providing a
case that is not very favourable for vector processing.

The speedup of VCOM over COM was first studied as a function of the
number of particles tracked. As can be seen in Figure 4, the speedup
rises steeply but begins to flatten out as the number of particles
increases beyond 1000. This can be explained by the fact that there is
a fixtd vector start-up overhead time, the effect of which is more
pronounced for a small number of particles. As the number of particles
increases, the start-up overhead time constitutes a small fraction of
the total execution time and the speedup then tends to remain constant.
The speedup ratios for 5000 particles are of the order of 16 and 40 over
the COM program execution time on the Cyber-205 and IBM3801D,
respectively.

In the above run, a VSTACK length, N, of 1000 and a MINSTK length
of 500 were used. This implies that VSTACK was refilled when the number
of active particles in the stack had declined to 500 particles. The
length of the secondary vector VDST NM, was also set equal to 1000, and
this vector v/as executed, to obtain the escape probability, after it was
filled above length, MAX, of 700. These stack parameter were
arbitrarily chosen. In order to study the effect of these parameters on
the speedup ratio, the following numerical experiments were performed.

Experiment 1:

In this experiment, the speedup as a function of the VSTAK length
(N) was studied and the results are shown in Figure 5. As can be seen
from this Figure, the Speedup increases rapidly as the vector length
increases up to N equals 100G, after which the speedup almost remains
constant. The reason of this behaviour can be explained, once more, by
the vector start-up overhead: larger vector lengths result in lower
number of vector start-up operations, which in turn reduces the total
execution time to the extent that the speed-up ratio tends not to be
sensitive to start-up operations.

Experiment 2:

This experiment was conducted in order to determine the effect of
the minimum length of VSTAK, MINSTK, beyond which the stack is refilled.
At the early stages of this work, it was felt that maximum speedup can
be achieved by working with full vectors as long as possible. Thus, one
can expect the speedup to change considerably by varying MINSTK between
a length of 1 and 1000. As it can be seen from Figure 6, this behaviour
was not observed, the speedup rather remained almost constant over the
whole range.
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To further understand this trend, the four stack parameters were
set equal to each other and varied from 1 to 1000 in equal increments.
The speedup ratios obtained are plotted in Figure 7, which shows that
the speedup remains almost constant above a vector length of 500. This
fact can be used to explain the behaviour of Figure 6 as follows: by
having N=1000 and varying MINSTK from 1 to 1000, the average vector
length of the active stack varies from 500 to 1000. At this range of
stack lengths, the speedup ratio remains constant, as Figure 7
demonstrates.

Experiment 3:

It is also interesting to notice from the behaviour of Figure 7
that a VCON of unity stack length is in fact six times slower than COM.
This is, of course, caused by the contribution of the vector start-up
overhead which is always a constant value regardless of the vector
length. VCOM starts to become faster in execution than COM as the stack
length reaches a value of around 7. Then the vector overhead
contribution ceases to be a disadvantage to vector processing.

Experiment 4:

In this experiment the effect of the secondary stack, VDST,
parameters were studied. The length of VDST, MN, was usually set to the
length N of the primary stack VSTAK. VDST was, however, executed to
obtain the escape probability as the number of particles exceeds a
maximum value MAX. Changing the value of MAX from 5 to 1000, the
speedup increased from 14.5 to 15.2 [5], not a very significant
improvement. This was expected since MAX only controls the frequency of
executing VDST, and not the rate at which particles are stored in it.
Note that in executing VDST only a vector of MAX-length is executed, and
the execution time of a vector is roughly proportional to its length.

Experiment 5:

Vector machine instructions can be generated by the FORTRAN 200 [6]
compiler by two means: (1} using vector programming and assignment
statements and vector reference statements, as is the case in the VCOM
program, or, (2) instructing the compiler, through the FORTRAN control
statement, to generate vector machine instruction for the DO loops in
the scalar code, if possible. The second method does not require
restructuring of the scalar code. Using this method forTOM, with
optimized scalar code compilation option, a speedup ratio of only 1.3
was obtained. This clearly illustrates that direct vectorization of the
scalar code may not be the most effective means of utilizing a vector
machine. Major restructuring and rewriting of the code may be required,
if high speedup ratios are to be obtained using the vector machine.
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5. RANDOM SAMPLING

A consistent deviation between the results of the scalar COM and
vector VCOM programs was observed; for example the thermalization
probability was estimated by COM to be 0.7498 while VCOM's estimate was
0.7352, for 5000 source particles. When the number of particles
increased to 33,000, the escape probability became 0.7575 and 0.7389,
for the COM and VCOM program, respectively. This indicates that the
deviation is not due to statistical fluctuations that can be reduced by
increasing the number of particles.

In an attempt to explain this deviation, the random sampling
processes in the two program versions was examined. In the scalar
program COM, the random numbers associated with a given particles are
sampled sequentially. In the vector program, however, the random
numbers assigned to each particle are sampled at intervals of a length
proportional to the stack length, since particle tracking is based on
events rather than individual particles. The difference in the sampling
processes of the two versions was first sought to introduce biasing in
the vector program, (available random generators are designed for
sequential sampling). However, subsequent analysis of large set of
random numbers (22,000 numbers) indicated that the change in the
sampling process does not cause a significant bias in the distribution
of the random numbers.

In another attempt to explain the deviation between the results of
the two program, VCOM was run with a unity stack length and the random
walk was examined step-by-step and compared to that of the COM
program. It was the discovered that the random number is skipped by the
vector random number generator, VRANF, as compared to the scalar routine
RANF. The Control Data Corporation was informed of this defect. This
skipping of random numbers was found not to have a significant effect on
random sampling, if a large number of particles was used. The deviation
between the COM and VCOM results cannot, therefore, be explained by this
deficiency.

In the third attempt to explain the discrepancy between the COM and
VCOM results, COM was run with a random number skipped every time RANF
was called. This was then compared to a VCOM run with a unity length
and detailed intermediate results were obtained. It was then discovered
that, although the final results were reasonably close, there was a
discrepancy in the early stages of the random walk, in the last three
digits of 12-digit-decimal numbers. The discrepancy in precision
increased to the last seven to 8 digits at the late stages of the random
walk. This discrepancy can be only explained by some difference in the
arithmetic operations of the vector and the scalar instructions
performed by the computing machine. This difference, although small at
the beginning, propagates throughout the random walk and eventually
affects the end result of the calculations. It was also observed that
the minimum stack length, i.e. the length beyond which the stack is
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refi1 led, also affects the final result. This indicates that the
precision of the vector arithmetic operations seem to depend on the
active length of the vector. The numerical discrepancy between scalar
and vector operations was also observed by others, [9], and is generally
attributed to the vector-complier-created operation records for the
purpose of optimization; for example, floating point divisions are
converted to multiplications of the reciprocal.

Based on the above, it seems that the random sampling process is
not greatly affected by vectorization, particularly for the large sample
population, usua^y used in Monte Carlo calculations. However, care
must be taken in writing the vector code to reduce the error introduced
by the vector-compiler-created operations, introduced for compiler
optimization purposes.

6. LEARNING PROCESS

Large Monte Carlo production codes, such as the MORSE-CG codes [8],
make use of a neighborhood geometry learning process to speedup
computations concerning the identifications of the geometrical medium of
the particle. The geometry used in the COM program is simple and does
not require the introduction of a learning process. However, in order
to study the effect of the learning process on the vectorization of the
code, a learning process was introduced to the COM program. This
learning process helps in defining the effective region cf the source,
that is the region within which a source particle is guaranteed to hit a
liquid rather than a void zone. Such a process eliminates the need to
track ineffective source particle through the geometry of the media only
to discover later that they would not hit a scattering medium.

The learning process is directly useful in a scalar algorithm,
since every particle tracked contributes to the knowledge of acquired.
For a vector algorithm, on the other hand, a batch of particles is
processed at the same time and the contribution to learning is only
achieved at the end of processing a vector stack. A great deal of
knowledge is, however, obtained by processing a complete vector of
particles. Our experience with the COM and VCOM programs indicates that
the gain obtained in speeding up the execution of both scalar and vector
codes by introducing the learning process is very small, not more than
0.5% decrease in execution time of both codes. This is, of course, due
to the simplicity of the problem considered. It is interesting,
however, to notice that the introduction of the learning process to the
vector algorithm did not result in an increase in its execution time.
This is despite the fact that learning is only achieved at the end of
processing a coirpiete vector. One can, therefore, conclude that the
delay in learning in the vector algorithm is compensated by the amount
of information gained by processing the large number of particles
contained in a vector. The learning process is not, therefore, expected
to be a serious obstacle in vectorizing large production codes such as
the MORESE-CG code [8].
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7. MULTIGROUP CROSS SECTIONS

Both the COM program and its vectorized version VCOM utilized
functional fits for neutron cross sections and elastic scattering
particle kinetic to calculate the energy of collided particles.
However, production Monte Carlo codes, such as the MORSE Codes [8],
utilize multigroup cross-section libraries. This introduces a time
consuming table-lookup process. Point-by-Point table lookup is not a
process that is suited for vector processing, where a batch of particles
is processed simultaneous!, .

In order to investigate the effect of this table lookup process, a
36-group neutron cross section table, including the scattering matrix,
was introduced in both the COM and VCOM algorithms. Cross-section
lookup is relatively a simple process since it requires only direct
indexing defining the energy and material considered. A linear table
search is, therefore, adequate for the scalar program COM; a binary
search may be also used but it is only efficient for very large tables.
On the other hand, for the vector program VCOM, a linear search will be
very inefficient since it does not benefit from the hardware
capabilities of vector computers. Brown [1] developed a vector version
of a scalar binary search algorithm that proved to be much faster than a
linear search. A similar algorithm was adopted and implemented into the
VCOM program.

The introduction of the table lookup process was found to slow down
the COM algorithm by about 12% at most, .while VCOM was slowed down by
about 87%. This in turn led to a drop in the speedup of VCOM versus COM
from about 16 (without table lookup) to only 9.6 (with table-lookup).
It was also observed that changing the stack length did not affect
significantly the amount of reduction in the speedup. This indicates
that the table lookup process, as expected, is not very compatible with
vector processing. A new data structure of cross sections chould be
developed before one can expect to fully utilize the capabilities of
vector processors.

8. SUMMARY AND CONCLUSIONS

In this paper, the COM program, a simple Monte Carlo code that
contains the main features of the Monte Carlo method, was vectorized.
The random walk process was tracked in stacks based on event-by event
basis, rather than on particle-by-particle basis as in the case of a
scalar Monte Carlo code. Considerable speedup of the vector algorithm
over the scalar algorithm, of the order of 16, was achieved when the
stack length was large enough to compensate for the vector startup
overhead time. The speedup was shown, then, not to be very sensitive to
other vectorization parameters.



-636-

A numerical, though small, discrepancy between the vector and
scalar algorithms was observed and was attributed to vector-compiler-
credted operation records used for compiler optimization purposes. The
vector random sampling process did not seem to affect the statistical
results, as compared to scalar random sampling, when a large number of
particles was used.

The vectorization process was also shown to be able to accommodate
the learning process that is usually introduced in Monte Carlo codes to
reduce the time consumed in the geometry tracking process. Although the
knowledge acquired in the learning process is gathered at the end of
processing a complete vector, and not with every particle tracked, the
amount of information obtained is more substantial and helps in speeding
up the next stack of particles.

The cross-section table look-up process seems to be the major
obstacle in maintaining the high speedup ratios achieved with simple
Monte Carlo codes. Major effort is required to structure the
cross-section tables into a form suitable for vector processing.

In summary, there is a considerable gain in computer execution time
to be obtained by vectorizing Monte Carlo programs. Major restructuring
of existing scalar Monte Carlo codes is, however, required to achieve
considerable speedup over the scalar programs. Some arithmetic
operations seem to be affected by vectorization, and attention should be
paid to this fact in vectorizing any scalar program. A new formulation
of the nuclear cross section lookup is needed to take advantage of
vector processing.

Subsequent to the above work, the COM program was adapted to run on
the vector multiprocessor mini-supercomputer Alliant FX/8 at the
University of Illinois, Urbana [10], and the speedup obtained was almost
equal to the number of processors used.

In conclusion, the execution time of Monte Carlo codes can be
significantly reduced by adequate implementation on vector and
multiprocessor supercomputers.
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ABSTRACT

A numerical algorithm with parallelism, a parallel
implementation of the red-black line SOR algorithm, has been used
to solve the two-group, two-dimensional neutron diffusion
equations on an FPS-164 attached scientific processor,
IBM-3090/Model-200 with vector facilities mainframe computer, and
CRAY X/MP-48 supercomputer. Examining vector pipeline
performance, the FPS, IBM-3090 and CRAY Cusing 1 CPU3 were
determined to execute, respectively, 5.5, 1.7 and 11.6 times
faster in vector versus scalar mode. Run time reductions versus
an IBM-3081/Model-K for the FPS, IBM-3090 and CRAY Cusing 1 CPU],
respectively, are 1.0, 4.7 and 27.5.

Initital results using 2 CPUs on the CRAY X/MP-48 indicate a
speedup of about 1.64 for just the Inner iteration code segment
that wa3 multi-tasked. The theoretical speedup of 2.0 is not
obtained mainly because of vector pipelines' performance
degradation due to the decrease in vector lengths associated with
multi-tasking the Inner iterations.

INTRODUCTION

In recent years computer architectures with increasing
levels of computational parallelism have become available which
offer the possibility of greatly reducing the running time of
scientific computations, in particular the solution of the
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multi-group, multi-dimensional neutron diffusion equations.
Accordingly considerable worfcCl-5] has been reported on adapting
neutronic computer codes for efficient execution on advanced
computers characterized by pipeline and parallel processors
architectures. Of particular interest to our research are the
works of Abu-ShumaysC23 and ThomasC33» which have used numerical
algorithms that allow vectorization of the solution of the
neutron diffusion equations. The simpliest approach to utilizing
parallel computers is to recompile existing source programs using
vector compilers. Experience has shown that only a modest
increase in performance can be so obtained because of programming
constructs and numerical solution algorithms constraints which
prevent vectorization. The next level of adoption involves
increasing the amount of vectorization and/or parallelism via
programming constructs, e.g. reversing DO loops orderings, but
still maintaining the same numerical solution algorithms. The
aim of this study is in adopting existing algorithms optimized
for fast execution on serial machines and developing new
algorithms for a parallel computer architecture to solve the
few-group neutron diffusion equations.

The few-group neutron diffusion equations are given by the
following equation supplemented by appropriate boundary
conditions.

. D(r) V7 4>(r) + 2(r)i * (r)
g g tg g

X, °
C V

sg'- g g' k f g' g'
g'=l g'=l

(1)
for g=l,2,... ,G

The finite difference method CFDMD solution of these equations
takes on the form of solving large banded, eigenvalue matrix
equations indicated as follows

L • <& = S (2)
g g g
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3-1

where S = F <f> + \ ' T* & (3)
g k g g £-^ sg'->g g'

a'=l

for g=l,2,

where one thermal energy group has been assumed, <&% denotes
the flux values of energy group g at various spatial points, and
k denotes the core multiplication factor. The normal method of
solving these matrix equations is by an Outer-Inner iterative
strategy. The Outer iterations update the multiplication
constant and flux values used to evaluate the fission source term
in Eq<3). An inverse power method with non-stationary Chebyshev
polynomial source extrapolation is employed to perform the Outer
iterations in our workC63. The Inner iterations are used to
30lve the resulting fixed source problem for each energy group,
sweeping from highest to lowest energy group assuming one thermal
group. Our primary interest is in the development of numerical
algorithms with parallelism to complete the Inner iterations.
This is the more difficult portion of the solution in which to
achieve parallelism since the spatial domain is coupled by
neutron diffusion. By contrast, determination of the information
required to and construction of the coefficient matrices L~3 can
be largely completed in parallel. This follows since it involves
local properties such as isotopic number density concentrations
which are mainly dependent upon the spatial local isotopic chain
equations, with the exception of thermal feedback effects.

PARALLEL NUMERICAL ALGORITHM

One way of achieving parallelism in solving Eq(2) is to
decouple the spatial domain in a mathematical fashion as
indicated below.

L 4> = S - 2lrf c *
gp gp gp p'*p g(p,p') gp'

p=l

for g=1.2,...,G and p=1.2
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The flux vector <5>$r> has elements which are a subset of the
elements of the original flux vector. These elements can
correspond to continuous or discountinuous spatial domains which
may overlap. Clearly, the size of matrices in Eq(4) are reduced
from the matrix size in Eq(2) and their structure, influencing
the ease of solving Eq(4), are determined by the decomposition
(or splitting) selected. In general, the P matrix equations
given by Eq(4) can be solved in parallel if the right hand
sidesCRHS3 of Eq(4) are known and P processors are available.
However, since the RHS of Eq<4) are not known, the following
iterative steps are required to update their values.

- (q+1) - \ - (q')
L * = S - /LJ C <£ (5)
gp gp gp p'*p g(p,p') gp'

p=l

where q'=q, q+1 (both synchronous approaches) or latest available
values in memory (asynchronous approach). These updating steps
are refered to as the recompostion steps, hence the entire
algorithm is named the Decompostion-Recompostion CD-R] method.

The D-R method is really a class of methods, with many of
the iterative methods currently used on scalar computers to
complete the Inner iterations members of this class. Figure (1)
illustrates that the conventional red-black line SOR iterative
algorithm is a member of the D-R method of parallel algorithms
and shows how parallelism can be achieved. Indeed, red-black
point and block SOR iterative algorithms are also members of the
D-R method. Abu-ShumaysC23 and ThomasC33 have previously noted
that the various red-black SOR algorithms have parallelism and
have vectorized their computational implementation on a
CYBER-205. For the red-black SOR algorithms the Recomposition
iteration steps correspond to the conventional Inner iterations.
However, for other D-R algorithms, this may not be the case.

From extensive timing studies on a number of D-R method
algorithms on a VAX 11/750 minicomputer, convergence rate and
potential performance on parallel computers have been
determined!: ID. The red-black line SOR algorithm has been
identified as an algorithm well suited for a parallel computer
architecture. This follows since the algorithm requires minimum
data transfer between CPUs, and asynchronous execution is
possible. One drawback of the red-black line SOR algorithm in
its direct implementation on vector pipeline architecture
computers is the recursive relationships which appears in the
forward and backward sweeps associated with the Thomas algorithm
used to solve the tridiagonal matrix equations, which does not
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allow vectorlzation. These recursive relationships, however, can
be avoided if the sweeping process is done across versus along
the red or black lines. Further details on this can be found in
Reference C7D. The remaining sections of this paper first
discuss achieving parallelism via vectorization, and then
achieving parallelism via both vectorization and multi-tasking.

VECTORIZATION

The parallel form of the red-black line SOR algorithm was
implemented on an FPS-164 scientific processor,
IBM-3090/Model-200 and CRAY X/MP-48 (using 1 CPU) and used to
complete the Inner iterations associated with solving the
two-group, two-dimensional (X-Y) neutron diffusion equations.
The entire computer code, not lust the Inner iterations, was
structured to facilitate vectorization. For both fast and
thermal energy groups, the Inner iteration extrapolation
parameters and numbers of iterations required to reduce the
initial Iterative solution errors to a given tolerance were
determined prior to commencing the first Outer iteration using
the methods adopted in the DIF3D codeC63. The FPS is attached
to an IBM-3081/Model-K mainframe computer, which compiles the
source code, links the object code, loads the execution code and
input data, and retrieves output. However, in contrast to array
processors, the FPS executes the entire code and not just
vectorized sections. Table (1) contrasts the performance of the
FPS with other computers. To be noted is that for the large mesh
problem the FPS executes at about 20% of the speed of the
IBM-3081 when its vector pipelines are not used. This follows
since the scalar computational speed of the FPS is slower than
that of the IBM-3081. By contrast, the FPS executes at about the
same speed as the IBM-3081 when utilizing its pipelines due to
the high degreee of vetorization made possible by the parallel
numerical algorithm. A Vector Speedup Factor of over 5 is
realized, where the Vector Speedup Factor is defined as follows.

Total CPU Time w/o Vectorization
Vector Speedup Factor ~

Total CPU Time w/ Vectorization

The Vector Speedup Factor indicates both hardware and software,
in particular numerical algorithm, performance. Since the
FPS-164 costs a fraction of the cost of an IBM-3081, the FPS has
clearly superior performance-to-cost ratio for this application.
Contrasting the IBM-3090/Model-200 with vector facilities and
IBM-3081/Model-K, the former computer executes respectively about
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2.7 and 4.7 times faster without and with its vector facilities
utilized for the large mesh problem. The Vector Speedup Factor
for the IBM-3090 is 1.7. Since the cost of adding the vector
facilities to the IBM-3090 is only a few percent of the base cost
for this machine, the performance-to-cost ratio of adding the
vector facility to the IBM-3090 is attractive for our
application. Also contrasted is the performance of the CRAY
X/MP-48 (using 1 CPU) versus the other computers. In comparison
to the IBM-3081, the CRAY executes 3.4 and 27.5 times faster,
respectively, without and with vectorization. These performance
increases are due to both the superior scalar and vector
performance of the CRAY versus IBM-3081. Again, the substantial
increase in speed when using the vector pipelines results because
of the high degree of vectorization that can be achieved with the
parallel numerical algorithm we employed. As a reference point,
it is worth noting that the diffusion equations solution for a
quarter core model of a modern PWR, which requires about 2.5
minutes of CPU time on an IBM-3081/Model-K, will execute in about
4 seconds on a CRAY X/MP-48 (using 1 CPU). The implication
is that jobs that could only be run practically in batch mode on
the IBM-3081 can now be executed in interactive mode on the CRAY,
thereby making possible the utilization of Computer Aided
Engineering tools to enhance engineering productivity and
decision making. One more noticeable point is that the IBM-3090
and CRAY X/MP have comparable performance in scalar mode
operation for our application, which is not expected since the
clock cycle time for the IBM versus CRAY is about a factor of two
greater.

To further quantify the performance of the FPS-164,
IBM-3090/Model-200 with vector facilities, and CRAY X/MP-48
(using 1 CPU), the MFLOPS and Vector Speedup Factor as a function
of mesh size, i.e. vector length, were determined and are
illustrated in Figure (2). MFLOPS denotes Millions of Floating
Point Operations per Second. For typical mainframes the MFLOPS
range from one to several MFLOPS. The rated peak performance of
the FPS-164. IBM-3090 and CRAY X/MP-48 (using 1 CPU) are
respectively 11, 55 and 105 MFLOPS (with chaining 210
MFLOPS ). Both performance factors are observed to
Increase as the mesh number increases. This follows since vector
lengths Increase with increasing mesh number, thereby resulting
in reduced startup penalties for the vector pipelines. Peak
MFLOPS observed for the FPS, IBM-3090 and CRAY are 2.5, 10 and 83
MFLOPS for this particular application. Contrasting rated and
actual performance, nearly rated performance has been achieved on
the CRAY due to the numerical algorithm, hardware and compiler
optimization. It should be noted that all programming is done in
FORTRAN utilizing FORTRAN extensions for vectorizable operations.
Maximum vector speedups are 5.5, 1.7 and 11.6, respectively, for
the FPS, IBM-3090 and CRAY. The point to note from Figure (2) is
the degraded vector performance as mesh number decreases (or in
other words. a3 the problem size decreases). This can be of
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particular concern if the D-R method is used to further introduce
parallelism for execution on a multi-CPU/vector pipeline machine
like the CRAY X/MP-48. Further details on this are discussed in
the next section. Another point to note is the decrease in
performance on the CRAY for the 144x144 2-D mesh problem. The
red-black line SOR algorithm works with vector lengths equal to
half the number of lines, i.e. mesh points in one direction.
For the 144x144 mesh, this equals to 72. Since CRAY'S vector
registers store vector length segments of 64 words, we associate
the performance degradation with slightly exceeding this value
and utilizing vector pipeline hardware iess effectively.

MULTI-TASKING

To this point, only vector performance of the parallel
implementation of the red-black line SOR algorithm on various
machines has been presented. The parallelism of this D-R method
can also be exploited on the CRAY X/MP-48 by using more than one
CPU via multi-tasking the solution. In a multi-tasked code,
segments of code are executed in parallel. Additional
parallelism is introduced by vectorizing the segments of code
executed on each CPU. For a CRAY X/MP, a global memory
architecture is employed, where all CPUs share and can access the
same memory. This contrasts with a message sending architecture
which has separate memory associated with each CPU. requiring
data to be transmitted from one CPU's memory to another CPU's
memory as required. As a test problem, the red-black point SOR
solution of a tridiagonal problem was multi-tasked and vectorized
for execution on the CRAY utilizing 2, 3 and 4 CPUs. A
preliminary result for multi-tasking on 2-CPUs and vectorizing on
the CRAY for the neutron diffusion problem has also been
obtained. For the neutron diffusion problem, the Inner
iterations are completed using the red-black line SOR method with
multi-tasking achieved by dividing the spatial domain as
illustrated in Figure (1). The other segments of code, such as
the Outer iterations, were not multi-tasked.

Several concerns arise when multi-tasking a code. As
previously mentioned, if multi-tasking is achieved by the D-R
method, vector lengths are reduced and consequently pipeline
performance could degrade. In addition, spawning and
synchronization of individual tasks will introduce system
overhead. This overhead can be minimized if the task sizes, i.e.
granularities, are large and synchronization requirements are
minimized. System overhead due to multi-tasking for the
tridiagonal te3t problem was determined for both the synchronous
and asynchronous approaches. Since an asynchronous versus
synchronous approach may employ older iterative solution values.
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the total number of iterations required to achieve convergence
may increase. This could offset the savings expected due to
reduced multi-tasking overhead. Only the synchronous approach
has been examined to date for the neutron diffusion problem.

To measure multi-tasking performance, i.e. the performance
of multi-CPUs, the following two performance factors are
introduced. The Multi-Tasking Speedup Factor, which equates to
the speedup in wall clock time when executing in a single user
dedicated environment, is defined as follows.

Multi-Tasking Speedup Factor

Total CPU Time On 1-CPU Machine

Maximum CPU Time of Any CPU Of P-CPU Machine

Clearly, balance of work load on a multi-CPU machine is required
to maximize the Multi-Tasking Speedup Factor. The other
performance factor is the Multi-Tasking Total CPU Time Penalty,
defined as the percentage increase in the "Total" CPU time on a
multi-CPU machine versus a 1-CPU machine and expressed as
follows.

Multi-Tasking Total CPU Time Penalty (%)

Total CPU Time on P-CPU Machine
= { - l } x 100%

Total CPU Time on 1-CPU Machine

The Multi-Tasking Total CPU Time Penalty measures both the
computer overhead associated with managing a multi-CPU
architecture and degradation of vector pipeline performance if
multi-tasking is achieved by decreasing vector lengths.

These two performance factors as a function of the number of
CRAY X/MP-48 CPUs utilized for the tridiagonal test problem have
been evaluated and are illustrated in Figure (3). For the
synchronous approach, the Multi-Tasking Speedup Factor/Total CPU
Time Penalty on 2, 3 and 4 CPUs are 1.8/8%, 2.5/15% and 3.3/22%,
respectively. The equivalent performance factors for the
asynchronous approach are 1.9/5%, 2.7/10% and 3.5/15%. It is
noted that the Multi-Tasking Speedup Factor is always less than
the number of CPUs utilized. Since the vector lengths of the
test problem are very long (24000 red and black elements) when
using even 4-CPUs, no vector pipeline performance degradation is
attributed to decreasing the Multi-Tasking Speedup Factor from
its ideal value for the tridiagonal test problem. The
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asynchronoua approach Is noted to have superior performance to
the synchronous approach due to lower overhead. However, since
all these studies were completed using a CRAY dedicated
environment and work load on each CPU is well balanced, the
asynchronous approach did utilize the same iterative values as
the synchronous approach. No increase in number of iterations
required to achieve convergence thus resulted. In a multi-user
environment, all iobs in the system would be competing for CPUs
and asynchronous performance would degrade because older
iterative values would be used. The Multi-Tasking Total CPU Time
Penalties increase nearly linearly with the number of CPUs
utilized, which is encouraging. This linear behavior allows the
Overhead Penalty to be expressed on a per CPU spawned basis,
which are. respectively, about 8% and 5% per CPU spawned for the
synchronous and asynchronous approaches for this application.
The values of the Total CPU Time Penalty would clearly reduce if
the test problem tasks had larger granularity.

Results on multi-tasking only the Inner iteration portion of
L'he solution of the neutron diffusion problem utilizing 2-CPUs
Indicate a Multi-Tasking Speedup Factor of 1.4 and Multi-Tasking
Total CPU Time Penalty of 18% for a problem with an 180x180 2-D
mesh. The low Speedup Factor reflects mainly the degradation in
pipeline performance with decreasing vector length and imbalance
in computational work between the two CPUs, where one CPU is
executing about 52% longer that the other CPU. This imbalance of
the work load problem can be corrected by multi-tasking the
entire code, including all the I/O processes and Outer iteration

.'i. The overall Multi-Tasking Total CPU Time Penalty of 18%
-CPUs can be subdivided into less than 1% associated with
uI Li-tasking system overhead and about 17% due to vector

d

for
true
pipeline performance degradation from shorter vector lengths.
The low multi-tasking overhead occurs because the neutron
diffusion problem tasks have sufficiently large granularity.
Jxaminincf just the Inner iterations, the Multi-Tasking Speedup
Factor and Total CPU Time Penalty are respectively, 1.64 and 20%,
with vector pipeline performance degradation the main reason for
multi-tasking performance degradation.

CONCLUSIONS

The examination of the red-black line SOR algorithm used to
complete the Inner iterations portion of the solution of the
two-group, two-dimensional neutron diffusion equations indicates
that it is well suited to vector pipeline computer architectures
on a number of types of computers. Utilizing the algorithm for
the solution of the neutron diffusion equations with pin-wise
mesh for a quarter core model of a modern PWR, near the rated
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peak vector speedup was achieved on the CRAY X/MP. From the
multi-tasking study, the vector pipeline performance degradation
appears to be the dominate factor in hindering achieving higher
multi-tasking speedup. Future work includes continued work on
how to best formulate the neutron diffusion equations' solution
utilizing multi-tasking so as to minimize the reduction in vector
lengths and synchronization requirements. Once having formulated
a successful multi-tasking approach on 2 CPUs, work will be
extended to 3 and 4 CPUs on the CRAY X/MP. Adoption of the
approach from 2-D to 3-D problems will be also pursued. Finally,
calculations associated with isotopic depletion will be
vectorized and multi-tasked. Since isotopic depletion does not
involve spatial coupling, spatial parallelism is readily
available. One concern is that a general depletion chain
approach as used in HARM0NYE8D has numerous IF statements which
can prevent vectorization.
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NOMENCLATURE

Variables

C = coupling matrix

D = diffusion coefficient

F = fission source matrix

k = multiplication factor

L = coefficient matrix

S = source vector

i. = macroscopic cross sections
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x - fission spectrum

" = average neutrons per fission

<J> = fluxes

Subscripts and Superscripts

g = energy group

p = number of processors

q = iteration counts

s = scattering

t = total
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Table 1. Absolute & relative run times associated with solving*
the two-group, two-dimensional neutron diffusion
equations using the red-black line SOR algorithm.

Notation: Absolute time in CPU seconds
(Relative time with reference to IBM-3081/Model-K)

Machine IBM-3081/K IBM-3090/200 FPS-164 CRAY X/MP-48

Mesh Scalar Vector Scalar Vector Scalar Vector

18 x 18 0.56 0.24 0.22 4.36 2.78 0.21 0.11

(1.00) (2.33) (2.55) (0.13) (0.20) (2.67) (5.09)

(MFL0PS) (1.72) (4.02) (4.38) (0.22) (0.35) (4.59) (8.29)

72 x 72 15.17 5.41 3.06 77.70 17.33 4.44 0.61

(1.00) (2.80) (4.96) (0.20) (0.88) (3.42) (24.87)

(MFLOPS) (2.17) (6.08)(10.75) (0.42) (1.90) (7.41) (49.70)

144 x 144 89.35 32.48 18.84 467.06 84.23 26.12 3.24

(1.00) (2.75) (4.74) (0.19) (1.06) (3.42) (27.58)

(MFLOPS) (2.27) (6.23X10.74) (0.43) (2.40) (7.75) (56.93)

180 x 180 - - - - - 48.57 4.17

(1.00) (11.65)

(MFLOPS) (7.90) (83.11)

*A11 computations use 64 bit precision.



Figure 1. Illustration of the red-black line SOR iterative algorithm
implemented on 1-CPU and 2-CPU machine.

2-0 Geometry (Inner Mesh Points Only)

Denotes Line *

17 IB 19 20 «J

COMPUTATIONAL CYCLE

Lines Being Updated / Iterative Count

PROCESSOR 1 2 3 4

1 1.3.5....19/0.5 » 2,4,6,...20/1.0 » 1,3.5,... 19/1.5 » 2,4,6,...20/2.0

1 1.3.5,...9/0.5 * 2.4.6,... 10/1.0 r—» 1,3,5....9/t.5 * 2,4,6,...10/2.0

I

2 11.13....19/0.5 * » 12,14,...20/1.0 *• 11,13,...19/1.5 L * 12,14,...20/2.0
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Figure 2. Vector Speedup and MFLOPS for the solution of the two-group,

two-dimensional neutron diffusion equations on FPS-16A,
IBM 3090/Model-200 and CRAY X/MP-48 (using 1 CPU).
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ABSTRACT

In order to assess the potential of micro/minicomputers in
the realm of reactor-physics calculations, some physics programs
have been adapted to run on an IBM-PC/AT with one megabyte of
central memory and a 20-megabyte hard disk.

Results obtained are considered quite positive. For
example, typical MULTICELL calculations have been achieved with a
calculational speed (in the usual one-group option) of about 7.5 s/
iteration. Total run times for a MULTICELL calculation are of the
order of one hour on the PC/AT. Inherent machine speed can be
enhanced with mathematical co-processors.

Computing tines are expected to be about a factor of ten
smaller on the personal workstations such as the APOLLO.

S6O211/R
CNS
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1.0 INTRODUCTION

The emergence of minicomputers and "personal"
microcomputers over the last several years has broadened the range
of options available for the numerical solution of scientific and
technological problems. Minicomputers such as the Apollo or SUN
workstations now give the user computing power almost equivalent to
that of mainframe computers a few years ago. Even microcomputers
(such as the IBM-PC/AT) have become sufficiently sophisticated to
handle quite large problems.

Use of micro/minicomputers can offer the analyst tangible
advantages, such as:

flexibility in the number of tools available in the
workplace for computing jobs,

- greater closeness to and control over the computational
environment,

- saving of mainframe computational costs (which can
sometimes amount to $100 - 200 per run for some of the
programs dealt with in this paper),

saving of on-going costs associated with file storage on
mainframes (replaced by storage on individual floppies)
and with hook-up costs to edit files,

- (id the case of microcomputers at least) individual,
desk-top computing capability - ultimately available at
low cost to many analysts at once, limited only by the
number of micros at site, and

- the ability to test new program options or develop new
program methods without incurring additional computing
costs.

In view of these benefits, it is natural that analysts
should look in the direction of installing more and more of their
programs on «ini or microcomputers. From the financial point of
view, the cost of smaller computers can be quickly recouped through
reduced usage of mainframe computers*

S60211/R
CNS
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2. PURPOSE

To actively explore and assess the potential of the new
avenues, we have begun to install some of our reactor-physics
computer programs en an IBM-PC/AT microcomputer, featuring one
megabyte of central memory and a magnetic disk capability consisting
of a 20-megabyte hard disk, and two floppy disk drives. No new
programs are considered here; the only object is to survey the
adaptation of existing codes to a new computing tool.

Since the IBM-PC/AT, as a microcomputer, is much less
powerful than the workstations mentioned earlier, adapting programs
to it is certainly a greater challenge. However, we believe the
product achieved should find an increasing market among customers
with an interest in desk-top computing capability. Furthermore, any
program adapted to the PC/AT will likely be transportable with
minimal modification to the minicomputer environment, which
generally offers fewer constraints.

S6O211/R
CNS
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3.0 METHOD

The programs converted (at least partially) to date by the
authors are: the lattice code POWDERSPUF-V, the "supercell" code
MOLTICELL, the reactor modelling program MATMAP, the finite reactor
code CHEBY and, in addition, TOPCATS, a general utility program
which automates the layout and production of tables for reports and
documents* Other codes have also been adapted to the PC/AT by other
analysts at AECL, such as the xenon-kinetics code XENKIN and a
program to track cobalt-60 production and activity in cobalt
adjusters (H.C. Chow).

While our Initial goal was simply to successfully
demonstrate the basic code functions on the PC/AT, all the above
programs except CHEBY are in fact essentially fully operational.
CHEBY has reached the initial demonstration stage, and conversion
effort is presently continuing, with no fundamental difficulties
foreseen. In some of the programs, specific code options of
secondary importance were deferred for later implementation.

As was expected, the amount of difficulty associated with
code conversion varied considerably from one program to another.
The lattice code POWDERPUFS-V, originally developed some twenty
years ago and featuring relatively straightforward computations
without great demands on central memory or peripherals, was the
first candidate and presented the simplest task. It served the most
useful purpose of providing us with initial familiarization and
experience with the machine and the compiler.

Conversion of the TOPCATS program provided familiarization
with character manipulation using the MICROSOFT compiler. In fact
the compiler's capacity in this regard is rather primitive, being
essentially United to the basic function of reading character
strings and outputing them unchanged. No automatic capability is
provided for handling different lengths of substrings of a character
string. The lack of this useful feature was circumvented by
programming all character strings as arrays of length one character.
Advanced versions of the compiler are reportedly now available, with
expanded string-handling capability.

S60211/R
CNS
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Converslon of MAPMAP, MULTICELL, and CHEBY required a
greater degree of effort. These programs manipulate large integer-
and real-variable arrays. MULTICELL and CHEBY involve the iterative
solution of the neutron diffusion equation over several thousand
mesh points. The existing codes also contain various "tricks" or
procedures (such as multiple packing of information in computer
words) which rely on the 60-bit length of the CDC computer word, and
on the equivalence between integer and fixed-point memory locations
(on the CDC computer). These characteristics required careful
thinking about appropriate ways to reorganize the coding and
optimize the utilization of the available computer resources. A few
of the techniques selected are summarized here.

It is a general principle of computation that the
calculation time is minimized when central-memory usage is maximized
and use of peripherals is kept to a minimum. Thus it is important
to use the central memory to best advantage. This means weeding
out, to the greatest possible extent, useless arrays, or parts
thereof, which are effectively dead-weight. In this respect, the
elimination of identically-zero "corner" fluxes in reactor models' ^
is a very useful technique which pays large dividends. Further,
since integer variables on the IBM-PC/AT can be assigned 2 or 4
bytes of memory depending on the integer size, programs such as
MATMAP which handle large integer arrays will reward the maximum use
of 2-byte designations where possible.

In programs which use iterative methods, efficiency
demands storing variables so that the greatest number of quantities
appearing in the iterations are assigned to central memory rather
than disk. It is also particularly important to carefully review
the major computational iteration loops, shaving the number oi
operations within to the barest necessary minimum. "Unproductive"
operations can often be minimized by switching from
multiply-dimensioned arrays to singly-dimensioned arrays with
explicit evaluation of the index or indices. These measures can
have a dramatic effect on computation time.

S6O211/K
CNS
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4.0 RESULTS

Some run times achieved with the simpler programs on the
IBM-PC/AT are:

TOPCATS, a few seconds

POWDERPUFS-V, 1-2 minutes

- MATMAP, in the range of approximately 3-15 minutes,
depending on model complexity, depending on options
selected.

While reliable statistics on CHEBY performance are not yet
available, results obtained for a typical MULTICELL calculation are
presented here. This is a calculation using a model with 19*18*21
mesh points and the one-group option (i.e., assuming a flat source
of thermal neutrons in the cell). One flux iteration for this model
initially took some 25-30 seconds, but with the techniques discussed
earlier, the iteration time was ultimately cut to 7.5 seconds.
Typical MULTICELL runs with the une-group option require some
400-600 iterations. This represents about 50-75 minutes elapsed
time, which is quite acceptable and in fact may be comparable to the
turnaround time to be expected from a busy mainframe computer.

As far as numerical performance is concerned, a benchmark
calculation with the average model cited shows that results on the
PC/AT match closely those on the mainframe down to a
flux-conver£ence level In the range of 0.5-1.0*10~5. Beyond this
level, round-off errors seem to play a more important role on the
PC/AT, and the flux convergence appears to be no longer monotonic.
However, 1.0*10~5 should be an appropriate level of convergence in
the great majority of cases; important results such as average cell
cross sections do not appear to change significantly beyond such
convergence. Thus, in this context, the adoption of
double-precision calculation Is not required.

MULTICELL calculations in the two-group option require
about twice the time per Iteration as the above, i.e., roughly
15 s/iteratlon. In this type of calculation the recommended level
of convergence is about 10-(*, so that the total elapsed run time on
the PC/AT Is still of the order of an hour.

Initial tests on an APOLLO Indicate that run times
approximately ten tines shorter than on the PC/AT can be achieved.

S60211/R
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5.0 SUMMARY AND DISCUSSION

While specific future developments in the computing field
are difficult to predict, the trend to more powerful small computers
is certain.

We judge our results in adapting codes to the
microcomputer environment to be positive. Our experience indicates
that, even as it stands, the IBM-PC/AT may find a place in the realm
of fairly complex reactor-physics calculations. With additional
developments such as increased inherent machine speed and
mathmatical co-processors dedicated to accelerate floating point
calculations, this role can be further enhanced in the future.

Workstations of the APOLLO type are already making their
mark in the scientific and technical computing area. Partial test
runs on this type of machine indicate that a factor of ten in run
times can be gained relative to the IBM-PC/AT. For example, a time
or about 1 s/iteration in Ml/LTICELL is achievable on the APOLLO.
This would translate to a total run time of some 10-15 minutes,
which illustrates the appeal of this emerging computing tool.

In addition to helping in the application of existing
programs, the low cost and easy availability of micro/minicomputers
will also undoubtedly encourage the development of entirely new
methods and techniques, for instance using several processors in a
parallel arrangement, for complex and/or iterative calculations.

S60211/R
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ABSTRACT

The Westinghouse code TOMCAT has been developed to model
the transient thermal-hydraulic behavior of a nuclear power
plant on a personal computer. TOMCAT is an interactive code,
based on first principles, which has both two-phase
non-equilibrium and single-phase capabilities. The code has
models which allow it to analyze either full system transients
or detailed subsystem transients. Its interactive capability
and its two-phase thermal-hydraulic capability make TOMCAT well
suited as a training and analysis tool for the study of system
transients up to and including small break LOCA. The system
software includes an interactive menu driven input editor to
assist in the process of creating a model. In addition, the
code has run-time graphics which are compatible with most
standard IBM PC graphics output displays. A post-processing
pcakage is also provided which can generate plots of the results
on a graphics printer or plotter. This paper describes the
general formulation and the specific models of the code and
presents results of some separate effects tests of the models.
Finally, typical system transient code results are presented.

INTRODUCTION

The Westinghouse code TOMCAT (transient and Operational
Micro Computer Based Analysis T_ool) has been developed to model
the transient thermal-hydraulic behavior of a nuclear power
plant on a personal computer. It is interactive, based on first
principles, and has both two-phase non-equilibrium and
single-phase capabilities. This code is veil suited as a
training and analysis tool to study system transients as severe
as a small break LOCA with its highly voided conditions. In
addition, the code can be used to analyze subsystem transients
because of its flexible noding. The code was developed by
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adapting numerical methods and models used in mainframe and
mini-computer based Westinghouse codes to a personal computer.

TOMCAT is one member of a hierarchy of Westinghouse
transient thermal-hydraulic systems codes. It uses many of the
numerical methods and models found in the NRC-approved mainframe
small break LOCA code NOTRUMPt1J, the interactive
mini-computer operational analysis code TREAT (Transient,
Real-Time Engineering Analysis Tool) I-2J, and the Westinghouse
Advanced Simulator- J. The thermal-hydraulic models available
allow the analysis of two-phase or single-phase full system or
detailed subsystem transients.

So that it can analyze many types of problems, TOMCAT has
models for heat transfer, nuetronics, pumps, cuntrol systems,
and break flow. All of these models are general so that they
can be used wherever they are needed and omitted whenever they
are not. In addition, some of the models have options that
allow more or less detail allowing computing time to be spent
only on the key parameters of the analysis.

COMPUTER REQUIREMENTS

The minimum computer requirements for running TOMCAT are
the following:

IBM PC-XT or equivalent
640 K memory
Graphics display (color or Hercules)
Graphics printer
Math Co-Processer.

In addition, TOMCAT runs on an IBM PC-AT or equivalent, and
supports higher resolution graphics displays such as the IBM
Professional and Enhanced Graphics Displays.

TOMCAT was written in FORTRAN 77 so that, except for the
graphics displays, it is transportable. So far, TOMCAT has been
tested on an IBM PC AT/370, a Data General MV10000 mini-computer
and a Gould 32/8780 mini-computer. Based upon these tests, it
can be moved to almost any computer which has a FORTRAN 77
compiler.

OVERVIEW OF TOMCAT

TOMCAT includes programs to perform the following
functions. It includes a menu and prompt driven input editor
used to create input files and to edit one type of TOMCAT
restart file. This file is read into an input preprocessor
which initializes the models and creates a binary restart file.
The TOMCAT program itself consists of three parts: a
command/menu processor; the models; and the run-time output
displays. Finally, it includes a post processing program which
plots or prints data from a TOMCAT ouput file.
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On an IBM PC, TOMCAT is available as a pre-compiled
subroutine library. To taylor TOMCAT to an individual
application, TOMCAT has many skeleton routines which can be
replaced by a user's model. As an example, if an analysis
requires a special break flow model a user may write a routine
called UBRK and link this in place of the routine in the
library, similar skeleton routines are provided for all
correlations and most component models. This allows a user to
customize TOMCAT to meet his requirements.

TOMCAT INPUT EDITOR

The TOMCAT input editor simplifies the job of creating an
input file. A large thermal-hydraulic system such as the
reactor coolant system of a pressurized water reactor requires
thousands of items of data to describe the geometry, the flow
network, the initial state of the system and all of the
auxiliary systems connected to it. The input editor aids the
user by keeping helping to keep track of the data input and
prompting for those items still needed.

The editor starts with a prompt for the type of editing
session desired, i.e., create a new model or edit an existing
model. Following this, a menu lets the user select the model to
be edited or created. At this point, components can be added or
deleted, fluid nodes can be merged or split, and initial
conditions can be changed.

As changes are made, the editor keeps track of other input
which might be effected. For example, if a fluid node is split
into two separate nodes, the flow links connected to the
original node must be reassigned to one of the two new nodes.
The editor prompts the user to decide how to reassign the flow
links. In addition, the editor automatically renumbers all of
the remaining nodes and flow links.

One form of restart that TOMCAT makes is a complete input
file. The input editor can operate on this file to allow
changes to be made to a model during a transient. To help keep
track of changes, the editor has a log option which records the
original and the revised values of any conditions which are
altered.

TOMCAT COMMAND AND MENU PROCESSOR

TOMCAT is controlled by user commands. These commands
operate directly on the variables in the TOMCAT models. Most
model variables may be displayed, stored for post processing, or
even changed during an analysis. Commands also exist to control
the run time output displays. Finally, there are a set of
commands which read and interpret files containing other
commands. This last group of commands is used to run TOMCAT as
a menu driven program.
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TOMCAT's command language is powerful but requites learning
many commands and variable names. For standard applications,
sets of commands can be predefined and stored in a file. A
group of command files and descriptions can be associated to
form a menu. By displaying the menu as the last command in all
of files, running a standard transient reduces to selecting an
entry from a menu. In this way, TOMCAT runs simply without
sacrificing flexibility.

RUN TIME OUTPUT

TOMCAT has three output displays which are updated
periodically. Two of these are graphics displays, the third is
an alpha-numeric table of user selected values. To improve the
transportability of TOMCAT, the graphics displays drive virtual
device interfaces installed on the PC. These interfaces appear
to the code as a display with a very high resolution onto which
the physical display is mapped. Using these interfaces, TOMCAT
drives almost any available PC graphics display without
modifying the software.

The first graphics display in TOMCAT is a trend chart
display. Up to 24 user selected variables are displayed on 8
different charts. Any two charts can be displayed
simultaneously on one screen. The time period plotted, the
frequency of plotting, the maximum and minimum scales;, and the
list of variables are defined as part of the input to TOMCAT.

The second graphics display in TOMCAT is a drawing of a
pressurized water reactor RCS. On the drawing, important levels
are displayed graphically while temperatures, pressures, flow
rates and time are displayed as text. The status of selected
components, such as pumps, are indicated with colored lights.

The alpha-numeric monitor display is a table of variable
descriptors and values updated at a user defined frequency.
This display is the only one transported to non IBM systems at
this time.

Although only one display can appear on the screen at any
time, the user can give commands to switch between displays. In
particular, the data for the trend charts is updated even when
the charts are not on the screen.

TOMCAT MODELS

TOMCAT was written to model the response of any
thermal-hydraulic system. To do this, it includes fluid models
for single phase and two phase flow, heat transfer models, pump
models, choked flow (break flow) Joodels and control systems. In
addition, it has provisions for adding additional correlations
and models to customize the code. TOMCAT also has a point
kinetics model to model the core of a nuclear reactor. Each of
these models will be described in more detail in the following
sections.
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THERMAL-HVDRAULIC MODEL

TOMCAT uses a control volume solution of the mass, energy
and momentum equations. The mass and energy equations share a
common control volume called a fluid node. The momentum
equation uses a control volume which overlaps adjacent fluid
nodes. These momentum control volumes are called flow links. A
fluid system is modeled by defining a network of fluid nodes
connected by flow links.

TOMCAT uses two different types of fluid nodes. For many
analyses, a system or a portion of a system will remain single
phase. In certain other analyses, the fluid may flash but
because of turbulence and high velocities, the two phases will
have nearly the same temperature and move at nearly the same
velocity. For either of these cases, TOMCAT allows the use of
one mass and one energy equation per fluid node. In other
analyses, the fluid in a node is expected to flash but because
of less mixing of the phases, the heavier liquid will settle to
the bottom of the volume and the lighter vapor will bubble to
the top. For fluid nodes in which this is expected, TOMCAT
allows two energy and two mass conservation equations. This
special type of non-equilibrium control volume is called a
stratified fluid node. A system may be modeled using a
combination of single region and stratified fluid nodes.

Flow between fluid nodes also may be single or two phase.
If the flow is single phase or the flow velocity and turbulence
are such that separation of the phases is not expected, the
fluid nodes may be connected by a homogenous flow link. If the
flow is two phase and the mixing of the phases is expected to be
small, the nodes may be connected with a drift flux flow link.
In this second case, the bulk volumetric flow rate of the two
phase mixture is computed using the momentum equation. The flow
rates of each phase are then computed using a drift flux
correlation. TOMCAT offers a choice of several drift flux
correlations plus the option of a user defined correlation.

To reduce the overhead of computing fluid properties,
TOMCAT allows the user to group many fluid nodes into a
subsystem sharing a common pressure. This technique, called
global compressibility, requires special treatment of any flow
links within a pressure subsystem. Using network theory, the
number of momentum equations in TOMCAT is reduced to one
equation per cycle within the subsystem. Unlike loop momentum
equations in some other fast codes, this method naturally
permits reversed flow within a loop and even allows flow in two
directions within the same loop. The combination of global
compressibility and network theory creates a fast, stable system
of equations.

Different global pressure subsystems can be connected using
either a compressible flow link or a break flow. The break flow
model will be described later. The compressible flow links use
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a momentum equation driven by the pressure difference between
the two systems. Since the numerics in TOMCAT are not implicit,
using compressible flow links reduces the timestep size. These
links are provided for analyses in which the global
compressibility assumption cannot be used.

The fluid properties of water and steam are computed using
Westinghouse developed routines accurate within the normal range
of applications for a PWR. These were modified for TOMCAT to
interpolate first on the pressure and then on the energy. In
this way, the pressure intepolation in only performed for the
first fluid node in a global pressure subsystem.

HEAT TRANSFER MODELS

Fluid systems involve a combination of pipes, vessels,
tanks and other solid boundaries. In some cases, these
boundaries also act as heat sources or sinks. To model this
effect, TOMCAT includes fluid/solid heat transfer models. One
simple model, the lumped capacitance solid model, treats a solid
as a single temperature. The other more detailed model solves
the one-dimensional heat conduction equation and computes the
temperature distribution within the solid.

For thin or small metal boundaries the assumption of lumped
capacitance is usually accurate. For very thick solids or
solids with a low thermal conductivity, this assumption may not
be valid and a conduction equation is needed.

When connected to one or more single region fluid nodes, a
lumped capacitance solid can be modeled with a single
temperature. If the solid is in contact with a stratified fluid
node, however, two separate temperatures are maintained, one in
contact with the liquid region and one in contact with the vapor
region of the fluid node. TOMCAT does not model any heat
conduction between these regions. However, if the liquid/vapor
interface elevation changes in the fluid node a corresponding
mass and energy transfer is calculated in the lumped capacitance
solid.

For thick walls or solids with a low thermal conductivity,
the time required for the stored energy to be transferred to a
fluid node nay be very long. To compute this accurately
requires a solution of the conduction partial differential
equation. TOMCAT includes a one dimensional equation used in
its fuel rod, pipe wall and slab models. The solution technique
transforms the partial differential equation into a series of
ordinary differential equations using Galerkin's methodt*J
with piecewise polynomials as the approximating functions.
Although this method is efficient, it requires substantially
more computing effort than the lumped capcitance model.

The conduction from a solid to a fluid requires a heat
transfer coefficient. TOMCAT has one or more correlations for
each of the following heat transfer regimes; natural convection,
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forced convection, nucleate boiling, critical heat flux and film
or transition boiling. In addition, the user nay provide a
correlation for any of these heat transfer regimes.

CORE HEUTRONICS MODEL

TOMCAT uses a point kinetics model to compute the neutron
flux and the corresponding heat generation rate of the core of a
nuclear reactor. The model allows the user to define from 1 to
6 delayed neutron precursor groups. Reactivity feedback is
modeled along with decay heat from as many as 11 fission
products.

PUMP MODEL

TOMCAT models as many as 10 centrifugal pumps
simultaneously. The TOMCAT pump model uses full four quadrant
homologous curves for head and torque. The model includes a
calculation of pump speed during coastdown based upon the
torque, windage and friction.

CONTROL SYSTEM MODELS

Control systems are contracted from a library of controller
elements which includes PID, lag, lead/lag, rate/lag and delay
components. In addition to these a variety of summers,
multipliers and other non-linear components are provided. These
components are general enough to model most of the control
systems in use. At the same time, they are easy to use.

To construct a control system model, a block diagram of the
system is needed. Usually, each block on the diagram
corresponds to one element in the TOMCAT library. The
controllers are then numbered starting from the inputs and
proceeding to the outputs. System parameters (e.g. temperature,
pressure, level) are input by variable name. The output of the
control system is likewise routed back to a system parameter
(e.g. flow rate, heat flux) by variable name. Any number of
control elements can be chained together.

Because of their generality, control elements can be used
to construct eiaple component models without writing additional
code. Some custom models which can be constructed this way are
reactivity feedback, interfacial heat and mass transfer, pumps,
valves, and drift flux. In addition, the elements can be used
to monitor parameters not computed internally such as average
temperatures or total mass inventory.

POST PROCESSING

TOMCAT writes the values of user selected variables to a
file for post-processing. Provided with TOMCAT is an
interactive plotting package which uses the same virtual device
interfaces as the run-time graphics. This allows any PC
graphics display and most dot matrix printers and plotters to be



-669-

used with the package. The post processer allows multiple plots
of any variables against tine or against another variable. The
user can set the scales or Jet the program use the defaults. In
addition, the user can enter headings and titles. After the
plot appears on the PC's display, it can be plotted on paper
using the maximum resolution of a dot matrix printer or a pen
plotter. If desired, the data just plotted can also be printed
as a table.

TOMCAT creates the file using an unformatted FORTRAN
write. Other post processors can be written easily to use this
data. As examples, files from two analyses can be merged to
compare results, maxima and minima can be searched for, or
graphics animations of the transient can be driven.

TOMCAT NUMERICS

All of the conservation equations for the fluids and heat
transfer along with the control elements requiring integration
are transformed into ordinary differential equations. The
resulting system of equations is integrated every timestep using
a predictor-corrector method developed at Westinghouse which
allows continously varying time steps. Accompanying this is a
three part time step controller.

The three parts of the time step controller check for
discontinuities, stability and accuracy of integration. The
discontinuity check searches for the evacuation of all fluid
from a region of a stratified fluid node, a fluid changing phase
or a liquid/vapor interface elevation crossing a flow link. If
any of these have occured within the timestep just completed,
TOMCAT interpolates back to the time of the discontinuity and
resumes its calculations from there. The stability test sets
the maximum timestep to the Courant limit. The accuracy test
compares the difference between the predicted and corrected
integrals and defines the new timestep using this.

This integration technique is very accurate and stable up
to the Units defined above. By allowing the timestep to vary
continously, TOMCAT is not hampered the halving and doubling
techniques commonly used. Instead, it always runs at the
maximum tiaestep.

Since predictor-corrector methods require several timesteps
of data, TOMCAT uses a fourth order Runge-Kutta method as a
starter. This method is applied for three steps at the
beginning of a transient and is again used any time a
discontinuity is detected.

TOMCAT PERFORMANCE

Because TOMCAT is general and contains many options,
performance is difficult to quantify. Some qualitative
discussion is possible, however. The timestep size is Courant
limited in TOMCAT so a detailed model will run more slowly than
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a coarse model both because of the added detail and because of
the restrictions on the timestep. A detailed two loop RCS model
using approximately 50 nodes (primary and secondary) permits a
maximum timestep of around 0.08 seconds. This model executes on
an IBM PC-XT about 30 or 40 times slower than real time. A
coarse model of the same plant uses 12 nodes and runs with a
maximum timestep of .4 seconds. It executes about 2 or 3 times
slower than real time on the same PC-XT. Using an IBM PC-AT
with a fast (8 Mhz) math co-processor, the coarse model
approaches real time.

The decision about whether to use a coarse or a detailed
model depends upon the application. For training, the second
model is desirable because speed is more important than high
accuracy. For an analysis requiring a detailed system response,
the detailed model is better.

TOMCAT VERIFICATION

TOMCAT is being verified in a two stage program. The first
stage requires testing of the individual models in TOMCAT. This
is scheduled to be completed in August, 1986. The second stage
requires running full reactor coolant system transients and
comparing the results against plant data and other computer
codes. This work, begun in July, is scheduled to be completed
in December, 1986.

The component test series consists of transients simple
enough to have analytical solutions. Typical problems are
manometer oscillations, natural circulation in a single loop,
step change inputs to controller elements, and step changes in
surface temperature of lumped capacitance and conduction models.

The full plant transient tests include both operational
transients and accident analyses. Whenever plant data is
available, the comparison will be made directly against it. If
not available, the results will be compared with NOTRUMP and
TREAT analyses.

TOMCAT RESULTS

This section discusses the results of two transients run
using TOMCAT. Th« first is ons simple result from the component
verification tests. The second set of results shows the reponse
of a typical Hesinghouse designed two loop plant during a 4 inch
LOCA. This is a preliminary run from the full system
verification and is included to show the two phase capabilities
of the code.

The first test is a manometer modeled as two stratified
fluid nodes connected at the top and bottom by frictionless flo
links. The model is initialized with unequal fluid elevations
causing an imbalance in the gravitaional head in the link
momentum equations. Because there is no friction, the fluids
should oscillate from one node to the other without damping.
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This is a test of the momentum equations and the Westinghouse
predictor-corrector integrator. As seen in figure 1, the fluid
elevation does oscillate without appreciable damping.

The second test is a 4 inch LOCA starting from full power
in a two loop plant. The RCS primary model uses 33 fluid nodes
and each steam generator uses 7 nodes for a total of 47 nodes.
The following nodes are stratified: pressurizer, upper head,
steam dome, and steam generator downcomer. Control systems for
pressurizer pressure, feedwater flow, and control rods were
modeled. The model was brought to full power from hot standby
steady state to create the initial conditions for the transient.

This transient was run to demonstrate TOMCAT'S ability to
model a severe two phase flow transient. The following modeling
decisions were made. A break flow link using the Zaloudek^J
correlation for subcooled flow and the Moody*6! correlation
for saturated flow was installed on one cold leg to begin the
LOCA transient. To hasten core uncovery the safety injection
system was turned off. Since the accumulators were not modeled,
the transient was terminated when the pressure fell to the
accumulator setpoint, 800 psia. Decay heat was modeled without
the Appendix K multiplier.

The RCS depressurization (figure 2) proceeded for 16
seconds until the pressure reached 1800 psia. At this point,
the reactor, turbine and pumps were tripped. At 32 seconds, the
core exit reached saturation (figure 3). Shortly after this,
the rate of depressurization began to decrease. At 107 seconds,
the cold leg in the break loop reached saturation (figure 4).
This is accompanied by a decrease in the break flow rate (figure
5). From 170 to 370 seconds, the RCS pressure rose. During
this period, heat passed from the steam generators into the
primary. Along with the decay heat (about 3%) this caused the
primary to void faster than volume was lost through the break.
At 600 seconds, the core started to uncover and the core exit
quality reached 1. At 650 seconds, the RCS pressure reached the
accumulator set point and the transient was stopped.

STATUS OF TOMCAT DEVELOPMENT

The TOMCAT development program is nearing completion. All
of the major models have been completed, installed in the code,
and tested. Portions of the input editor have been written with
the remaining protions scheduled to be complete in September,
1986. The graphics posprocessor is complete. The run-time
graphics displays are complete, however, the RCS display is
being revised. The revision is scheduled to be complete in
September, 1986. The verification against plant data and
against other computer codes began in July, 1986 and is
scheduled for completion in December, 1986.
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CONCLUSION

TOMCAT has many training and engineering applications for
nuclear power plant operational and accident transients. In
addition, the general nature of the code makes it useful for the
analysis of various thermal-hydraulic subsystems. Many of the
modules in TOMCAT can be replaced by the user if special
controllers, correlations, or components are needed.

TOMCAT is unique among the codes commercially available
because it runs interactively on a micro computer but has many
features found only in larger computer codes. It offers
complete two-phase flow, comprehensive control systems, heat
tranfer and conduction equations, component models, and point
kinetics neutronics. The code is currenly being validated
against data from play transients and results from the TREAT and
NOTRUMP operational and safety analysis codes.
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FIGURE 1. LIQUID OSCILLATIONS MANOMETER TEST
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FIGURE 2. RCS SYSTEM PRESSURE 4 INCH LOCA WITHOUT SI
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FIGURE 3. CORE EXIT QUALITY 4 INCH LOCA WITHOUT SI
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FIGURE 5. BREAK FLOW 4 INCH LOCA WITHOUT SI
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ABSTRACT

Current efforts are underway to develop and evaluate numeri-
cal algorithms for the parallel solution of the large sparse
matrix equations associated with the finite difference represen-
tation of the macroscopic Navier-Stokes equations. Our work has
concentrated on the one-dimensional drift flux form of the
Navier-Stokes equations. Direct and iterative algorithms that
may be suitable for implementation on parallel computer architec-
tures are evaluated in terms of accuracy and overall execution
speed. This work has application to engineering and training
simulators, on-line process control systems, and engineering work
stations where increased computational speeds are required.
Results from a drift flux code run on a large supercomputer
indicate that faster than real time simulations are possible with
several of the algorithms being considered, however, the direct
algorithms have provided the fastest and most accurate results.
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INTRODUCTION

Current codes used for best estimate reactor thermal-
hydraulic analysis such as TRAC and RELAP require long run times
on large mainframe computers. The run times for these codes have
been reduced using vectorized versions on supercomputers and
parallelized versions on multi-CPU machines(1,2,3). The previous
efforts have dealt with modifying the present algorithms to run
on the new architectures rather than developing new specialized
algorithms. The numerical solution of equations governing heat
transfer and fluid flow in reactor systems involves the solution
of large sparse matrix equations. This work involves the devel-
opment and evaluation of algorithms to solve these large sparse
matrix equations on parallel and vector machines, with the
objective of being able to obtain real time reactor system fluid
flow simulations on moderately priced computer systems.

A four equation drift flux code named FLOC has been written
to generate matrix equations of the form commonly encountered in
current reactor systems codes. FLOC has been used to evaluate a
number of direct and iterative matrix solution techniques on
scalar and vector machines. In addition, initial estimates of
the multi-CPU speed up potentials have been made using a CRAY
X-MP. While this work was carried out on a large supercomputer,
the algorithms which have been considered can also be used on
smaller system containing vector pipelines and/or multiple CPUs
such as engineering workstations with attached array processors.

HYDRODYNAMIC MODEL

The four equation drift flux model used in FLOC consists of a
mixture continuity equation, a mixture internal energy equation,
a mixture momentum equation, and the drift flux equation. The
four equation model requires that in two phase regions both
phases be at equilibrium. To complete the system of equations a
constitutive relation for two phase friction multiplier and an
equation of state are required. The two phase friction multi-
plier correlation includes fluid properties such as viscosity and
surface tension requiring additional equations of state.

The basic set of one dimensional partial differential equa-
tions is:

Mixture Continuity Equation

d£. + 2__Cpv> = O (1)
at dx

Mixture Internal Energy Equation

a <PU) + a (PUV) * - P a_i - a < P . P - ( U - - LU> IP> + qw (2)
at ax ax ax P
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Mixture Momentum Equation (conservative form)

+pg (3)

Mixture Momentum Equation (non-conservative form)

(i 3v + pv 3v = -aP - T^P M - 31 ( P I P J 1 in | + pg
3t 3x dx 1

Equation of State

(4)

(5)

These equations are dlscretlzed on a staggered spatial mesh
such that thermodynamic properties (density, pressure, etc.) are
defined at the center of computational cells while velocities are
defined at cell boundaries. This is accomplished by integrating
the continuity and energy equations over the volume bounded by
i-% and i+tt, while the momentum equation (non-conservative form)
is integrated over the volume bounded by 1-1 and i as illustrated
in Figure 1. The values of p, u, v, and other fluid properties
are averaged over the cross sectional flow area of the channel.

f
• i - 1
1
•

1
• i
1
•

1
• i+1
1
•

i-Ji

FIGURE 1 Spatial Mesh Used For Integrating The Fluid Equations

A semi-implicit time advancement is chosen such that the
discretized equations are linear in the new time step variables.
Velocities In the convectlve terms are evaluated at the new time
step, while the convected property is evaluated at the past time
step. Donor cell averages are used to obtain the fluid proper-
ties at the nodal interfaces and the iv/dx term is evaluated
using an upwind difference.

The resulting set of spatially and temporally discretized
equations are:

Continuity Equation

(ff. - (p - <p = O (6)
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Internal Energy Equation

V* (pu. - PU» ) + (pu A)*«ixa Vi,.i/2 - Cpu
At

(7)

Momentum Equation

At

" * (8)

I P ouot. [«

p a»<x« [*•*

g sin0 + A &Ppu^>

Sta te Equation

* P» + <P* - P»> 2£.| • <PU* ~ P"*' ££. I (9)

The drift flux is found using the Zuber-Findlay Correlation!4)
in the two phase flow regions. The wall shear term is treated by
using the Blasius formulation of the friction factor. In two
phase flow regions, the Blasius factor is multiplied by a two
phase multiplier obtained from the Baroczy correlation!5).

These equations and correlations form a complete system of
equations with the principle unknowns being p, u, v, and P for
each node in the fluid system model. So, for a model consisting
of N nodes this would yield a system of linear equations with 4N
unknowns and 4N equations. To improve the structure of the
resulting matrix equation, it is desirable to reduce the number
of principle unknowns per node from four to one by algebraic
manipulations prior to attempting to solve the system. This
reduction is accomplished by eliminating density, internal
energy, and velocity in favor of pressure in the set of equa-
tions, yielding a linear system of equations that can be solved
for the spatial pressure distribution. The remaining variables
are obtained by backsubstltution. This time advancement scheme
is similar to that used in the RELAP series of codes(6) and provides
the basis for more fully implicit time advancement schemes such
as the Stability Enhancing Two step (SETS) method(7).

The semi-implicit linearization of the set of equations
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yields a system that is numerically stable for timesteps smaller
than the Courant limit. The Courant limit is the smallest
material transport time for any node. The system may be numeri-
cally unstable for tlmestep sizes larger than the Courant limit,
and difficulties also arise at very small timesteps, where the
equations become hyperbolic and again unstable.

Automatic tlmestep control Is achieved in FLOC by testing the
current tlmestep size against the Courant limit and the density
truncation error against the density truncation limit at the end
of a timestep. If either of these limits Is violated, the
timestep size is halved and the timestep repeated. If the
current tlmestep size is well below the Courant limit and the
density truncation error is well below the density truncation
limit, then the timestep size is doubled for the next tlmestep.

The density truncation error is meant to be an indication of
how well the state equation linearization is predicting the
values which would be obtained using the full state equation
polynomial expression. Density truncation error is estimated for
each node by taking the relative difference between the density
found from solving the system of equations and the density
calculated using the full state equation with the current pres-
sure and internal energy. Note that this method for estimating
the density truncation error allows for errors other than linear-
ization errors to affect the size of the "density truncation"
error. For example, if an approximate method is used to solve
the system of equations, then the error present due to the
Imprecision in the system solution will Increase the value
determined for the density truncation error.

MATRIX STRUCTURE

The structure of the matrix resulting from the discretization
used in FLOC is primarily tridiagonal with the possibility of a
few additional non-zero elements. To see the origin of this
structure, recall that In general the set of equations can be
expressed as:

b» P»_i • a» P* • c» Pi*. * s« for 1=1 to N (10)

Now, consider the result of applying these equations to some
simple geometries. Figure 2 shows an open channel with five
nodes.

1 • I 2 • 3 - 4 - I 5 *• I '• 1
FIGURE 2 Sample Open Channel Nodalization

The matrix structure for this problem would be simply tri-
diagonal 'naturally, this problem would require that boundary
conditions be specified at each end of the channel). The matrix
equation would be:
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a
b

c
a c
b a c

b a
b

c
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• 1

p
p
p
p
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m i

S
S
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s
s

(11)

Now, consider the closed loop geometry shown in figure 3. in
this geometry no boundary conditions are required since every
node's immediate neighbors are present within the system.

a
6

1 •

• 5

=> 1

1

2 •

4

3
•

FIGURE 3 Sample Closed Loop Geometry

Closing the loop adds complexity to the matrix equation In
that the first and last nodes are coupled. This coupling results
In a matrix equation of the form:

a c
b a c

b a
b

c
a
b

c
a
b

c
a

p
p
p
p
p
p

* •

S
S
S

S

s
s

• *

(12)

Another common source of complexity is a branch or tee in the
loop. A simple system containing a branch is shown In figure 4.

1 • 2 • 3 • 4 • 5 •

FIGURE 4 Sample System Containing a Branch Node
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Agaln, as In the matrix resulting from the simple closed
loop, the matrix structure for a single branch node introduces
two additional coupling elements Into the coefficient matrix:

a
b

c
a c
b a

b
c
a c
b a c

a

p
p
p
p
p
p

=

s
s
s
s
s
s

(13)

Note that whereas the additional elements in the simple
closed loop appeared in the corners (and always do in general),
the extra coupling elements in the case of a branch may appear
anywhere within the coefficient matrix. Note also that while the
coefficient matrix will always be geometrically symmetrical, it
will not necessarily be numerically symmetrical since the corre-
sponding elements will not in general be equal.

RESULTS

A nodalization was developed to model Duke Power Company's
McGuire Nuclear Station. McGuire is a Westinghouse four loop PWR
rated at 3411 MW*. As is common practice, three of the loops
were collapsed into one in the model, with the loop containing
the surge line being modeled alone. The nodalization used is
shown in Figure 5A. This nodalization yielded a 68 x 68 coeffi-
cient matrix with 16 non-zero elements not in the tridiagonal
portion of the matrix as shown in Figure 5B. The nodalization
also contained three boundary condition nodes to represent the
pressurizer relief line and charging/letdown lines in each loop.

Two transients have been run to observe the behavior of
various matrix solution algorithms in single and two phase flow
regions. For single phase flow a pump startup transient was run
using a step function pump head curve. The pump head was set at
zero for 0.5 seconds at which time It was Increased to the full
flow value. This transient was run for 10 seconds at which time
the system had approximately reached steady state conditions. For
two phase flow a pressurizer heatup transient was used. The
boundary conditions on the chazging/letdown lines were set to
constant pressure conditions and heat was added to the pressur-
izer at the full heater output rate. The Internal energy of the
uppermost node was set to nearly saturation value initially so
that boiling w>"Td begin almost immediately. This transient was
run for 300 secoads.

Initially, the algorithms were evaluated on a serial computer
to observe basic algorithm performance. Table 1 shows the
results obtained from running the pump startup transient on a VAX
11/750. The direct algorithms tested on serial machines were
Gauss elimination and the T-R algorlthm(8) while the iterative algo-
rithms were point SOR and block Iterative T-R. Fixed and vari-
able timestep sizes were used to gain information concerning
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FIGURE 5A FLOC Nodallzatlon used to Model HcGulre Nuclear
Station
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-687-

TABLE 1 CPU Tirae3 for 10 second Pump Startup Transient Run on a
VAX 11/750

METHOD TIMESTEP DELTA P
SIZE

DEN TRUN CPU TIME CPU TIME DEN TRUN
LIMIT TOTAL MATRIX AVE

T-R
SOR
SOR
SOR
SOR
TRB
TRB
TRB

T-R
SOR
SOR
SOR
SOR
TRB
TRB
TRB
TRB

T-R
SOR
SOR
SOR
SOR
TRB

T-R
SOR
SOR
SOR

T-R
SOR
SOR
SOR
SOR
SOR

0
0
0
0

0
0
0
0
0
0

0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05

0.10
0.10
0.10
0.10
0.10
0.10

.01-0.10

.01-0.10

.01-0.10

.01-0.10

.01-0.10

.01-0.10

.01-0.10

.01-0.10

.01-0.10

.01-0.10

__

1E-6
1E-5
IE-4
1E-3
IE-6
1E-5
IE-4

1E-6
1E-5
1E-4
1E-3
IE-7
1E-6
1E-5
1E-4

__
1E-6
IE-5
1E-4
1E-3
1E-6

_ —
1E-6
IE-5
IE-4

— —
1E-8
1E-7
1E-6
1E-5
IE-4

—
—
—
—
—
—
—

—
—
—
--
—
—
—
--

__
--
--
—
—
—

1E-4
1E-4
IE-4
1E-4

IE-3
1E-3
IE-3
IE-3
IE-3
1E-3

2311
1951
1863
1902
1868
1994
1900
1970

463
474
390
381
**
495
440
399
380

235
275
203
**
**
230

396
3097
3020
2962

400
2634
1252
2772
3070
3006

470
126
38
34
34
151
53
47

92
91
16
12

**
119
62
21
9

46
83
15

**
«*
35

79
154
63
62

79
2317
586
146
62
58

1E-12
1E-03
6E-03
7E-03
9E-03
2E-03
1E-02
2E-02

5E-13
6E-03
4E-02
1E-01
**

2E-03
3E-03
5E-02
3E-01

1E-12
1E-02
1E-01
**
**

6E-03

1E-12
6E-04
2E-03
2E-03

1E-12
2E-04
8E-04
2E-03
3E-03
3E-03

** Stopped during execution due to accumulated error

T-R Trldlagonal-Remalnder
SOR Successive Over Relaxation (w=1.0)
TRB TR Block Iterative Algorithm (w=1.0, 4 blocks)

All Times Are Given In Seconds
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solutlon technique performance. For the fixed timestep size
runs, the iterative techniques were faster than the direct
methods for small to moderate timestep sizes but were slower for
large timestep sizes as is shown in figure 6. This is due to the
increased number of iterations required for convergence at the
larger timestep sizes. However, the iterative methods produced
density truncation errors which were several orders of magnitude
larger than the direct methods due to the less accurate spatial
pressure solution obtained from the iterative methods. Of
course, the density truncation error obtained with the iterative
methods can be reduced by using a more restrictive convergence
criteria, however, doing this results in large increases in CPU
time with fixed timestep size runs as is shown in figure 7. The
TR block iterative method (TRB) was found to out perform the
point SOR method at larger timestep sizes due to its Increased
convergence rate and better error characteristics.

Fixed timestep size runs are of little practical Interest. To
make the best use of the computer resources available, one wishes
to run at the largest timestep size possible which will yield
results that are within acceptable error tolerances. Note in
table 1 that the variable timestep size direct cases ran slightly
slower than the largest fixed timestep size case. This increase
in time was because the Courant limit was violated in the fixed
timestep size case, whereas the variable timestep size case
reduced the timestep size to remain under the Courant limit. The
most interesting point in the variable timestep size runs is that
for a fixed density truncation limit there is an optimum pressure
convergence criteria. As can be seen in figure 8, the density
truncation error is reduced as the pressure convergence criteria
is restricted allowing the timestep size to be Increased and the
CPU time reduced. Eventually, the benefit gained from the lower
truncation errors (and corresponding larger timestep sizes) is
overcome by the cost of the additional Iterations necessary to
reach the convergence criteria and the CPU times again begin to
increase. Note that even using the optimum value of the conver-
gence criteria for SOR, the T-R algorithm provides a faster and
more accurate solution.
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FIGURE 6 CPU Time Required to Solve Matrix for Fixed
Timestep Size with T-R and SOR («P=lE-6 for SOR)
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FIGURE 7 Effect of Restricting Convergence Criteria for SOR with
Fixed Timestep Size (*t=0.01 sec)
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FIGURE 8 Effect of Restricting Convergence Criteria for SOR with
Variable Timestep Size (Den Trun Lim = 1E-3)

Table 2 shows the results from the pressurizer heatup tran-
sient run on a microVAX II. Observe that the algorithm behavior
is Identical to that noted for the pump startup transient. Again
the iterative method (SOR) produced large density truncation
errors and was therefore limited to small timestep sizes. Also
note that for this transient fairly tight pressure convergence
tolerances were required in order for SOR to complete the tran-
sient. In addition, fairly restrictive density truncation limits
had to be imposed to obtain a solution out to 300 seconds of
model time using SOR.

From the results in tables 1 and 2 it is obvious that the
direct algorithms are the preferred solution technique for use on
serial machines. Despite requiring longer to solve a single
matrix equation, the accuracy provided by the direct methods
allows for much larger timestep sizes (up to the Courant limit)
resulting in shorter run times. The direct method of choice is
the T-R algorithm which also possesses some readily apparent
parallellzatlon potential. However, iterative methods were still
considered for vector and parallel applications since it was felt
that they may possess superior attributes for vectorization and
parallelization. In particular, red/black ordered point SOR
lends itself very effectively to vectorization and paralleliza-
tion and the block iterative T-R method also provides obvious
parallelization potential.
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TABLE 2 CPU Times Solutions for Pressurizer
Run on

METHOD TIMESTEP

T-R
SOR

T-R
SOR
SOR
SOR
SOR
SOR

T-R
GAUSS
SOR
SOR
SOR
SOR
SOR

SIZE

0.01-0.10
0.01-0.10

0.005-0.10
0.005-0.10
0.005-0.10
0.005-0.10
0.005-0.10
0.005-0.10

0.005-0.10
0.005-0.10
0.005-0.10
0.005-0.10
0.005-0.10
0.005-0.10
0.005-0.10

a microVAX II

DELTA P

1E-6

1E-6
1E-7
IE-8
1E-9
1E-10

--
IE-5
1E-6
IE-7
1E-8
1E-9

DEN TRU:,'
LIMIT

1E-4
IE- 4

1E-4
1E-4
1E-4
1E-4
1E-4
1E-4

1E-5
1E-5
1E-5
1E-5
1E-5
1E-5
1E-5

CPU TIME
TOTAL

4524
**

4519
**
76884
85585
15600
46521

4519
5548
**

71412
72084
79116
98217

Heatup Transient

CPU TIME
MATRIX

1010
**

1010
**
3187

11918
9767

42816

1010
2033
**
1501
2174
9473
28405

DEN TRUN
AVE

8E-08
**

8E-08
**

7E-05
1E-05
7E-05
5E-06

8E-08
8E-08
**

4E-04
1E-04
IE-OS
1E-05

** Stopped during execution due to accumulated error

T-R Tridiagonal-Remainder
Gauss Gaussian Elimination
SOR Successive Over Relaxation (w=1.0)

All Times Are Given In Seconds
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The same two fluid transients (pump startup and pressurlzer
heatup) were run on a single CPU of a CRAY X-MP/48 to determine
FLOC's performance on a vector machine. Vectorization results
are reported as vector speedup factors where the speedup factors
are defined as either the vector speed divided by the scalar
speed or as the scalar CPU time divided by the vector CPU time.
The vector and scalar speeds were obtained using a software
performance package available on the CRAY. The performance
package reports execution speeds in million floating point
operations per second (MFLOP) for each subroutine and for the
entire code.

When FLOC was first transported to the CRAY, it ran at just
over four MFLOPs and reguired more than 25 seconds of CPU time to
complete the 10 second pump startup transient. At the current
level of vectorization FLOC runs at over 23 MFLOPs using the T-R
algorithm executing the pump startup transient. Some additional
vector speedup may be possible using more complicated restructur-
ing, however, further significant increases in speed are not
expected. A point to note in considering the vector speedup
factors is that the factors based on execution speed are larger
than the corresponding factors based or CPU time used. This
difference is because the code running with vectorization
requires more floating point operations than the scalar code.

Table 3 show3 the results from running the pump startup
transient on the CRAY using the vectorizing compiler after FLOC
had been modified to enhance vectorization. Red/Black ordered
point SOR (denoted RBP) as expected outperformed the normal
ordered SOR using the vector compiler. Table 4 gives the scalar
run times corresponding those in table 3 and Table 5 shows the
vector speedup factors based on CPU time for the pump startup
transient. Table 5 also shows the average number of iterations
required by the iterative methods to obtain a converged pressure
solution. Figures 9 and 10 demonstrate that RBP behaves simi-
larly to the serial SOR results shown in figure 8. Restricting
the convergence criteria reduces the density truncation error
resulting in larger timestep sizes in variable timestep size
runs. However, even running at the optimum value of the conver-
gence criteria the iterative methods can not compete with the
direct methods. In fact, the gap between the direct and itera-
tive methods was widened by vectorizing the code since the direct
methods show a speedup factor of better than three while the best
iterative method (RBP) has a speedup of only a little better than
two.

Note in table 3 that the 10 second pump startup transient can
be run in 7/10 of a second using the T-R algorithm and a single
CRAY X-MP CPU. Assuming a speedup factor of 1.5 for paralleliz-
ing FLOC on two CPUs, this transient could be run in under 1/2
second. Thus It may be possible to obtain real time transient
fluid simulations on a two CPU machine 20 times slower than the
CRAY X-MP.

The iterative methods may still prove to be useful for
parallelization. Preliminary results from parallelizing the T-R
algorithm on the CRAY X-MP indicate that the tasks being run in
parallel must be fairly large to achieve reasonable speedup
factors. The portions of the iterative algorithms which can be
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TABLE 3 vector CPU Times solutions for 10 sec Pump startup
Run on CRAY X-MP

METHOD

T-R
GAUSS

SOR
SOR
SOR
SOR
SOR

RBP
RBP
RBP
RBP
RBP

T-R
GAUSS

SOR
SOR
SOR
SOR
SOR

RBP
RBP
RBP
RBP
RBP

0
0

0
0
0
0
0

0
0
0
0
0

TIMESTEP
SIZE

0.01
0.01

0.01
0.01
0.01
0.01
0.01

0.01
0.01
0.01
0.01
0.01

.01-0.10

.01-0.10

.01-0.10

.01-0.10

.01-0.10

.01-0.10

.01-0.10

.01-0.10

.01-0.10

.01-0.10

.01-0.10

.01-0.10

DELTA P

—

1E-04
IE-05
1E-06
1E-07
1E-08

1E-04
1E-05
1E-06
1E-07
1E-08

__

—

1E-04
1E-05
1E-06
IE-07
1E-08

1E-04
1E-05
1E-06
1E-07
IE-08

DEN TRUN
LIMIT

„

—

—

- -

—

—

—

—

—

—

1E-02
1E-02

1E-02
1E-02
1E-02
1E-02
1E-02

IE-02
1E-02
1E-02
1E-02
1E-02

CPU TIME
TOTAL

3
5

2
2
3
6

20

2
2
3
4,

11

0.
0.

2.
2.
1.
4.

13.

2.
2.
2.
2.
6.

.8163

.4003

.9139

.9076

.4611

.2536

.0700

.8900

.8428

.1313

.5272

.3337

,7263
.9862

,8964
,5655
8606
,1371
5478

8349
7647
5043
2422
6815

CPU TIME
MATRIX

1
2

0
0
0
3

17

0
0
0
1,
8,

0.
0.

0.
0.
0.
3.

13.

0.
0.
0.
1.
6.

.1626

.6914

.2078

.2250

.7693

.5552

.3609

.1420

.1487

.4171

.8155

.6335

,2009
.4562

,2172
,2543
7306
6047
0141

1416
1599
4266
7181
1523

DEN TR
AVE

1E-10
2E-09

7E-03
6E-03
1E-03
2E-04
1E-04

1E-02
1E-02
2E-03
4E-04
1E-04

1E-09
1E-08

1E-02
1E-02
1E-02
5E-04
2E-04

2E-02
2E-02
1E-02
6E-04
3E-04

T-R Tridiagonal-Remainder
SOR Normal ordered point SOR
RBP Red/Black ordered point SOR

All Times Are Given In Seconds
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TABLE 4 Scalar CPU Times Solutions for 10 sec Pump Startup
Run on CRAY X-MP

METHOD

T-R
GAUSS

SOR
SOR
SOR
SOR
SOR

RBP
RBP
RBP
RBP
RBP

T-R
GAUSS

SOR
SOR
SOR
SOR
SOR

RBP
RBP
RBP
RBP
RBP

0
0

0
0
0
0
0

0
0
0
0
0

TIMESTEP
SIZE

0.01
0.01

0.01
0.01
0.01
0.01
0.01

0.01
0.01
0.01
0.01
0.01

.01-0.10

.01-0.10

.01-0.10

.01-0.10

.01-0.10

.01-0.10

.01-0.10

.01-0.10

.01-0.10

.01-0.10

.01-0.10

.01-0.10

DELTA P

—

1E-04
1E-05
1E-06
1E-07
1E-08

1E-04
1E-05
IE-06
1E-07
1E-08

—

1E-04
1E-05
1E-06
1E-07
1E-08

1E-04
1E-05
IE-06
1E-07
1E-08

DEN TRUN
LIMIT

__

—

—
--
—
—

—
—
—
—

1E-02
1E-02

1E-02
1E-02
1E-02
1E-02
1E-02

1E-02
1E-02
1E-02
1E-02
1E-02

CPU TIME
TOTAL

11.2683
15.8510

7.6652
7.7133
8.3764

11.1523
25.1685

7.9108
7.8530
8.2977

10.8287
22.7782

2.0060
2.8097

7.7238
6.7239
3.8322
4.9975

14.4438

7.7808
7.5754
6.4953
4.4856

12.3058

CPU TIME
MATRIX

3.8246
8.4284

0.2485
0.2680
0.8256
3.6426

17.6407

0.2994
0.3134
0.7855
3.2602

15.3099

0.6556
1.4497

0.2610
0.2922
0.7588
3.6479

13.0960

0.2986
0.3292
0.7861
3.1242

10.9531

DEN TRUN
AVE

9E-11
2E-09

7E-03
6E-03
1E-03
2E-04
1E-04

1E-02
1E-02
2E-03
4E-04
1E-04

1E-09
IE-08

1E-02
1E-02
1E-02
5E-04
2E-04

2E-02
2E-02
1E-02
8E-04
3E-04

T-R Tridiagonal-Remainder
SOR Normal ordered point SOR
RBP Red/Black ordered point SOR

All Times Are Given In Seconds
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TABLE 5 Vector/Scalar Speed up Factors for 10 sec Pump startup
Run on CRAY x-MP

METHOD

T-R
GAUSS

SOR
SOR
SOR
SOR
SOR

RBP
RBP
RBP
RBP
RBP

T-R
GAUSS

SOR
SOR
SOR
SOR
SOR

RBP
RBP
RBP
RBP
RBP

0
0

0
0
0
0
0

0
0
0
0
0

TIMESTEP
SIZE

C.Ol
0.01

0.01
0.01
0.01
0.01
0.01

0.01
0.01
0.01
0.01
0.01

.01-0.10

.01-0.10

.01-0.10

.01-0.10

.01-0.10
,01-0,10
.01-0.10

.01-0.10

.01-0.10

.01-0.10

.01-0.10

.01-0.10

DELTA P

—

1E-04
IE-05
1E-06
1E-07
1E-O8

1E-04
1E-05
IE-06
1E-07
IE-08

__
—

1E-04
1E-05
1E-06
1E-07
1E-08

IE-04
1E-05
IE-06
1E-07
IE-08

DEN TRUN
LIMIT

__

—

—
—
—
—

—
—
—
—

1E-02
1E-02

1E-02
1E-02
1E-02
IE-02
1E-02

1E-02
1E-02
1E-02
1E-02
IE-02

ts/tv
TOTAL

2.
2.

2.
2.
2.
1.
1.

2.
2.
2.
2.
2.

2.
2.

2.
2.
2.
1.
1.

2.
2.
2.
2.
1.

,95
.94

63
.65
42
.78
25

74
76
65
39
01

76
85

67
62
06
21
07

74
74
59
00
84

MATRIX

3.29
3.13

1.20
1.19
1.07
1.02
1.02

2.11
2.11
1.88
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parallellzed contain more computational work than che parallellz-
able sections of the direct methods. Therefore, the Iterative
algorithms may have a chance at gaining a big enough speedup
factor to overcome the large number of iterations required to
yield small density truncation errors.

CONCLUSIONS

The T-R method has consistently outperformed the other
algorithms considered over a range of fluid flow conditions using
automatic timestep size control based on Courant limit and
density truncation error. In the vectorized version of FLOC, the
direct methods (Gaussian Elimination and T-R) produced vector
speedup factors of greater than three while the best iterative
method (Red/Black point SOR) had a speedup factor of only two.
If the density truncation error is allowed to control the times-
tep size, the direct methods are clearly preferable for serial
and vector machines. This Is not an overly restrictive require-
ment as some level of density truncation error control is neces-
sary to prevent failure of the solution, some Iterative algo-
rithm may still prove to be of use for parallel machine applica-
tions, however, since the iterative methods yield larger tasks
which can be run in parallel. Much faster than real time results
have been obtained on the CRAY X-MP, offering the hope that real
time simulations may be possible on more moderately priced
systems such as advanced engineering workstations or control
systems utilizing array processors and/or multiple CPUs using the
T-R algorithm or similar direct methods.
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ABSTRACT
This report summarizes the history, characteristics, and current status

of the TRAC-PF1/MOD1 computer codp. Some recent error corrections
and user-convenience features are described, and several planned user en-
hancements are identified Information is given about services available to
the TRAC user community. A substantial improvement in computational
speed is demonstrated in a section describing comparison of TRAC to an
advanced version of the code. This new version of the code implements
the SETS numerics into the 3-D vessel utilizing vectorization as much as
possible to obtain a code which may run up to 300% faster.

I N T R O D U C T I O N
The Transient Reactor Analysis Code (TRAC) is an advanced best-estimate systems code

for analyzing light water reactor (LWR) accidents. It is being developed at the Los Alamos
National Laboratory under the sponsorship of the Reactor Safety Research Division of the
US Nuclear Regulatory Commission (NRC). A preliminary TRAC version consisting of only
one-dimensional components was completed in December 1976. This version was not released
publicly nor formally documented. However, it was used in the TRAC-Pl development and
formed the basis for the one dimensional component modules. The first publicly released
version was TRAC-Pl. completed in December 1977. It is described in the Los Alamos report
LA-7279-MS (NUREG/CR 0063)

The TRAC-Pl program was designed primarily for the analysis of large-break loss-of-
coolant accidents (LOCAs) in pressurized water reactors (PWRs). Because of its versatility,
however, it can be applied directly to many analyses ranging from blowdowns in simple pipes
to integral LOCA tests in multiloop facilities. A refined version, called TRAC-P1A. was re-
leased to the National Energy Software Center (NESC) in March 1979. It is described in the
Los Alamos report LA-7777-MS (NUREG/CR-0665). Although it still treats the same class

* This work was funded by the US NRC Office of Nuclear Regulatory Research. Division
of Accident Evaluation.

** Consultant. Pennsylvania State University
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of problems. TRAC-P1A is more efficient than TRAC-P1 and incorporates improved hydrody-
namic and heat-transfer models and a three-dimensional vessel component. It also is easier to
implement on various computers. TRAC-PD2 (Refs 1. 2 and 3) contains improved reflood
and heat-transfer models and improvements in the numerical-solution methods. Although a
large LOCA code, it has been applied successfully to small-break problems and to the Three
Mile Island incident.1 '' TRAC-PD2 is documented in LA 8709-MS (WUREG/CR-2054).

TRAC-PF1 (Refs 6. 7. 8) was designed to improve the ability of TRAC-PD2 to han
die small-break LOCAs and other transients TRAC-PF1 has all of the major improvements
of TRAC-PD2 but. in addition, uses a full two-fluid model with stability-enhancing two-step
(SETS) numerics' in the one dimensional components The two-fluid model, in conjunction
with a stratified-flow regime, handles countercurrent flow better than the drift-flux model pre-
viously used. The SETS numerics allow large time steps to be taken for slow transients. A
one-dimensional core component permitted calculations to be made with reduced dimension-
ality, although the three-dimensional vessel option was retained. A noncondensable gas field
was added to both the one-dimensional and three-dimensional hydrodynamics. Significant im-
provements were made to both the control procedure and the input. TRAC-PF1 was publicly
released in July 1981. PF1 and PD2 have been sent out to over 60 organizations worldwide
and are being used for a very wide variety of applications.

TRAC-PF1/MOD1 (Refs. 10 and 11) was designed to provide full balance-of-plant mod-
eling capabilities. This required the addition of a general capability for modeling plant-control
systems. The steam generator model was replaced to allow a wider variety of feedwater con-
nections and better modeling of steam-tube ruptures A special turbine component also has
been added, but new components were not required for adequate modeling of condensers,
heaters, and pumps in the secondary system. The point-reactor kinetics option was improved
with a reactivity-feedback model and a more efficient Kaganove-method solution algorithm.
MODI also contains a number of changes in physical models. The most significant of these
was the condensation model. During condensation, the liquid-side interfacial heat-transfer
coefficient is now sensitive to flow regime and includes a special model for thermally strat-
ified configurations. Wall heat transfer was improved in the condensation and film-boiling
regimes. The motion equations were expanded to include momentum transport from phase
change, and their momentum-flux terms were changed substantially in the three-dimensional
flow equations.

An updated version of TRAC-PF1/MOD1 was released in January 1985. This version
12.1 was released for use in an international assessment effort currently underway. Its improve-
ments include a plenum component, high-pressure thermodynamic properties, and improved
heat-transfer logic. The plenum component allows an arbitrary number of one-dimensional
components to be connected to a single hydrodynamic cell. The high-pressure properties mod-
ule allows calculations above the critical point: however, this feature has not been thoroughly
assessed. One heat-transfer improvement considerably reduces the computational costs of
the model in the post-critical heat flux (CHF) regime.

Later versions of the code have been created with periodic updates addressing code
errors and upward-compatible user enhancements. These versions are issued to external
users through dial-up procedures.
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TRAC CHARACTERISTICS
Some distinguishing characteristics of TRAC-PFi/MODi are summarized below. Within

restrictions imposed by computer run times, attempts were made to incorporate state-of-the-
art technology in two-phase thermal hydraulics.

Variable-Dimensional Fluid Dynamics
A full three-dimensional (r.O.z) flow calculation can be used within the reactor vessel:

the flow within the loop components is treated one dimensionally. This allows an accurate
calculation of the complex multidimensional flow patterns inside the reactor vessel that are
important in determining accident behavior. For example, phenomena such as emergency
core-coolant (ECC) downcomer penetration during blowdown, multidimensional plenum and
core flow effects, and upper plenum pool formation and core penetration during reflood can
be treated directly. However, a one-dimensional vessel model may be constructed that allows
transients to be calculated very quickly because the usual Courant time-step restrictions are
removed by the SETS numerical treatment.

IMonhomogeneous, Nonequilibrium Modeling
A full two-fluid (six-equation) hydrodynamics model describes the steam/water flow,

thereby allowing important phenomena such as countercurrent flow to be treated directly. A
stratified-flow regime has been added to the one-dimensional hydrodynamics. A seventh field
equation (mass balance) describes a noncondensable gas field, and an eighth describes solutes
moving with the liquid.

Flow-Regime-Dependent Constitutive Equation Package
The thermal-hydraulic equations describe the transfer of mass, energy, and momentum

between the steam/water phases and the interaction of these phases with the heat flow
from system structures. Because these interactions are dependent on the flow topology, a
flow-regime-dependent constitutive-equation package has been incorporated into the code.
Although this package undoubtedly will be improved in future code versions, assessment
calculations performed to date indicate that many flow conditions can be handled adequately
with the current package.

Comprehensive Heat-Transfer Capability
The TRAC program incorporates a detailed heat-transfer analysis capability for both

the vessel and the loop components. Included is a two-dimensional (r.z) treatment of fuel-rod
heat conduction with dynamic fine-mesh rezoning to analyze both bottom-flood and falling-film
quench fronts. Heat transfer from the fuel rods and other system structures is calculated using
flow-regime-dependent heat-transfer coefficients obtained from a generalized boiling surface
based on local conditions.

Consistent Analysis of Entire Accident Sequences
An important TRAC feature is its ability to address entire accident sequences, including

computation of initial conditions, with a consistent and continuous calculation. For example,
the code models the blowdown. refill, and reflood phases of a LOCA. This modeling eliminates
the need to perform calculations using different codes to analyze a given accident. In addition,
a steady-state solution capability provides self-consistent initial conditions for subsequent
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transient calculations. If desired, both a steady-state and a transient calculation can be
perform-d in the same run.

Component and Functional Modularity
The TRAC program is modular by component The components in a calculation are

specified through input data: available components allow the user to model virtually any PWR
design or experimental configuration This gives TRAC great versatility in the possible range
of applications. It also allows component modules to be modified, improved, or added without
disturbing the remainder of the code. TRAC component modules currently include accumu
lators. cores pipes, plena, pressurizers. pumps, steam generators, tees, turbines, valves, and
vessels with associated internals (downcomer. lower plenum, core, upper plenum, etc.). Break
and fill components are used to define pressure and coolant flow boundary conditions for the
connected system of TRAC components.

The TRAC program also is modular by function; that is. the major aspects of the cal-
culations are performed in separate modules. For example, the basic one-dimensional hy-
drodynamics solution algorithm, the wall-temperature field solution algorithm, heat-transfer
coefficient selection, and other functions are performed in separate sets of routines that are
accessed by all component modules. This modularity allows the code to be upgraded readily
as improved correlations and experimental information become available.

TRAC CURRENT STATUS
Version 12.1 of TRAC-PF1/MOD1 was released in January 1985 for the purposes of

code assessment. As noted earlier, the principal additions to MODI producing version 12.1
were the addition of a plenum model, high-pressure properties and heat-transfer logic improve-
ments. The plenum model allows the connection of an arbitrary number of one-dimensional
components while assuming no momentum convection through the plenum. Heat sources are
currently not modeled in the plenum component.

High-pressure fluid properties were added to enable the code to calculate above the critical
point and simulate such reactor events as anticipated transients without scram (ATWS). An
extensive check of this capability has not been carried out. Finally, several constitutive package
improvements were made to aid the efficiency of the code. For example, one improvement
to the post-critical heat flux (CHF) heat-transfer logic reduced the run time of the code by
about 10%. Naturally, this improvement is variable and dependent upon the number of rods
and slabs in post-CHF boiling.

Since version 12.1. six additional error-correction/user-convenience update sets have been
generated as of May 1986. These corrections usually have little effect on the code results
except for the infrequent situation in which they arise. The updates in these sets fall into two
categories. The first group encompasses error corrections to logic and models infrequently
activated by the code or users: the second group addresses user-convenience changes dealing
with input or output.

Of the updates in the first group, three are noteworthy. The first update involved a
rewrite of the heat-transfer logic (subroutine HTCOR) in order to aid program understanding
and future vecturization. This produces slightly different answers compared to the old version
when an interface is detected in a cell. This difference arises because of an error correction in
the new HTCOR. The second update restores the calculation of the relative velocity for the
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evaluation of the interfacial heat transfer to that 'ised before the plenum model was introduced
(version 11.5). This lessens the coupling between the hydraulics and irtterfacial heat transfer to
remove some instabilities observed due to the tighter coupling. The third update improves the
interfacial condensation model by limiting its rate of change to those observed experimentally.
This replaces the old method of iogrithrmc-averaging old and new time values, which yields
time-step sue dependent results

Of the updates related to user conveniences, one is especially noteworthy That up-
date provides the capability for multiple-component connections to a single cell in a vessel
component.

TRAC USER COMMUNITY SERVICES
Because of the increasing number of TRAC users, several user-related activities are avail-

able These include trouble shooting' services, newsletters.1-131415 a TRAC User's Guide,
and domestic and international workshops.

These services provided under currently existing AIRC agreements or on a cost-
reimbursable basis for those not covered by these agreements. The contact person concerning
user services is:

Rick Jenks. Safety Code Development
Los Alamos National Laboratory
MS-K555
Los Alamos. NM 87545
505-667-2021 (commercial)
843-2021 (FTS)

The TRAC NEWS newsletter includes general information, coming events. TRAC update
information, assessment summaries, status of TRAC problems, listings of current TRAC-
related literature, and pull-out pages to be inserted in the user's TRAC Code Manual or
TRAC User s Guide.

The TRAC User's Guide was issued in November 1985. The guide is primarily intended for
the first-time or intermediate user. However, some suggestions and tips for the advanced user
are also available in the TRAC newsletter. A new TRAC Manual is scheduled for publication
in July 1986

Currently two TRAC workshops are planned for FY86 or FY87. One of these will be
domestic, the other international. The dates and locations for these have not been set; this
information will be distributed later in the newsletter.

PLANNED CODE IMPROVEMENTS
At the writing of this paper, two code development paths are being followed. One path

implements model improvements. These models include a separator, special counter-current
flooding limiting (CCFL) at tie plates, and post-CHF heat-transfer improvements. A steady-
state initialization option is also being added to constrain the system to known steady-state
conditions (pressure, temperature and mass ffow) using Pt controffers impfemented fay TRAC.
When completed, this path will provide a code which has more assessment and execution
time accumulated on its general numerical procedure since it uses the current code. The other
path implements the SETS numerics9 utilizing vectorized coding into the 3-D vessel in order
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to reduce the code run time Model improvements to MODI are also being implemented in
the new experimental version, called Three-Dimensional Two-Step (3D2S). maintaining their
parallel development. A decision will be made later this year as to which path will yield the
MOD2 version of the code. Results comparing these two codes will be presented in a later
section.

Another significant user enhancement in the new experimental version is a flexible general-
ized heat-structure capability. This capability will enable the user to model arbitrary conduction
paths between any two fluid cells as well as allowing any number of structures to exist in a
fluid cell. Heat-structure geometry is two-dimensional and can be specified as either Cartesian
or cylindrical. Boundary conditions on either boundary of the heat structure include adiabatic.
specified heat-transfer coefficients and sink temperatures, or convective boundary conditions
using the code's own wall heat transfer correlation package. All heat structures may have
power generation and include multiple materials. Axial conduction is included within each
heat structure, and a fine-mesh rezoning capability may be utilized. Generalized heat struc-
tures will allow the user more flexibility in modeling steam generators and will improve the
modeling of conduction pathways in the vessel component.

COMPARISON OF TRAC-PF1/MOD1 TO 3D2S
3D2S. the advanced experimental version of TRAC. runs significantly faster than the

current MODI code. To demonstrate the improved performance with the advanced code,
comparison calculations were made using the H. B. Robinson full-plant model. Both steady-
state and transient calculations were performed. The transient calculation simulated a steam-
generator tube-rupture (SGTR) event.

For the comparison calculations. TRAC-PF1/MOD1 was used with error corrections
through EC12.5. 3D2S has the same modeling features as TRAC plus the 3-D SETS numer-
ics and generalized heat-structures. This implementation of the 3-D SETS method allowed
reprogramming of portions of 3D2S to enable vectorization of the more heavily used parts.

Plant Modeling
Figure 1 shows a diagram of the H. 6. Robinson primary system modeling. The TRAC

full plant deck modeled all three primary loops, the reactor vessel in three dimensions, the
secondary-steam and steam-dump system, and the complete feedwater system extending
from the condenser hotwell to the steam generators. The only change required to produce an
equivalent 3D2S input deck was in the vessel model where rod and slab components, used
to model the reactor core and structural heat transfer in TRAC. were changed to generalized
heat structures.

The reactor system model is very extensive. Approximately 106 components and 621
fluid cells were employed, of which 49 components and 435 fluid cells represented the primary
system. The reactor vessel was modeled with 12 axial levels, two radial rings, and six azimuthal
segments for a total of 144 three-dimensional fluid cells. The control systems included the
pressurizer pressure and level control systems, the steam-generator level control system, and
the cteam-dum, control system. All reactor-safeguard trips were modeled. A point reactor-
kinetics model with reactivity feedback was used to calculate the reactor power. We also used
a best-estimate axial power shape and rod peaking factor.
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Fig. 1. Primary System Overview.

Calculation Results
Steady-state calculations (100 s) were performed to establish uniform initial conditions

for the subsequent SGTR transient calculations. Figure 2 depicts TRAC and 3D2S steady-
state time-edit plots for hot-leg temperature. The steady-state results are nearly identical for
the two codes. The initial perturbation was caused by user-specified power and flow changes
made during the first 10 s of the simulation.

For the SGTR transient calculation, a double-ended rupture of two tubes was assumed to
occur at time zero. The reactor coolant pump (RCP) trip setpoints were activated so that the
RCPs would trip on low primary system pressure. SGTR transients are generally characterized
by a slow system depressurization. followed by reactor trip on low pressure. Figure 3 shows
this behavior.

The primary system slowly depressurized until reactor trip occurred on low pressure at
269 s. Reactor power as a function of time is shown in Fig. 4. The pressure then rapidly
decreased, with the safety-injection actuation signal (SIAS) trip occurring at 275 s followed
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by a main feedwater trip at 284 s. The pressure reached a minimum of 8 0 MPa (1160 psia)
before gradually increasing to about 9.0 MPa (1305 psia) where it appeared to be leveling off.

The difference in timing for reactor trip and depressurization is believed to be due primarily
to the difference in pressure drop calculations across the vessel as well as a slight difference
in vessel liquid mass calculated by the two codes.

Hot-leg temperature as a function of time is illustrated in Fig. 5 which shows a rapid
cooldown after reactor trip, but a subsequent recovery and slight increasing trend after the
RCP trip

Secondary-side pressure is shown in Fig. 6. and reflects the initial depressurization as-
sociated with reduced primary-side energy after reactor trip. Mfter about 280 s. however,
secondary-side pressure increases because of the combined effects of turbine trip and associ-
ated turbine stop valve closure and continued SGTR flow. The SGTR flow responds to the
increased secondary-side pressure with a subsequent mass flow rate reduction as shown in
Fig. 7.

Overall, simulation performance during the transient is nearly identical for both codes.
The very slight difference in timing is currently under investigation.

3D2S and TRAC Code Performances
Because 3D2S. with 3-D SETS numerics added in the vessel, can violate the material

Courant limit in all its components, a substantial cost savings can be realized for small-break
type transients and for steady state calculations, as well. This is shown in Figs. 8 and 9
where total Cray CPU time versus problem time is presented for the steady-state and the
transient calculations, respectively. Clearly, the 3D2S calculation affords substantial cost
savings over the TRAC calculation. The combined savings for the two calculations amounts
to approximately 3000 CPU seconds. Furthermore, if one examines the portion of the SGTR
transient up to the point of RCP trip. 3D2S uses only 1/4 the CPU time of TRAC.

The CPU savings with 3D2S can be attributed to the much larger timr steps that the
3-D SETS allow numerics. This is indicated in Fig. 10. where time step size versus problem
time is shown for the calculation. Most of the time, when the problem is Courant limited,
more than an order of magnitude increase in time step is allowed with 3D2S. The time step is
reduced substantially after RCP trip, because the Courant limitation is not the major numeric
inhibitor.

Furthermore, only a slight penalty is paid for the improved 3D2S numerics as is indicated
in Fig. 11. The "grind" time per time step shown for the calculation is approximately 10%
higher on the average for 3D2S than for TRAC. It is highly likely this small additional overhead
will be more than offset by the fewer number of time steps required by 3D2S.

SUMMARY
A plenum model, high-pressure properties, and heat-transfer logic improvements were

implemented in TRAC-PFl/MODl before version 12.1 was released in January 1985. During
1985. emphasis on TRAC was shifted from that of a developing code to that of a mature code
with emphasis on error corrections dealing with existing models and logic and user-convenience
improvements.
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Currently. two codes are under development. One code adds needed moc* 15 to the
existing MODI while the other 3D2S adds these models and utilizes the SETS method in all
components. In the future one will be chosen to become M0D2.

The results for a 3D25 simulation of a SGTR at the H. B. Robinson Nuclear Power
Plant compared favorably with those obtained with TRAC. Both analyses incorporated the
same modeling with an extensive H. B. Robinson fuM-plent input model. The major system
parameters were compared for both the steady-state and the transient calculations with only
a small difference in timing of the reactor trip. It is believed that this is primarily due to minor
differences in the constitutive relations between the two codes. Code timing comparisons
showed 3D2S clearly superior for this type of small break simulation. More than an order of
magnitude increase in time step size was obtained with 3D2S. and the total CPU time was
reduced by as much as 75%.

AUTHORSHIP AND ACKNOWLEDGEMENTS
Many people have contributed to the development of the TRAC-PF1/MOD1 code. Since it

was a team effort, there was considerable overlap in the areas of responsibility and contribution.
The participants are listed below according to their area of primary activity. Those with the
prime responsibility for each area are listed first.

PRINCIPAL INVESTIGATORS: Dennis R. Liles and John H. Mahaffy
FLUID DYNAMICS: John H. Mahaffy. Susan B. Woodruff.

Dennis R. Liles. and Manjit S. Sahota

HEAT TRANSFER: Ralph A. Nelson and Frank L. Addessio
CODE DEVELOPMENT AND PROGRAMMING: Paul T. Giguere. Thad D. Knight.

Richard P. Jenks. and Jennie R. Netuschil
REACTIVITY FEEDBACK: Robert G. Steinke
TRIPS AND CONTROLS. Robert G. Steinke
GRAPHICS: Victor Martinez and Michael R. Turner

REFERENCES

1. "TRAC-PD2. An Advanced Best-Estimate Computer Program for Pressurized Water
Reactor Loss-of-Coolant Accident Analysis." Los Alamos National Laboratory report LA-
8709-MS (NUREG/CR-2054) (April 1981).

2. T. D. Knight. "TRAC-PD2 Developmental Assessment." Los Alamos National Laboratory
report LA-9700-MS (NUREG/CR-3208) (January 1985).

3. T. D. Knight. "TRAC-PD2 Independent Assessment." Los Alamos National Laboratory
report LA-10166 MS (NUREG/CR-3866) (January 1984).

4. N. S. DeMuth. D. Dobranich. and R. J. Henninger. "Loss-of-Feed water Transients for the
Zion-1 Pressurized Water Reactor." Los Alamos National Laboratory report LA-9296-MS
(NUREG/CR-2656) (May 1982).

5. J. R. Ireland. J. H. Scott, and W. R. Stratton. "Three Mile Island and Multiple-Failure
Accidents." Los Alamos Science. 2(2). 74-79 (1981).



-715-

6. "TRAC-PF1: An Advanced Best-Estimate Computer Program for Pressurized Water Re-
actor Analysis." Los Alamos National Laboratory report LA-9944-MS (NUREG/CR-3567)
(February 1984).

7. B. E. Boyack. "TRAC-PF1 Developmental Assessment." Los Alamos National Laboratory
report LA-9704-M (NUREG/CR-3280) (July 1983).

8. C. P. Booker. B. E. Boyack. P. Coddington. T. D. Knight. J. K Meier, and J. R. White.
"TRAC-PF1 Independent Assessment." Los Alamos National Laboratory report (to be
published).

9. J. H. Mahaffy. "A Stability-Enhancing Two-Step Method for Fluid Flow Calculations."
J. Comput. Phy. 46. 329-341 (1982).

10. "TRAC-PF1/MOD1: An Advanced Best-Estimate Computer Program for Pressurized
Water Reactor Thermal-Hydraulic Analysis." Los Alamos National Laboratory report
LA-10157-MS (NUREG/CR-3858) (July 1986).

11. M. S Sahotaand F. L. Addessio. "TRAC-PF1/MOD1 Developmental Assessment." Los
Alamos National Laboratory report LA-10445-MS (NUREG/CR-4278) (August 1985).

12. R. Jenks and B E. Boyack. TRAC NEWS. Vol. 1. No. 1. Los Alamos National Laboratory
document LALP-85-38 (October 1985).

13. R. Jenks. TRAC NEWS. Vol. 2. No. 1. Los Alamos National Laboratory document
LALP-86-4 (January 1986)

14. R. Jenks. TRAC NEWS. Vol. 2. No. 2. Los Alamos National Laboratory document
LALP-86-4 (April 1986).

15. R. Jenks. TRAC NEWS. Vol. 2. No. 3. Los Alamos National Laboratory document
LALP-86-4 (July 1986)



-716-

BEST ESTIMATE ANALYSIS OF PRAIRIE ISLAND PLANT TRANSIENTS USING DYNODE-P

Jon Kapitz David A Rautmann
Northern States Power Company Northern States Power Company
414 Nicollet Mall 414 Nicollet Mall
Minneapolis, MN 55401 Minneapolis, MN 55401
(612) 330-7834 (612) 330-6676

Richard C Kern
Utility Associate International
6003 Executive Boulevard
Rockville, MD 20852
(301) 468-8421

ABSTRACT

The DYNODE-P (1) code has been used to simulate several plant transients that have
occurred at the Prairie Island Nuclear Power Plant. These comparisons of DYNODE-P to
measured plant data is part of Northern States Power Nuclear Analysis Department's
(NSPNAD) continuing validation of the model. This validation effort is used to
verify the models used in DYNODE-P and to provide a documented basis for NSP's
confidence in the best estimate capabilities of the code. The transients chosen
cover a wide range of conditions and provide a mechanism for testing all of the
important models used in DYNODE-P.

INTRODUCTION

Northern States Power Co. (NSP) owns and operates the two unit Prairie Island
Nuclear Generating Plant. Each of these two units has been in commercial operation
for over 10 years, with a lifetime station capacity factor of 80%. Over this period
of time, NSP has developed in-house analysis capability relating to the design of
reload fuel cycles. NSP has taken over all reload design aspects for Prairie Island
with the exception of the mechanical design and Loss of Coolant Accident (LOCA)
analysis. This capability includes steady-state core analysis which is used to
calculate the core neutronic and thermal hydraulic aspects during normal operation
and to provide the data required to perform transient analyses. A system transient
method is employed to calculate the dynamic response of the Nuclear Steam Supply
System (NSSS) for all transients and accidents excluding the design basis LOCA's and
is used to obtain the transient core average power and thermal hydraulic boundry
conditions. The system analysis code output is used to calculate input conditions
for analysis of thermal margin (minimum departure from nucleate boiling ratio), hot
fuel rod temperature, and containment pressure and temperature where required.

The staffing required to complete the transient analysis (including MDNBR and hot
fuel rod analysis) for the two reload safety evaluations required each year for
Prairie Island, plus all other support work required, consists of two full time
engineers.

The validity of the NSPNAD analysis methods has been demonstrated by either direct
comparison to measured data or by comparison to alternate calculations using
previously validated methods (2,3). The system analysis code, DYNODE-P, was approved
for licensing applications by the NRC (4) on the basis of comparisons to previously
approved methods (5) and comparison to measured data (6).
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This paper discusses a series of comparisons of DYNODE-P calculations to measured data
from several plant transients that have occurred at Prairie Island. These benchmarks
are a part of NSP continuing validation of the DYNODE-P code. This validation effort
is used to verify the models used in DYNODE-P and to provide a documented basis for
NSP's confidence in the best estimate capabilities of the code.

GENERAL

Prairie Island System Description

Prairie Island Unit 1 is a two-loop Westinghouse PWR designed for a full-power output
of 1650 MW (thermal). The warranted equivalent gross electric output of the unit is
560 MW (electric).

The general arrangement of the reactor coolant system (RCS) is shown in Figure 1.
The RCS is arranged as two closed reactor coolant loops connected in parallel to the
reactor vessel, each containing a reactor coolant pump and a staam generator. The
steam generators are vertical U-tube units utilizing Inconel tubes. The reactor
coolant pumps are vertical single-stage centrifugal pumps equipped with controlled
leakage shaft seals. An electrically heated pressurizer is connected to the hot leg
of loop B.

The reactor power is controlled by a coordinated combination of chemical shim and
mechanical control rods. The control system allows the plant to accept sJ.ep load
changes of 10% and ramp load changes of 5% per minute over the load range of 15% to
95% power under normal operating conditions. It is also designed to sustain reactor
operation following a step external electrical load rejection up to 50% power.

The turbine is a tandem-compound, three-element, 1800 rpm unit having 40-in. exhaust
blading in the low-pressure elements. Four combination moisture separator-reheater
units are employed to dry and superheat the steam between the high and low pressure
elements.

Multi-pressure radial flow surface condensers with deaerating hotwells, steam-jet air
ejector, three 50% capacity condensate pumps, two 50% capacity motor-driven feedwater
pumps, and five stages of feedwater heaters are provided. One steam-driven auxiliary
feedwater pump per unit and one motor-driven auxiliary feedwater pump per unit are
available to remove residual heat in case of a complete loss of auxiliary power.

Description of the DYNODE-P Code

These calculations have been performed using the DYNODE-P version DNP84163 code.
This version is based on the UAI code DYNODE-P 5.4. This program includes the
simulation of all the components which significantly influence the response of the
system. The program may be used for best estimate or conservative (licensing) types
of calculations for all accidents and transients except design basis Loss of Coolant
Accidents. A diagram of the DYNODE-P model of a two-loop Westinghouse plant is
shown in Figure 2.
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The fluid flow in the NSSS is assumed to be one-dimensional between the various
thermal hydraulic regions. Conservation equations of mass, energy, momentum and
boron are solved. The water properties are internally generated and extend well
above the critical pressure. The core power is calculated with either a point or
one-dimensional axial kinetics model with reactivity feedback due to fuel
temperature, moderator temperature (or density), boron concentration, and control
rod motion. Delayed neutrons and decay heat are represented. Non-equilibrium effects
in the pressurizer are taken into account in the pressure calculation. Most of the
time-dependent differential equations are integrated with a fifth order
Runge-Kutta-Merson technique with automatic time step selection based on a user
specified accuracy criterion. The remaining equations are solved by
finite-differencing. A self-initialization procedure is carried out for all time
dependent equations at the beginning of each new case based on the user specified
initial conditions to insure steady-state at the start of the transient. Flexible
restart and plot capabilities are provided.

The nodalization of the fluid regions within the NSSS is fixed to facilitate ease of
use. The level of detail represented with these nodes is sufficient to provide
accurate modeling. Up to six delayed neutron and twelve decay heat precursor groups
can be used. The core fluid may be modeled with up to twelve axial nodes, while a
maximum of eight radial nodes may be used in the fuel pellet. Control and safety
system representations are fixed for ease of use.

The DYNODE-P code has been qualified for conservative transient and safety analysis
at NSP by comparison to FSAR results (3). These methods have been reviewed and
approved by the NRC (4). Other uses for DYNODE-P at NSP have included plant specific
simulator qualification and LOFT test simulation (7,8). In addition, the ability of
DYNODE-P to simulate steam generator tube rupture events has been documented (6) by
comparison to plant data from a Prairie Island tube rupture accident that occurred
on October 2, 1979.

Description of the Best Estimate Prairie Island Model

For these best estimate cases, the reactor core was modeled with 12 fluid volumes.
Each loop contains 1 volume for the hot leg, 1 volume for the primary side of the
steam generator tubes, and 1 cold leg volume. The high pressure injection, charging
and letdown are connected to the cold leg of loop B. The high pressure injection is
provided by a table of flow rate as a function of RCS pressure. The makeup flow and
letdown flow are controlled by the pressurizer level.

The secondary side has 3 steam generator nodes (downcomer, riser, and steam dome), 2
main steam line nodes, and a turbine. Condenser and atmosphere steam dump systems are
modeled. The feedwater controller is a three-element model, with steam generator
level, steam flow and feedwater flow used to determine the main feedwater valve
position demand. This three-element model was used for all cases except the loss of
feedwater case, where the feedwater flow transient was input as a boundry condition.

The kinetics model used a point kinetics representation with 6 delayed neutron groups
and 11 decay heat precursor groups. Explicit modeling of the control rod controller
is included.

The effect of structural metal on the thermal hydraulic conditions of the fluid has
been included.
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Analysi_s__of_PJ_ant_ Transj ents

Five plant transients from Prairie Island have been selected for this analysis. An
attempt was made to select a variety of transients that test the DYNODE-P models over
the widest possible range of conditions. It should be noted that the excellent
operating record at Prairie Island makes it difficult to find data from which to
benchmark (Unit 2 recently completed a three year run without a single trip).

The measured data is provided by the "Post-Trip-Review" option of the Prairie Island
process computer. This option accumulates key plant parameter values approximately
200 sec before and after a reactor trip. The data is printed out in tabular form
with most data recorded every 8 seconds.

Steam Generator Tube Rupture

On October 2, 1979, a tube break occurred in the #11 steam generator of Prairie
Island Unit #1. The break was caused by mechanical damage from a foreign object
left in the steam generator following a refueling outage. All engineered safeguard
systems functioned as designed and the plant operating staff accomplished safe
reactor shutdown, faulted steam generator isolation, and RCS cool down in an
expeditious manner following the existing operating procedures. A summary of the
sequence of events is as follows

High radiation alarm on air ejector discharge monitor
Low pressurizer pressure (2139.9 psig)
Commenced load reduction
Low pressurizer level (18.3%)
Started second charging pump
Started third charging pump
Reactor trip on low pressurizer pressure (1900 psig)
Safety injection on low pressurizer pressure (1815 psig)
Minimum RCS inventory; RCS pressure begins increasing
Loop A RCP tripped
Loop B RCP tripped

Figure 3 through 8 show DYNODE-P comparison to measured data for the most
significant parameters. DYNODE-P uses the Moody critical flow model, and the break
area was adjusted to give the correct depressurization rate. The load reduction
signal was input as a boundry condition on the power demand. From the results we
can estimate that the break occurred approximately 270 sec. before the reactor trip.

The DYNODE-P calculations show excellent agreement with the plant data. At
approximately 130 seconds, the effect of the load reduction on the primary and
secondary variables can be seen. The sharp drop in RCS pressure and temperature can
be seen following the reactor trip at 270 seconds. The pressure reaches a minimum at
290 seconds, after which 1t recovers due to the high pressure safety injection.

2:14
2:21
2:21
2:22
2:23
2:24
2:24:
2:24:
2:24:
2:26
2:27

p.m.

09
14
33
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Loss of Offsite Power

On July 15, 1980 Prairie Island Unit 2 experienced a loss of offsite power during an
electrical storm. Unit 1 was in cold shutdown at the time. The reactor tripped
successfully and 16 seconds later both reactor coolant pumps tripped due to low
frequency. Natural circulation was established and plant cooldown was achieved
without complications.

Figures 9 through 14 show the comparisons of DYNODE-P to the plant recorded data. The
pressurizer pressure and level show excellent agreement, while the DYNODE-P
calculations of Tave and AT are slightly higher than the data. This suggests that
hydraulic resistance to natural circulation is somewhat less than predicted. The
secondary pressures match very well and the conclusion to be drawn from both the
primary and secondary results is that DYNODE-P can accurately model loss of offsite
power events.

Loss of Feedwater

On February 24, 1982 Prairie Island Unit 2 lost feedwater flow to the Loop A steam
generator when the main feedwater regulating valve closed during a electrical
surveillance test. The reactor was operating at 100% power at the time. This loss of
feedwater only affected one steaii generator, the other steam generator continued to
receive full flow.

Figures 15 through 20 show the DYNODE-P comparisons to the measured data. The
feedwater flow to the Loop A steam generator was input as a forced boundry
condition. This case provides an excellent test of the steam generator water level
model in DYNODE-P, and it can be seen the code does a very good job of tracking the
level. The reactor tripped on low SG level/steam feed mismatch at 32 seconds, while
DYNODE-P tripped on the same signal at 31 seconds. The primary side variables also
show excellent agreement, as shown in the pressurizer pressure and level plots.

These results are significant because they provide confidence in the steam generator
models used on the basis of the agreement between the calculated and measure levels.
Steam generators are thermal hydraulically complicated components to model and these
results show that the three region model used in DYNODE-P accurately models the
dynamic effects during loss of feedwater events.

50% Load Reduction Test

During the Prairie Island Unit 1 initial startup testing, a 50% load reduction test
was performed. The test was performed by reducing the generator load at a rate of
200%/minute from 100% to 50% power. This provides an excellent test of automatic
controllers at the plant, especially the three-element feedwater controller.

Figures 21 through 26 show the DYNODE-P comparisons to the plant data. The measured
data for this comparison came from strip chart recordings, as opposed to the
post-trip review printout used in the other comparisons. The DYNODE-P results are
very good 1n all cases. This test was used to verify the correct valve
characteristics in the main feedwater controller.
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Inadvertant HSIV Closure

During a surveillance test on March 27, 1975 the loop B main steam isolation valve
(MSIV) was closed. The turbine sensed the closed MSIV and tripped, which in turn
caused a reactor trip. This transient provides a valuable benchmark because it is a
case where only one loop was available for cooling the RCS.
Figures 26-31 show the results of the DYNODE-P comparisons to the plant data. In
general, the code predicts the plant behavior very well. The loop B Tave (shown) and
steam generator pressure (not shown) are slightly higher in the DYNODE-P calculation
than the data. This could be the result of steam leaving the steam generator in a
way not modeled in DYNODE-P (such as the turbine driven auxiliary feedwater pump).
The unaffected loop parameters (loop A) all show excellent agreement. This
transient provides a meaningful benchmark because of the asymmetric cool down of the
RCS.

Conclusions

The results shown here are a part of NSPs continuing validation of the DYNODE-P model
of the Prarie Island Units. They reaffirm NSPs confidence in DYNODE-P as an
excellent tool for both reload safety analysis and for best estimate calculations.
NSPNAD feels that for analyses outside of Loss of Coolant Accidents, DYNODE-P
gives comparable or better results than the other widely used system analysis codes.
It should be noted that DYNODE-P has much less demanding input requirements than
most system codes used by industry, and also is a relatively fast running code.

NSP will continue its validation of the DYNODE-P code as more data becomes
available. We have a large degree of of confidence in the code and believe that
further validation will only increase that confidence.
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Figure 1

Prairie Island Reactor Coolant System
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Figure 2

DYNODE-P Model of a Two-Loop
Westinghouse PWR
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Steam Generator Tube Rupture
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Steam Generatror Tube Rupture
Prairie Island Unit 1. 10/2/79
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Steam Generator Tube Rupture
Prairie Island Unit 1. 10/2/79
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Loss of Offsite AC Power
Prairie Island Unit 2. 7/15/80

Flgur» 9
Pr»«*uriz»r Prm%%urm

OYNODE-P

D DATA

MOO

*roo

0 tO 40 tO tO 100
T i n * (Sscendf)

130 140 1*0

I M

Figure 10
Loop B Actual D»l»o-T

DYHODE-P

• I

M 10

40

D

40 *0 10 100 IJ0 HO 1*0 ||
Tim* <S*condi)



-729-

Loss of Offsite AC Power
Prairie Island Unit 2. 7/15/80
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Loss of Offsite AC Power
Prairie Island Unit 2. 7/15/80

Figure 13
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Loss of Feed water
Prairie klarxd Uait 2. 2/24/82
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Loss of Feedwater
Prairie Island Unit 2. 2/24/82

Figure 17
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Loss of Feedwater
Prairie Island Unit 2. 2/24/82
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50% Load Reduction Test
Prairie Island Unit 1
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50% Load Reduction Test
Prairie Island Unit 1
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50% Load Reduction Test
Prairie Island Unit 1
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Loop B MSIV Closure
Prairie Island Unit 1. 3/27/75
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Loop B MSIV Closure
Prairie Island Unit 1. 3/27/75
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Loop B MSIV Closure
Prairie Island Unit 1. 3/27/75
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Abstract

A computer model has been developed for analyzing the thermal-
hydraulic behavior of a U-tube steam generator for the conditions ranging
from the steady state natural recirculation condition to the complete boil-
dry out condition of the secondary side coolant. The major motivation of
current research is the need to develop a fast running computer model which
can be used to estimate the major safety variables in real time vhithin the
hierachy of the signal validation structure implemented in the plant
computer. The salient features of this model are the use of control voumes
with moving boundaries, the integral momentum approach, and the retention
of nonlinear and spatial distribution effect. The model is tested in three
steps. Initially the two-phase froth level model is validated against two-
phase mixture swelling problems whose solutions are obtained either
analytically or numerically with a fine mesh calculation. Secondly, the
natural recirculation model is validated against the turbine trip test of
Arkansas Nuclear One-Unit 2(AN0-2). Finally the pot-boiler model is tested
for the hypothetical complete loss of feedwater transient as a mean to
check its siumlation capability for boil-dryout condition.

1. INTRODUCTION

Motivation

Recently there has been increased interest in developing the
operator assistant systems as a mean to improve the safety and reliability
of nuclear power plants. One example is the signal validation technique
111 whose objective is to provide highly reliable information to the
operators and to other digital computer programs through the integrated and
systematic use of information from the entire suite of plant sensors. One
of the basic elements of this signal validation structure is the analytic
redundancy model which is nothing more than an analytic model of a certain
process using the mass, momentum and energy conservation, hardware
operating characteristics and empirical correlations as its bases. This
model, usually driven by validated sensor outputs, need to be low order,
without any restriction to linearity but may contain certain parameters
that are fitted to plant sensor data either off-line or adaptively. It is
in this context that current real time steam generator model has been
developed.
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The steam generator is known to play a very important role in a
wide range of power plant transient and thus understanding its
thermalhydraulic characteristics in normal and accident conditions is
essential to the analysis of may plant transients. Over the last few
years, many analytical <2'3' and some experimental <4'5-6) research have
been performed to improve the understanding of thermal response of a steam
generator. As one of these efforts, a dynamic model of a U-tube steam
generator has been developed for the normal and mild off-normal operating
conditions at M.I.T. (5). As a continuing work to this effort, a UTSG
dynamic model aimed at simulating the loss of feedwater transient and
subsequent boil-dryout phenomena is developed and added to the previous
model. In this paper, we describe the main features of these two models,
namely the natural recirculation model and the pot-boiler model and show
some validation results.

UTSG Operation

The UTSG operating condition can be classified to two types of
operating modes depending on whether recirculation flow from the moisture
separation device into the downcomer annulus exists or not. These two
modes are designated as a "natural recirculation operation mode" and a
"pot-boiler operation mode". The latter represents the condition where the
driving force of the natural recirculation flow is lost and the UTSG
generates steam just like a boiling pot.

The steam generator maintains a natural recirculation mode during
most of the normal operation condition, but it has to start from the pot-
boiler operation mode at the initial startup stage. Also it may be driven
to a pot-boiler mode from a natural recirculation mode even during the
normal operating condition if the hydraulic equilibrium which maintains the
recirculation flow is destabilized due to any perturbation to the
recirculation loop. These perturbations include abrupt changes in outgoing
steam flowrate (or main steam line pressure), feedwater mass flowrate,
feedwater enthalpy (as caused by a malfunction or operation error of the
steam generator water level control system) and heat transfer rate from the
primary side.

2. MODEL DEVELOPMENT

2.1 Natural Recirculation Operation

Process Description

During a natural recirculation operation mode the subcooled
feedwater is introduced into the steam generator via the feedwater nozzle
and is distributed throughout the feedwater mixing region by the feedwater
distribution ring. There, it mixes with the recirculating saturated liquid
returning from the steam separation devices. The resulting subcooled
liquid flows downward through the annular downcomer region enclosed by the
wrapper and the steam generator outer shell. At the bottom of the
downcomer the water turns and flows upward through the shell side of the
tube bundle region where it is heated to saturation and boiling. The
secondary fluid exits the tube bundle region as a saturated two-phase
mixture and flows upward through the riser into the separation equipment.
Steam separation is achieved by using a combination of centrifugal steam
separators! for bulk liquid-vapor separation, and chevron type steam
dryers, for the removal of any residual moisture. The relatively dry steam
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leaves the unit through the outlet nozzle at the top of the steam
generator, while the saturated water is directed downward to mix with the
entering feedwater. The secondary flow path just described constitutes a
natural recirculation loop. The driving force for this recirculation flow
is provided by the density difference between the subcooled liquid column
in the downcomer annulus and the two-phase mixture in the tube bundle and
the riser. This driving force is counterbalanced by the various pressure
losses in the loop, such as frictional losses in the bundle and the losses
within the steam separators.

Natural Recirculation Model

For thermal-hydraulic modelling of power plant components, one
conventionally divides the whole spatial domain into several control
volumes for which basic conservation equations are applied. Since the
primary goal of our model is its utilization for a real-time computer code
as well as control system applications, minimizing the order of the model
while still accounting the main physical phenomena io the primary concern
at this modelling stage. Since the locations of transition areas across
which significantly different process prevail are chosen as unknown in
moving boundary approach, the number of spatial nodes as well as the order
of the overall steam generator model can be minimized. In this respect the
moving boundary approach is more advantageous than the fixed boundary
approach. The downcomer water level and the two-phase mixture level in the
evaporator and riser are some examples of these transition locations. The
major criteria for the choice of spatial control volumes in this analysis
were the UTSG internal geometry, the shell-side heat transfer mode and the
way feedwater mixes with the recirculating saturated water.

Primary Side

The Primary reactor coolant system contained in the UTSG is
normally at a highly pressurized subcooled condition. Furthermore the
fractional density change of the coolant due to temperature drop in the
UTSG is on the order of 10~5 during normal operating condition. Therefore,
even during transients, the mass flowrate of the primary side can be
assumed spatially constant as long as the coolant stays in liquid form.

The assumptions used in this model are:

(1) The flow can be treated as one dimensional, single phase flow.
(2) Single mass flowrate along the flow path and yet the change of

internal energy due to thermal expansion is taken into account.
(3) Instantaneous, perfect mixing of the coolant in each control

volume.
(A) Coolant density is pressure independent.
(5) Single reference pressure can be used for the evaluation of the

thermodynamic properties of reactor coolant.

The primary side is divided into three fixed control volumes as
shown in Figure 2. and the system equations are obtained by applying the
mass and energy equations to these regions and summarized in Table 1 along
with the chosen state variables. This noding scheme and the system
equations are also shared by the pot-boiler model for the case where the
tube bundle is covered by the two-phase mixture.
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Secondary Side

Modelling the secondary side of a UTSG is a very intricate task.
The factors which make this modelling especially challenging are:

(1) Strong thermal-hydraulic coupling between all regions of the
sh i'11-side

(2) Existence of the natural recirculation flow vithin the system
(3) Transition from the natural recirculation mode to the pot-boiler

mode where the hydraulic instability along the two-phase secondary
coolant flow path may occur

(4) Possibility of local two-phase counter current flow and reverse
flow

(5) Complex Geometry

To facilitate the modelling task we make the following general
assumptions for the shell-side:

(1) The flow can be represented as one-dimensional flow model (Drift
flux model for the two-phase flow)

(2) Axially uniform heat transfer rate within each control volume
(3) The axial void profile for the two-phase region has a prescribed

shape
(4) Vapor exists at either saturated or superheated condition
(5) Liquid exists at either saturated or subcooled condition
(6) Single time dependent reference pressure is used for evaluation of

the thermodynamic properties throughout the whole secondary side
(7) Instantaneous flashing or rainout between the steam dome vapor

region and the adjacent liquid region (either steam dome liquid or
downcomer liquid region)

(8) No vapor carry-under from the separator
(9) Spatially uniform properties in the steam dome vapor, steam dome

liquid and the downcomer liquid regions

In order to solve the integrated mass and energy equations, we
need to evaluate the mass and energy within each control volume. For one
dimensional flow, this problem is reduced to finding the transient axial
profiles of the single phase internal energy and the two-phase mixture void
fraction. To facilitate a quick solution of the governing equations, we
decided to approximate the profiles by plausible ones adopted from an
analytic solution of the transients similar to the transients of our
interests <3). Once these profiles are decided, the mass and energy of a
control volume can be expressed as functions of the chosen state variables
which are the enthalpy for single phase and the void fraction for two phase
mixture.

The shell side of a UTSG is divided into 4 or 5 control volumes as
shown in Figure 3 and 4 depending on whether the downcomer water level
locates below or above the feed water distribution ring centerline. The
tube bundle region is defined as the two-phase mixture contained in the
evaporator. The riser region is defined as the two-phase mixture contained
in the riser and the steam dome vapor region is defined as the vapor
contained in the steam dome plus the downcomer annulus. The steam dome
liquid region is defined as the liquid contained in the steam dome and
finally the downcomer liquid region is defined as the liquid contained in
the downcomer annulus.
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The system equations are obtained by applying the mass and energy
equations of the form described below to these regions and summarized in
Table 2 along with the chosen state variables.

dM = v. - v k - v , + w (i)
-rr in out cond evap

dE = V. h. - V h - V ,h, + V h - Work + Heat (2)-r- in in out out cond f evap g v '

Integral Momentum Equation

The one dimensional momentum equation is integrated along the
recirculation flow loop and reduced to a nonlinear first order differential
equation of the loop average mass flow rate (W) in time and an algebraic
relation between V and the mass flow rates defined at the junctions between
control volumes (to be referred to as the local mass flow rates from now
on). This differential equation of W is then linked to the already derived
integrated mass and energy equations via this algebraic relation.

The integrated momentum equations derived in Ref. 7 and applied to
the flow path from sl to s2 in Figure 5(a) can be written as:

H _ dSi
_ (IW) = fiP - F + Z (V? - WT) _]_ I A. (3)
dt j J J dt J
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AP > pressure drop between points sy to s2

s is the coordinate used to denote the distance along the flow
path in the direction of arrow in Fig. 5.1. dSj/dt is the velocity of the
j-th junction across which the mass flux vary discontinuously. W^+, W^-
are the mass flow rates defined at s^+e and si-e respectively where e is an
infinitely small distance and 0 is the angle of the flow direction measured
from the horizontal in the clockwise direction.

If the axial profile of the mass flow rate W(s,t) can be known,
the right hand side of equation (3) can be expressed in terms of the local
mass flow rates, thus providing a way to update V in time. On the other
hand, one obtains an algebraic relation between V and the local mass flow
rates by performing the spatial integration in equation (5). For these
evaluations, a linear profile is assumed for V(s,t)/A(s) and {fV|V|/
(2 DhA

2)} in all the secondary side control volumes. This assumption was
used by Strohmayer (7> and was proved to be adequate for h?s analysis.
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As a result, the following two equations are obtained.

,.-. V dl ,T
I 1 = -F + 1 _ 1 - W ̂ (7)
dt A dt dt

w

Finally the equation of motion of the downcomer water level can be
derived using the constant volume constraint imposed on the sum of the
steam dome and the downcomer annulus.

dl - dV

dt A (1 ) dt
w w

where Aw is the downcomer flow area at lw.

So far 13 equations are derived whereas there are 21 unknowns,
namely 8 state variables (p,ha,o^x,0^,hv,Vv,he,ho), 8 local mass flow
rates (Wo, Wri, Wriv, Wcil, Ws.p, Vrov, Wrol, W f c ) , the loop average mass
flow rate (W), the downcomer water level (lw), the rainout and flashing
rates (Wro, W f i) and the heat transfer rate Qtb .

Now, hx is the enthalpy of the flow Wo which is defined at the
junction between the two-phase mixture region and the downcomer liquid
region. According to the donor cell differencing scheme used here, hx
equals to ho when Wo is positive or forward. But for the reverse flow
case, h1 should be determined from the internal condition of the tube
bundle region. Deciding hx appropriately in this control volume approach
based on the assumed profile is difficult without allocating more control
volumes in it and it is assumed for speedy calculation that the time
derivative of ux is equal to that of uri. Therefore one more equation is
obtained. The remaining two more equations can be obtained if we take
advantage of the experimental results concerning the phenomena of rainout
and flashing reported by Moeck <9). Based on this result, the processes
that will occur for a given pressure transient can be assumed to depend on
the initial state of the phases as summarized in Table 3 and two unknowns
out of (hv, h0, Wro, W f l) can be eliminated.

Four more equations can be obtained by using drift flux relation
and the definition of the total mass flow rate at the riser inlet and the
riser exit.

Wri-Wriv + tfril

Wriv-Dl + D2Wri

where , - V ^ , ^ ^ ^ . . =
l - B C o a r . l - B C o a r i

Wsep-Wrov + Wrol
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tfrov=El + V s e p

p a U .A (l-B)C a
where B.Q g r o V ] r o , E, - ° r o

^Vro ^Vro
and finally the heat transfer equation described belov provides the last
equation.

Heat Transfer Model

Based on the fact that the characteristic response time of the
metal temperature is much shorter than those of the both side coolant
temperature, as proved in Ref. 7, the steady state, radial temperature
profile is assumed to prevail during the transients. Also the average
temperature of the tube metal is assumed to be the average temperature of
the both side coolant temperature. Using these two assumptions, the time
rate of change of the tube metal is lumped to those of the adjacent
coolant.

The transient heat transfer rate depicted in Figure 6(a) is
calculated as below assuming the secondary coolant is at saturated
condition.

(14)

where

<ar)i> . <V* SaO - <V*,at>

In (T''Tsat)
T -T
*2 sat

2.2 Pot-Boiler Operation

Process Description

During a pot-boiler mode like the boil-dryout condition resulting
from a loss of feedwater accident, the subcooled feedwater, if available,
mixes only with the liquid already existing in the downcomer region since
there is no recirculating saturated liquid flows. It then flows downward,
turns at the bottom of the downcomer and flows upward through the tube
bundle region, where it is heated and changes to saturated two-phase
mixture. In this mode, however, the two-phase flow does not have enough
momentum to overcome the various pressure losses along the tube bundle and
the riser region mainly because of the insufficient hydrostatic head at the
downcomer bottom. Thus the vapor phase separates from the liquid phase due
to the difference in the gravity force per unit volume and finally departs
from the mixture level, flows up to the separator deck.

The tube bundle of a UTSG can be either covered or uncovered by
the secondary coolant two-phase mixture depending on whether the two-phase
froth level is located in the riser or in the tube bundle. Below the two-
phase froth level the nucleate boiling prevails. Right above the froth
level a dryout region exists and the heat transfer mode is expected to be
complicated because of the bundle breaking, the carryover and the



deposition of the liquid droplet around the region Uell above the froth
level, a single-phase vapor convective hear transfer will prevail. Because
the reliable correlation to predict the dryout location at the low mass
flux range (120 kg/m2s) as in the pot-boiler operation is not available at
present time, we assume that the dryout occi-is at the two-phase mixture
level and the single-phase vapor convective neat transfer prevails above
this mixture level. Since the heat transie: coefficient of this mode is
expected to be an order of magnitude lever than that of the nucleate
boiling heat transfer at this lov mas? flux range, ve need to treat the
heat transfer calculation for the vapoi tilled region separately from that
for the nucleate boiling region. Consequently the heat transfer rate
becomes to depend mainly on the tvo-phase mixture level height and this
fact necessitates an accurate and simple model of the two-phase mixture
level during boil-dryout transient.

Pot-Boiler Model

Primary Side

Depending on whether the tube bundle is uncovered or not, the
spatial nodalization scheme of the primary side is different. In the
former case, the primary side is divided into 5 regions as shown in
Fig. 2(b) while it is divided into 3 regions as shown in Fig. 2(a) in the
latter case. Applying the mass and energy equations to these regions using
the same assumptions as the natural recirculation model results in a set of
primary system equations as summarized in Table 1.

Secondary Side

The shell-side of a UTSG is divided into 4 control volumes as
shown in Figs.7 and 8. The two-phase mixture region is defined as the
subcooled liquid and the two-phase mixture contained below the two-phase
mixture level whereas the superheated vapor region is defined as the vapor
located between the two-phase mixture level and the riser inlet. The riser
mixture region is defined as the two-phase mixture in the riser in the case
where the two-phase mixture level is located in the riser, the steam dome
vapor region is defined as the continuous vapor phase contained in the
riser, the steam dome and downcomer annulus. The steam dome liquid region
and the downcomer liquid region are defined in the same way as in the
natural recirculation model.

The system equations are obtained by applying the mass and the
energy equations of the form of eqs. (1),(2) to these regions and all terms
are summarized in Table 2 along with the chosen state variables.

Two-Phase Froth Level Equation

The equations of motion of the two-phase mixture level is derived
by tracking the liquid velocity at the interface under the assumption that
the liquid at the mixture level moves at the same velocity as the aixture
level as explained below.

If we assume that there is neither condensation nor evaporization
at the interface, the mass flowrate entering the interface must be same as
the mass flowrate leaving the interface. Since the relative velocity
between the vapor and liquid phase velocities can be described by drift
flux relation, the vapor mass flowrate entering the interface can be
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expressed in terms of the liquid phase velocity and the drift flux velocity
(uVj) at the interface. This statement can be stated mathematically as
below:

(Vapor mass flovrate entering the interface)

Afr
where Afr is the flow area at the froth level, the notation

<> is defined as <x>=/Afx(r,t)dA/A, and u «<ou >/A,

On the other hand, the average vapor velocity weighted by void
fraction (u v) is given as below <

1 0 1 :

(16)

where

uv '

-

Co

. <

m

Cj> + u .J vj

« (u v - j ) >

< o >

< eg >

If we further assume that the liquid velocity is uniform over the
flow area and identical to the interface velocity, eq (16) becomes

Substituting this equation into the RHS of eq (15) and using the
•ass balance across the interface, we obtain the vapor mass flowrate
leaving the interface as

P<o»Ar_

o

If <o> and u . are redenoted as a~ and Uv. for simplification, we have

1"Co°fr
When the froth level is located below the tube bundle top, Afr»A(

and this equation becoaes:

"frrel ' ̂ vj^V"^! J £ L Af
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When the froth level is located in the riser region, the above
equation becomes:

p a. A,
g I r* -, = [U +<C -1)L,frrel vj o fr r—

J — C oc,
o fr

where LfI is the froth level height relative to the bottom of the riser
space and Afr is the flow area of the riser at the froth level.

Integral Momentum Equation

The integral momentum equation for the pot-boiler mode is obtained
in the same way as the natural recirculation model except that the
discontinuous momentum flux tern, the last term in equation (3), should be
evaluated near the two-phase mixture level and the dovncomer water level.
The resulting equations are:

I 1 = -? • 1 _! " " " (18)
dt A dt dt

iv - exv0 * ^rfT * fi?\x • P4wsv • e

The downcomer water level motion equation is

dlw 1 dVv

JL = - -1 (20)
dt Ay(lw) dt
So far 12 equations are derived whereas there are 18 unknowns: 8

state variables (p, hlt a,.r> lfr> hsv, Vv, hv, h o), 3 local mass flow rates
(Wo»

 v(tni' w»v)» t h e looP average mass flow rate (V), the dovncomer water
level (lw)r the rainout and the flashing rates (V[e, V ( 1 ) f and the heat
transfer rates Qt , Q2, Q3 defined in Fig. 6. Therefore 6 more equations
are necessary to close this set of equations.

The unknowns hx and two out of (hv, hx, Wro, V ( 1) can be
eliminated as explained in the natural recirculation modnl, thus leaving 18
unknowns•

The remaining three equations are obtained from the following heat
transfer equations.

Heat Transfer Calculation

Using the same assumptions as the natural recirculation model, the
time rate of change of the tube metal is lumped to those of the adjacent
control volumes' coolant. The heat transfer rates extracted from the
primary control volumes below the mixture level are computed based on the
log-mean-temperature difference between primary and secondary side
coolants. The remaining problem is how to evaluate the heat transfer rate
extracted from the primary control volume above the mixture level. One of
the several challenging aspects associated with this problem is that heat
transfer in this region involve three different heat exchange
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configurations, i.e. parallel flow heat exchange, cross flow heat exchange
and counter-current flow heat exchange. To make the task tractable, the
following assumptions are made:

(1) Secondary coolant temperature profile is symmetric about the
interface between the hot-side and cold-side of the superheated
vapor region.

(2) Heat transfer rate at the cross flow region is modelled by either
parallel flow heat exchange or counter-current flow heat exchange
formula.

(3) The primary coolant temperature at the middle point of the upper-
tube side (TB) is given by 1/2 (T2 + T 3 ) .

(4) The secondary coolant temperature at the exit of the superheated
vapor region always remains below TB.

Based on these assumptions, the heat transfer rate extracted from
the upper-tube side is calculated by

6, - UA(AT 1 (21)
J lraJ

One thing to be mentioned here is that the modelling detail of
this heat transfer rate is not important since its contribution to the
total heat transfer rate is negligible due to low overall heat transfer
coefficient.

3. SIMULATION RESULTS

Two-Phase Froth Level Swell Problem

The two-phase froth level model has been tested for two problems
of two-phase mixture swell whose solution were obtained either analytically
or numerically. The first problem (111 is to trace the mixture level
sw-l'ing caused by a sudden, constant and uniform vapor generation source
per unit volume. In this problem, a vertical channel of a constant cross
section, filled with saturated liquid up to a certain level and with
saturated vapor above the level was considered. After t-0, saturated
liquid enters the channel at constant mass flow rate while the vapor is
generated below the froth level at a constant rate axiaXly and temporally
under constant pressure condition. Figure 9 shows the results for several
typical points where swelling and collapsing trends are prominent. The
curve B and C shows the effect of the initial froth level height on the
swelling and collapsing behavior under the same boundary conditions. The
current model shows sluggish response and underpredicts the froth level at
the initial surge stage, but catches up and continues to follow the
analytic solution in reasonably short time for all cases. This general
trend was also obtained for all the othe*- test points which cover most of
the vapor generation rate and the inlet velocity range of the pot-boiler
•ode operation and the time necessary to catch up the correct froth level
motion was less than 25 seconds at the worst case. Considering the fact
that the abrupt increase in heat input and the inlet flow rate simulated in
the test problem rarely occurs in the actual UTSG operation, the
discrepancy at the initial stage is expected not to impair the good
prediction capability of this model for most of the intended application
range.
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The second problem is to trace the tvo-phase froth level motion
caused by a sinusoidally varying inlet flow rate under constant, uniform
wall heat condition. The solution of this problem is obtained numerically
with a fine axial mesh calculation using 30 axial meshes for A m long
channel {12). In this test problem a vertical channel of a constant cross
section, filled with tvo-phase mixture up to a certain level and with
saturated vapor above the level was considereiHsee Fig. 10). Initially the
channel was maintained at a steady state condition with a constant inlet
mass flowrate and the corresponding volumetric heat rate. After t=0, the
inlet mass flow rate was varied sinusoidally under constant pressure.
Figures 11 and 12 shows the results for the periods of 1 second and 1
minute. For the former case, the current model exhibits its ability to
follow the average level notion with some oscillatory discrepancy vhile for
the latter it predicts almost the same behavoir as the fine niesh
calculation. The likely explanation for the rather poor prediction of the
rapid oscillation case is that the void propagation through the channel
generated by the rapid oscillation cannot be adequately described by the
spatially fixed void profile we assumed whereas the void profile for the
slow oscillation case retains its steady state profile while adjusting to
the slowly varying inlet flow condition. Based on the results described so
far, we concluded that the current froth level model can be applied to the
UTSG pot-boiler mode situation.

Turbine Trip Transient of ANO-2

Initial and Boundary Conditions

The U-tube steam generator nodel was initially parameterized based
on both design data and plant data from ANO-2 UTSG at steady state
conditions of various loads. First, the primary coolant mass flowrate is
adjusted so that the stated power may be obtained by the given enthalpy
drop derived from the measurement. Second, adjust the fouling factor so
that the stated heat transfer rate can be obtained by using the log mean
temperature difference based on the measured primary and secondary coolant
temperatures. The initial steady state conditions which are obtained after
adjustment and used for the transient simulation are given Table 8.3.3 of
Ref. 13. The boundary conditions for this analysis can be found in Figs.
8.3.2, 8.3.3 of Ref. 8 and the detailed description of the test can be
found in Ref. 13.

Simulation Result

Figs 13,14 and 15 show the measured and the calculated response of
the steam generator during the first 60 seconds. The calculated response
of the downcomer water level shows a good agreement with the measured data
up to SO seconds into the transient and begin to deviate from the measured
data. The predicted pressure response shows a quite discrepancy with the
data but exhibits essentially the same trend. The same prediction of the
thermal equilibrium model and the thermal nonequilibrium model after 21
seconds shows that the thermal nonequilibrium effect during the aild
pressure lncrese transient is not important. The long tera pressure
prediction up to 200 seconds is given in Figure 15 and shows the current
model follows the plant data fairly well.
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Hypothetical Loss of Feed Water Accident

To prove the validity of the present model fotr the pot-boiler
operation mode, it is necessary to simulate an experiment or plant test
where the secondary side undergoes a tube bundle uncovery. Since such data
is not available, it is decided to simulate a hypothetical loss of
feedwater transient(HLOF) of ANO-2 steam generator. This unit is chosen
because the "initial parameterization" step of the present model is already
performed for the turbine trip transient simulation.

Initial and Boundary Conditions

The initial condition for HLOF simulation is taken from that of
the Turbine Trip Transient Test. The primary side boundary conditions
(Tin,Pp,Win) are assumed to be the same as those of the turbine trip test
and T l n is given in Figure 16. In the secondary side complete loss of
feedvater is assumed and the steam flowrate is assumed to stay at the
initial value. This set of boundary conditions were selected not because
they represent the actual loss of feedvater transient but because they vere
judged to be appropriate for generating the complete boil-dryout of
secondary coolant.

Analysis of Simulation Results

The secondary pressure (Fig 17) decreases slowly at the initial
stage and increases slightly with a peak(6.2 HPa) at 10 second, then drops
sharply to 3.4 HPa in about 55 seconds, at the end of which (66 seconds
into the transient) the tube bundle begins to uncover. Beyond this point,
the pressure decreases at even faster rate until 83 seconds at which the
calculation stops because of too large froth level void fraction which
viloates the range limited by Drift Flux Model formulation. The slow
decrease at the initial stage could be attributed to both the decrease of
the tube bundle inlet mass flovrate (Wo) and the constant steam mass
flowrate leaving the steam dome (W s t). The slight increase around 10
seconds is consistent with the primary inlet temperature increase (Fig 16)
during the same period. The enhanced decrease rate from 10 seconds to 66
seconds is believed to be resulted from the rapid decrease of the primary
inlet temperature. One thing to note is that the transition from natural
recirculation mode to pot-boiler mode occurs at 55 seconds without any
noticeable change in the secondary pressure decrease rate. This is because
the steam generation rate in the tube bundle region is not affected by the
appearance of the froth level in the riser. At 66 second, the tube bundle
begins to uncover and, as expected, another change in the secondary
pressure derease rate occurs. This trend is physically reasonable because
the steam generation rate decreases as the tube bundle is uncovered whereas
the outgoing steam mass flowrate remains same.

The downcomer water level (Fig 18) continues to drop at almost
constant rate until 30 seconds into the transient with temporary faster
rate during 4 seconds after 10 seconds and then begins to drop faster and
faster until it reaches the location where the constant downcomer flow area
begins (from 30 second to 43 seconds). After 43 seconds the level drops at
steeper rate and begins to show mild oscillatory behavior after entering
the pot-boiler mode at 55 seconds. Right after the onset of tube bundle
uncovery, the level starts a large amplitude oscillation but in a stably
damped way. This oscillatory behavior is consistent with the oscillation
of the calculated tube bundle inlet mass flowrate.
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The two-phase froth level height (Fig 19) normally does not exist
during natural recirculation node but comes into being when the UTSG
transits from the natural recirculation mode to the pot-boiler mode. This
transition occurs at 55 seconds into the transient. Since then the froth
level begins to decrease at constant rate starting from the height of the
separator deck. After the tube bundle begins to uncover, the froth level
decreases at a much steeper rate ur.til calculation stops. This abrupt
change in the decrease rate at the transition point is judged to be
resulted from the condition that the vapor and liquid mass flowrates at the
tube bundle exit must be continuous both spatially and temporarily when the
froth level moves across the interface between the tube bundle and the
riser. Also physically this is reasonable because both the liquid
depletion rate by vapor generation in the tube bundle region and the void
fraction at the tube bundle exit remain same while the flow area decreases.

One of the most important parameters is the total heat transfer
rate across the steam generator and is shown in Fig 20. For the tube
covered period(0 to 66 sec), thetransfer rate initially stays constant up
to 10 seconds, then decreases and reaches a minimum value and then
increases again to almost the same level as the initial value. Since the
heat transfer area stays constant during this period, Q will be
proportional to if the overall heat transfer coefficient is assumed to be
constant. The initial constant behavior results from the constant primary
inlet flow temperature and the secondary saturation temperature during the
same period. The subsequent rapid drop of Q results from the rapid
decrease of the primary inlet temperature whose effect overrides that of
the slow decrease of the secondary saturation temperature. Then the rate
of Q decreases because the secondary saturation temperature continues to
drop whereas the primary inlet flow temperature begins to approach the
final value. The same reason can explain the continuous increase of 0
until the tube bundle begins to uncover.

After the tube uncovery starts, Q plunges initially, increases
slightly and then decreases continuously until complete boil-dryout occurs.
The steep decrease at the initial stage could be attributed to the rapid
decrease of the heat transfer area resulting from the fast froth level
notion as well as the possible inapproate modeling of the heat transfer
area as a function of te froth level height while the froth level is in the
U-bend region. The mild decrease of Q beyond this point can be explained
by slower downward morion of the froth level.

4. Conclusions

Based on the simulation results, the following conclusions are
dravn:

1) Two-phase froth level model

For most of the UTSG pot-boiler operation, this model is adequate
for describing the two-phase mixture swelling and collapsing dynaaics.
Also it is simple enough not to jeopardize the real tine execution
capability of the whole steam generator model. The froth level dynamics is
found to be a strong f met ion of the drift flux parameters Co and k.
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2) Thermal Nonequilibrium Effect in the Steam Dome

For the natural recirculation mode, this effect is found to be
insignificant even for a pressure transient as rapid as in a turbine trip
transient. Especially for the decreasing pressure condition, the thermal
nonequilibrium model showed the same result as the thermal equilibrium
model. For the pot-boiler mode, this effect is found to be important since
the vapor in the steam dome is maintained at superheated condition during
most of the tube bundle uncovery stage.

3) Local Flow Reversal and Counter Current Flow

The flow reversal at the tube bundle inlet is calculated without
any numerical problem which had been encountered in the previous model and
shown to be physically reasonable and consistent with those of the other
coupled variables. Since the contribution of the friction pressure drop in
the counter current flow region is found to be not negligible compared with
the gravitation term for HLOF case, judicious approximation on this term
seems to be necessary in the tube bundle uncovery simulation.

4) Two-phase froth level and dovncomer water level

The two-phase froth level is found to be insensitive to the flov
oscillation at the bottom of the evaporator occuring during boil-dryout
whereas the downcomer water level is very sensitive to it.

5) Heat Transfer Rate

The heat trransfer rate is found to be a strong function of the
primary inlet flow temperature, the secondary side pressure and the two-
phase froth level height. Once tube bundle uncovery starts, the heat
transfer rate decreases drastically due to loss of the heat transfer area.
The heat transfer rate above the froth level is in fact found to be
negligible compared to those below it.

6) Drift Flux Parameters

The drift flux parameters Co and k should be selected judiciously
based on the plant operating conditions, if possible. These parameters
affect the void distribution in the tvo-phase regions and thus have a
direct impact on the calculation of the major variables.

7) Execution Time

Real time execution capability of the present model is exhibited.



-755-

References

1) Owen L. Deutsch, "Fault-Tolerant Systems Technology: Signal
Validation", TANSAO 49, 370-372 (1985).

2) A.K. Singhal et al., "ATHOS-A Computer Program for Thermal-Hydraulic
Analysis of Steam Generators", EPRI NP-2698-CCM, August, 1984.

3) J.C. Lee et al., "Transient Modelling of Steam Generator Units in
Nuclear Power Plants: Computer Code TRANSG-01", EPRZ NP-1368, March,
1980.

4) S.P. Karla, R.B. Duffey, G. Adams, V. Lampson, and R. Lundberg,
"Experimental Simulation Studies of PWR U-Tube Steam Generators",
Boiler Dynamics and Control in Nuclear Power Stations", BNES London,
1979.

5) S.P. Karla, A.K, Prezekwas, A.K. Singhal, and G. Adams, "Thermal-
Hydraulic Performance of a U-Tube Steam Generator Under Controlled Feed
Plov Oscillations", AIChE Symposium Secies 225, Vol. 79, 1983.

6) G.R. McGee, V.S. Krishnan, "Experimental Investigation of Steam-Line
Break Transients in a Recirculating U-Tube Steam Generator", 7th Annual
CNS Conference, Toronto, June 1986.

7) W.H, Strohmayer, "Dynamic Model of Vertical U-Tube Steam Generator for
Operational Safety Systems", Ph.D. Thesis, Dept. of Nucl. Eng., H.I.T.
1982.

8) B.W. Rhee, "A Dynamic Model of a U-Tube Steam Generator for Real Time
Simulation", Ph.D. Thesis, Dept. of Nucl. Eng., M.I.T. 1983.

9) E.O. Moeck and H.tf. Hinds, "A Mathematical Model of Steam Drum
Dynamics", Paper presented at the 1975 Summer Computer Simulation
Conference, San Fransisco.

10) N. Zuber and J.A. Findlay, "Average Volumetric Concentration in Two-
Phase Flow Systems", J. of Heat Transfer, 87, 453-468 (1965).

11) V. Wulff, "Lumped Parameter Modelling and Interface Tracking for One
Dimensional Two-Phase Flow", BNL, Upton, NY 1979.

12) V. Vulff, "The Kinetics of Moving Flow Regime Interfaces in Two-Phase
Flow", OECD/CSNI 3rd International Meeting on Transient Two-Phase Plov,
Pasadena, CA 1981.

13) D.P. Siska, "NSSS Transient Tests at AN0-2", EPRI NP-1708, May, 1981.



-756-

V „ j V

Hvl Luw»r>
I P V , u y w h w
T u b s 5 i d « J i : 2 2 i n : i .

4 )

-Q -t> V -i, V - ( , j V -i> w V 2 3 4
1 ? ^ J 4 J J J 3 3 4 V • ' /

1

Tubs

•la«r

Liquid

Ddwncoa»r
Liquid

Tub*
•undl*

Hj£
D*wncoa«c

Liijula

n

L

/ P A HZ
o m t

L

P V

•ivi

P V

L
tb

o • f

L
R

« • f

» V

0 V
O O

1

L
tt

a

L

P u

o

0

L .

# u
If

o

c

• r

•

V
V V

V
t 1

V

•

•

V
V V

V
o a

t

f

—

u

w

v I

V
w

w
CO

w +w

v I
w *w

V
w

h

h

v 1
W Jl • * h

c) 9 t l f

v 1
w • w

11 tl

tl

*,

M h *w h
fc 1 ( - fw

( )
w <w

f ff

h

v 1
W h »W h

t l 9 c l f

V 1

i i r l

h
t

h
fw

w

TABLE

v 1
•w

v I
*w

w

w
fc

w

V 1

w *w

v 1 .
w +w

w
•t

w

I .

t l 9

1
iW

W +W
ii r 1

M h
to g

w
1

H

h

n

h

wV h 4
t l 9

v
w

11

W h «
Co 9

H •

h

h
1

1
M

1
u

r l

1
w

l
w

to

h f

h
r

h
f

I

i
f

PV

VV
1

PV

PV

PV

J

w
co

-w

° b ' "

: '

M

i (0

-w

1

w
f 1

-w
t l

w f l

-w
ri

p. h ,

P.«

p

p

p

h

^
1

h

p

cl

h
V

h
o

i

,m

, V
V

V
1

,v

• ,

to

,v

v 1 ©

1 !

V *v *cenatI

v :



-757-

COHSTRMHTS IMPOSED OH THE INTERACTIONS BCTWEEH

7i r

i»<j ! .Mit ' vpr ' 1>|J

i : «

w

w

- 0

-0
ro

- 0

W
f l

w

w
I • f l

i , : i \o-° - „
I No ,>h I h {1 - g t f , h - h h1 1 ! lqd f ! lqd

-0 ' H

! 1 '

i i 1 9 i f
1

vpr

h
vpr

h
lqd

9

-h
1

-h
f

h

h

v p r

vpr

lqd

SECOWPAftY SIDE SYSTEM EQUATIONS FOR POT-BOILER HOP!

24-
Mlatur*

Staaa
Ooa*
Vapor

DowncoMC
Liquid

Tub*
•undla

Hii«r

O O P S
V*I(IOC

L?qutd*'

n

'o''.»Vl

V V

V.

0 V
V V

t

'rr
J (put A d i

L
tb

/ <puj A dZ
o tv f

p « V
0 O 0

;
L r ,
O • f

P U V
V V V

P U V
O 9 O

w
in

H

W

frrsl

M
• V

w

W

V
M

ro

w
f-

h
in

h
1

h
9

h
>v

h
r-

WV h •»! h

( C J

EI d

h
9

h

W
out

M

H
• V

w

w

V
w

CO

w
•t

If
o

h

h
9

b
IV

V

h
1

( rl , ri f(

v 1

ci rl

h
9

h

1

I

PA 1
f fr

-PA 1

PV

d

d t

dv

dt

PV
o

Q
• V

-

-

« , b

-

-

-

w «

-

W

ro

- H
CO

-

H
ro

-w
ro

1

-

w
(1

-

If
fl

- W '

" 1

P.h .<•
1 fr
.1

fr

P.I .h
fr >v

P , h .V

t,h ,V
o o

p,h , •
1 rl

r.h .v
V V

P , h , V

I

|

1

V *V - C O M t
V 0

1
o r v •



Faadwatcr Ring fc

Centarlina

Oowncoaer

t T
u, r

I M T,,hp Bundl.-

Flgura t Secondary sida Kagiona



tb

-Wfw,hfw

tb

"tb

Riser "•

Tube Bundle

-W, b,
fw, f w

in

W h,
o, 1

Figure 3 Secondary Side Model for Natural Recirculation Mode figure 6 Secondary Side Model for Natural Ri-tirculnt ion Mode



-760-

\

( . 1 ) S j l u ' i l B i ' L l r i u l . i t i . J i

7 \\ 7

I'.ur.d!,- I'm .'v«-r«-ii



Two-Phase
Froth
Level

tb

-WfrrlhS
Riser Mixture

Wrlv,tWril,'*ri

Tube Bundle

Wfw,hfw

Ltb t

fr

W h To, 1

en
i

Figure 7 Secondary Side Model for Pot-Boiler Mode Figure 8 Secondary Side Model for Pot-Boiler Mode



B
C

15.13
0.0
0.0

4.(2
(.92
S.92

— • - ft»lytic Solution

, » _ TW3 rh— froth
bmllfedil

40 (0
TIME(SEC)

10

Two-
Phase
Mlxtud l f r ( 0 )

1
Wo (0)<h f

I n i t i a l C o n d i t i o n

Twu-
I'hasc

Mtxtur

r
K ( t ) h ,

After t= 0

q'" Is tin- lioal input rale por unit vi'lumi- of tin-
two-phaHc mixtvjrc

Two-phat* Mixtura Uv«l Prediction F i g u r e H) I n l e t F l o w O s c i l l a t i o n I ' rohU-m



-753-

1.05
Analytic Solution T_. = 1 sec

—o— Froth Level Model ^
Prediction fr

0.83

l 1.00

0.95

0.90
0.0 1.0 2.0

TIME(sec)

Figure 11 Rapid Inlet Flow Oscillation

3.0

3.

2.

"Fine Mesh Calculation T f l w* 60 sec

Froth Level Model
Prediction

0.83

I
g

1.

P

o

/
o

30 60 90

TIME(sec)

Figure 12 Slow Inlet Flow Oscillation

120



-764-

o
ex
c
a
a:

3
Ouu

a
o
u

80

70

60

50

40

30

20

10

0

-10

o Plant Test Data

— Present Model

o o

20 40

TIME(sec)

Kigurel3 Downcomer Water Level (Short Term)

60

<u
u
a
<n
T,
<uua.

7.4

7.0

6.6

6.2

5.8

O Plant Test Data

Present Model(Thermal
Nonequi 1 ibrium)

Present ModeKThermal
Equilibrium)

0 20 40

TlHE(sec)

Figure 14 Secondary System Pressure(Short Term)

60



-765-

8.0

3
03
0)
aua.

7.0

6.0

5.0

o Plant Test Data

Present Model

200

Figure 15 Secondary System Pressure(Long Term)

330

270
0 40 80 120 160

riME(sec)

Figure 16 Primary Inlet Temperature for HLOF

200



-756-

6.0 .

5.0

a
u
3
X

a
u

3.0

2.0

20 " 40 60

TIME(sec)

Figure 17 Secondary Side Pressure for HLOF

80

10

uou

5
u

1

Figure 18 Downcomer Water Level for HLOF



Q

Heat Transfer Rate(10 U) Two-Phase Froth Level(m)

o«
g

in
it

3"

r"

1

Ui
n
n

i

I



-768-

fflLTI-RATE INTEGRATION METHODS AND
TABLE LOOKUP TECHNIQUES USED IN HIGH SPEED
DYNAMIC SIMULATION OF NUCLEAR POWER PLANTS

H. C. Yeh, W. E. Kastenberg
Mechanical, Aerospace and Nuclear Engineering Department

W. J. Karplus
Computer Science Department

University of California, Los Angeles

ABSTRACT
High-speed dynamic simulation of a nuclear power system is achieved in

an optimally combined way, namely, modular representation of physical
systems, multi-rate integration algorithms, and improved table look-up
techniques.

A preliminary study of pressurized water reactor (FUR) nuclear power
plant dynamics has been completed, and will be presented in this paper. The
computer system in use is the microprocessor-based workstation plus a PC
array processor. Thus, a parallel-processing modular simulation system can
be constructed. As can be expected, for more general benchmark problems in
nuclear power plant transient behavior, the multi-rate integration algorithm
running on a parallel processing computer system will be advantageous in
computational speed. Moreover, faster than real-time dynamic simulation of
plant transients will be achievable by using the PC array processor.
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INTRODUCTION
Dynamic simulation of a power generating system typically leads to

certain classes of initial value problems (i.e. a system of coupled ordinary
differential equations) whose solutions exhibit widely different
characteristics. A major difficulty arises from the fact that some of the
solution components contain significant high frequency oscillations during
fast transients while the remaining solution components are relatively slowly
varying. Such a system is usually referred to as a stiff system [1, 2].
Several studies [3-8], have found techniques for partitioning a
two-time-scale system (a generalization of a stiff system) into "fast" and
"slow" subsystems and performing multi-rate integration. Also, an automated
partitioning method was developed by Anderson and O'Malley [9] and was found
to be superior to Gear's method and the Runge-Kutta-Merson algorithm. Based
on the results of Reference [10], it was found that in the parallel execution
mode, the most appealing integration algorithms were Adams-Bashforth 1st ana
3rd order predictor methods.

To overcome the problems in reactor system simulation, and in order to
achieve substantial savings in computer time, advantage is taken of parallel
integration with different step sizes. The algorithms developed in this paper
use low order integration formulae for slowly varying subsystems and higher
order integration formulae for quickly varying subsystems. They have been
implemented on a host computer (IBM PC/AT) and a array processor (MARINCO
APB) respectively. The work presented in this paper is part of an overall
project to develop a high speed dynamic simulation for nuclear power plants
using an advanced or enhanced workstation.

MULTI-RATE INTEGRATION ALGORITHMS
The algorithms being considered are designed to reflect the computer

hardware characteristics, i.e. a dual processor system ( a host computer plus
an array processor). The algorithms are divided into two categories: fixed
step size and variable step size. For both categories the step size ratio of
the fast subsystem to the slow subsystem will remain unchanged. However, in
the latter case, there is an index to keep track of the error tolerance for
the fast subsystem, and when it reaches a particular value, which indicates
no favor for the multi-rate method, the applied multi-rate method will then
be terminated. This is mainly designed to deal with the case of changing
system characteristics, namely, the system behaves stiffly at some time and
returns to normal, beyond that particular period. Fixed step size methods
can be viewed as special cases of Wells' work [8]--fast-slow subsystem
partition, the fast subsystem is strongly dependent on the slow, the portion
of the fast variables in the system is relatively small. The proposed multi-
rate integration algorithms, a discussion of convergence and absolute
stability, and implementation of multi-rate integration methods are presented
in the following subsections.

Design of the Multi-rate Integration Algorithm
The proposed algorithm is based on the linear multi-step method rather

than the imbedded Runge-Kutta method because less function evaluation is
required (usually function evaluations are expensive for slow varying
subsystem) and the linear multi-step has a smoothing effect which will help
damp out unimportant rapid oscillations imposed by the fast subsystem. It is
assumed that the coupling from the slow to the fast subsystem would be strong
and weak from the fast to the slow. This can easily be justified in a
reactor simulation which is characterized by a strong feedback effect due to
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the moderator density, a small portion of the direct heating effect, and a
relatively large heat transfer barrier (fuel rod heat conduction resistance).
The slowest-first algorithm, as suggested ari recommended by Wells, can not
be applied because of the extrapolated values for the fast variables present
a drawback [8]. A more natural way to go is to use the fastest-first
algorithm, even though it has the problem of changing step size. The
solution to this problem is to use a second processor with its memory system,
e.g. an array processor. Since the size of the fast subsystem is relative
small, either storing all the intermediate values or redoing the integration
won't incur a problem (sufficient large memory is available and the high
processing speed of the processor). Therefore, the design of the slow to
fast interface is particularly important. But, it is an offsetting factor
for computation time saving.

The bottom line for the design of the proposed algorithm is described as
follows:
1) To improve interpolation in the slow subsystem, a higher order linear
multi-step method may be used (since the method has a built-in interpolation
scheme and the order of the approximation is equal to the order of the
method).
2) There is not likely to be much improvement in accuracy when more
sophisticated averaging techniques are used for fast subsystems (since weak
coupling from the fast to the slow subsystems is assumed). However, if
accuracy poses a restriction on the fast subsystem, a high order Taylor
series method [11] or the predictor-corrector method with limited a number of
iterations [12] may be considered. Although the storage for application both
methods might be a problem, this difficulty might not be serious because of
the relatively small size of the fast subsystem and because sufficient memory
is available on the array processor.
3) Interpolation can be based on the variables for which the fast subsystem
is a function of.

The step size ratio is defined as the ratio of the slow subsystem step
size to the fast subsystem step size. The step size ratio vs. global error
was found to have a "saturation" phenomenon, at a certain value of the step
size ratio. Increases in the step size beyond this point have essentially no
effect on the error [2]. The advantage of monitoring the optimum step size
ratio was pointed out by Shampine [2] (if the ratio approaches unity, it
suggests that either the system should be repartitioned, or that multi-rate
integration should be terminated in favor of single-rate integration).
Therefore, consideration will also be given to the trade-off for monitoring
the ratio during simulation run. The two-time-rate system is defined here as
suggested by Keepin and Palusinski [2, 4].

The system can be described by equations such as the following:

y - f(y,t,z) fast subsystem
(1)

z - g(z,t,y) slo.- subsystem.

The initial conditions are y(0)-yQ, Z(0)-ZQ; dim(y)-n^ dim(z)-n2 where n^ «
n£. Assume that y is a vector of fast variables and z is a vector of slow
variables. Conditions for existence and uniqueness of the solution are
assumed to be satisfied.
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The p-stage multi-step, multi-rate integration formulas can be expressed
as:

P P
2 aj ynk+i+j - h S bj fnk+i+j (2)

j0 j-0

P' P'
(3)

s c j ' znk+j' = hk 2 dj ' gnk+j,
j ' - 0 J J j ' - 0 J J

where
a_,c_< - 1 for explicit methods
n — frame number
p,p' — stage number of the multi-step method
i - cycle number inside nth frame
k - multi-rate factor; total number of cycles in which the

frame is divided
fnk+i+j ~ f(ynk+i+j• cnk+i+j> ^nk+i+j)
^nk+i+j " t n e approximation of the slow mode at
gnk " g<znk> ^k- ~nk>

o r s o m e weighted sum based on {ynk+i+j1j_O,p-

The approximation for the slow mode at t^+i+j can be obtained by(i)
linear interpolation (ii) quadratic interpolation (iii) the computed value at
t n k. When bp-0, dp-0 the method is explicit, otherwise, the method is
implicit.

Fastest First Algorithm /* H - Tf, h - H A */
For n - 1,2,...,N

{
For i - 1,2 k

{
m :- (

ym - 2 [-Sfcj y(

z m - s [-Cj zm.j+h dj gm.j]+h b 0 g(ym,2m);

P
y n - h S [-aj y(n.j)k+H bj f(n.j)k]+H b of(y n k,z n k,t n k);

End.
Here a^,...,^; bQ,...bp, and cj_,...,Cp; dp,...,dp are the coefficients of
linear multi-step methods and the 1fkj and Dkj are determined by the slow
predictor polynomial. If the Nordsieck representation is used, then ym can
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be obtained by the formula

ym = y<n-l)k+dt ny^_ 1 ) k +---- +dt£y00 1 ) k /„! (4)

where dtn = t^-t^.j^k and /J is the order of the slow predictor.

Stability. Convergence, and Computation Saving of Multi-rate Methods
The convergence of the linear multi-rate multi-step method has been

proved by Wells [8] for any Lipschitz continuous system provided the ratio of
the frequency of slow integrations to fast integration remains fixed as the
fast step size tends to 0. Stability for the linear multi-step, P(EC)mE and
P(EC)m schemes and a local error analysis for simple multi-rate algorithms,
i.e. forward Euler and backward Euler with three different approximations for
the slow mode, can be found in Rodriguez and Carrion's work [12]. We let P,
C, E, denote the application of the Predictor, the Corrector, and the
evaluation of the function(s) at the right side of ordinary differential
equation(s). These provide a strong theoretical basis for the proposed
multi-rate methods the are based on the Adam-Bashforth predictor methods.

The computational saving when using the multi-rate methods can be great
when compared to the linear algebraic cost of a convectional approach because
the Newtonian type iteration requires the solution of an algebraic system
Ax-b. The cost, in terms of the arithmetic operations required to solve the
Ax-b is known to be K [dim(x)] . On other hand, the cost for multi-rate
methods is limited to the simple arithmetic operations required to perform
the chosen interpolation scheme.

Implementation of Multi-rate Integration Algorithms
This section is devoted to a discussion of specific multi-rate

algorithms and their implementation in FORTRAN and HIASM (MARINCO's high
level assembly language) subroutines. To begin with, the detailed outlines
of two multi-rate algorithms are given. They are based on explicit linear
multi-step methods, namely, the Adam-Bashforth predictor methods (AB1, AB2).
Following this is a brief discussion of the implementation of these
algorithms used in the developed simulation code.

The low order, linear multi-step method is considered for the following
reasons: 1) Accuracy requirement is minimal (the models are only accurate to
a few percent); 2) Discontinuities in the derivatives are often encountered
due to switching operations (reduction in overhead for frequent restarts); 3)
More advantageous in situations which require frequent changes in step size.
The method is explicit and is good for a system which has a few high
frequency oscillatory components coupled with several slowly varying
components.

The interface for communication between two subsystems is required
by the coupling effect. For simplicity, we assume a linear approximation
can be applied to the slowly varying function. Encouragement can be
found in References [10, 12, 13], where even the previous time level was
used at the current time level for slow variables and the error was
found to be negligible.

The cases considered at present are:

vnk+i+2 ~ vnk+i+l + h/2(3f n k + i + 1 - fnk+i) (5)

znk+k " znk + khSnk (6)
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a n d ynk+i+3 " ynk+i+2 +
 h/12(23fnk+i+2 - 16fnk+1+i + 5fnk+1) (7)

znk+k - znk + khSnk- <8>

The first algorithm is outlined below:
1. Compute slow mode znk+k;
2. Compute fast mode ynk+£+2>
3. Use z(t) - z n k + (t-tnk)/kh (z n k + k -znk) for time in (tnk, t^+fc) ;
4. Evaluate fnk+i+2:
5. Repeat (2)-(4) until tnk+k;
6. Evaluate znk+k;
7. Repeat (l)-(6) until the final time Tf.

Similarly, the second algorithm can be described following the above steps.
The algorithms described above have been implemented in the simulation

code. The integration of fast subsystem and interpolation of slow subsystem
variables are first coded in HIASM and then compiled into microcode for the
array processor. An interface subroutine Is written in FORTRAN as a part of
the simulation code which provides the bridge to the using of the MARINCO
APB.

Local Error for Multi-rate Methods

The linear difference operator L is defined as:

L[y(tnk),h] - S [aj yCtnk+t^-hbj ?'<tnk+tkjp)] (9)

where tkjp - (k-p+j)h and y' - f(y,lftt).

Assume the integration with a multi-step method starts with the exact
solution of y and z at time tnk, that is:

^m " f<y'm'%n.tm> where m - nk+i+j,

P *, P ~
s aj ynk+i+j " h. S bj fnk+i+j •

Let "z be the interpolated values of the slow mode for each cycle calculated
from the exact values of z within the frame, and 7 is calculated from the
equation

Znk+i+1 " ̂ nk + <i+1>h gtfnk.Znk.tnk) - < n )
where i - 0,1,2 k-1.
Pere the Euler method is used to integrate the slow mode and the
interpolation and extrapolation are the equivalent for z. The local
truncation error (dnk+k, dnk+k) in the n t h frame and at the last cycle of

the multi-step method is defined by:



-774-

dnk+k _

dnk+k _ z C t ^ k ) - ^ ^ . (13)

Assume there is no previous truncation error, and that

for j = 0,1 p-1.
Following a standard procedure with the proper substitutions, we can

derive the expression for the local truncation error of the fast mode:

dnk+k_ (l-hbpfy)[y(tnk+k)-ynk+k] (15)

df
where fy — — —

ay .
Since the explicit predictor methods are used, the above equation can be
simplified further,

dnk+k _ [y(tnk+k)-?nk+k] . (16)

^ ^ * and forExpanding y and f^ we find that for case AB2, error is * h^+O(h*)
case AB3 the error is * h*+0(h^), where * is a function of k, y^n', ^
fz depending on the interpolation scheme used (i-y or z, n-3 or 4).
Similarly, the expression for the local truncation error of the slow mode
using AB1 formula is obtained as:

O(h3) . (17)

Numerical Test for the Multi-rate Integration Algorithms
The dynamics of a pressurized water reactor (PUR) nuclear power plant

have been simulated in order to compare the multi-rate integration algorithms
described in the previous section and some commonly used algorithms [14].
The procedure is described as follows: The time period of the simulation is
50 seconds of real time. Starting at 5 seconds, a control rod is withdrawn
from the core at a rate which adds $0.02 of net reactivity per second. The
rod is stopped at 10 seconds and restored back to the normal position at 15
seconds. The multi-rate integration algorithms are tested in two modes,
i.e. emulation and on-board. In the emulation mode, the multi-rate
integration algorithm is performed on a single processor or a host computer
only. The on-board mode means that the neutrorics (which corresponds to the
fast mode), and interpolation of slow variables are performed on the array
processor. The speed ratio is shown in Table 1 for different combinations of
the Adams-Bashforth second order fixed step algorithm (AB2) and the Euler
algorithm (AB1) with the Runge-Kutta fourth order variable step algorithm
(RK4). The speed ratio is the ratio of execution time for a single-rate or
multi-rate integration algorithm to the referenced case, which is the
emulation mode for AB1+AB2. The step size used was 0.004 second for fast
subsystem and 0.02 second for others. With the aid of a PC array processor,
the speed can be raised two and half times faster than emulation on the host,



-775-

which is faster than real-time (less than 45 seconds for 50 seconds
real - time). This shows it is quite promising. The comparison of the
single-rate algorithm (RK4) and the multi-rate algorithms for the power
transient: Q (reactor power) and QT (turbine power), and the flow rate
transient: WS (steam flow rate) and WF (feedwater flow rate) are shown in
Figures 1-4 respectively. In the figures, the lines represent the results of
the singe-rate algorithm and the symbols are the results of the multi-rate
algorithms. As can be seen, the performance of the multi-rate algorithm
based on AB1 and AB2 is satisfactory. The discrepancy in the flow rate over
the first 15-20 seconds may be improved when the higher order integration
algorithm is applied.

TABLE LOOKUP TECHNIQUE
Table lookup is a common computational operation in a nuclear power

plant dynamic simulation. Quantities such as thermodynamic properties, and
the exchange of momentum and energy between fluid and surfaces are required
in order to have a closed system of equations. These quantities are usually
obtained from the equations of state, which are piecewise functions of one or
two variables, ate empirical in nature, and are represented in tabular form.
It has been estimated that during dynamic simulation, table lookup may occupy
60-70% of the computation time. Therefore, the payoff in finding a better
algorithm can be an order-of-magnitude effect.

A survey for calculating thermophysical properties in current codes
(e.g. RETRAN [18], RELAP [19], MMS [15], etc.) has been conducted, see Table
2, and it was found that a controversy exists between polynomial fitting
formulas and table lookup. This is partly because the difficulty in
implementing a steam table lookup resulting from its complexity and
nonlinearity. Hence, it is necessary to examine the suitability of these two
approaches on a parallel processing machine.

Due to the evolution of computer architecture, there is no longer any
simple, unified way of evaluating the performance of table lookup algorithms
on parallel or vector processors. A study on a couple of algorithms used at
Lawrence Livermore National Laboratory STAR-100 and Cray-1 supercomputers was
reported by Dvbois [IB], Because current languages are inadequate for
expressing table lookup ideas, algorithm implementation is strongly hardware
instruction dependent (i.e. machine-dependent). The use of assembly language
is inevitable on a parallel or vector processor computer system and has
well-known consequences in maintenance, portability, and documentation.

The Proposed Method
A modified table lookup technique is proposed and described as follows:

The requested coordinated values will be sent to the array processor board
and the search routine invoked to obtain the breakpoint or box. For the
first call, the binary search algorithm, and for successive calls the nearest
neighbor search algorithm will be used. The index number of the found
breakpoint will be returned and stored for later use (taking the advantage of
locality property of steam table lookup). The method described above is
mainly designed for a PC array processor, and can be applied to
multiprocessor systems. The algorithms implemented are based on Reference
[17] and will be applied in upgrading the present simulation code capability.

Numerical Testing
The numerical tests for the developed algorithm, running a MARINCO PC

array processor, are steam table lookups. The steam table is divided into
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three regions, i.e. subcooled, saturated, and superheated regions. In the
subcooled region a 2D function table lookup is implemented. In the saturated
regions a simple ID function table lookup is implemented. In the superheated
region 2D function and 2D map function table lookups are used for the region
above and below the critical point respectively. More detailed information
regarding data points, dependent variables, independent variables, ranges,
etc. are summarized in Tables 2 through 4. The performance for using the PC
array processor is given in Table 5.

CONCLUDING REMARKS
The methods described above can be extended to the application in the

multiprocessor system. Depending on the response characteristics of the
system being modelled, it can be divided into an arbitrary number of
subsystems as long as it is appropriate according to the frequency response.
The interpolation scheme applied to each subsystem will have to be analyzed
in order to reach the best tradeoff between speed, accuracy, and stability.
The multi-rate integration algorithms and table lookup techniques developed
in this paper will be important tools for improving parallel processing
performance. They can be applied in simulation and in the analysis of
complex nuclear systems on a cost-effective parallel computer system.
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Table 1: Comparison of Integration Speed for Various Algorithms

SPEED RATIO REMARKS

| 1. Emulation on host
|(S) EULER (AB1) 1.0
j'F) AB2
| 2. Emulation on host
|(S) AB2 0.94
|(F) AB2
| 3. Multi-Rate
|(S) EULER (AB1) 2.48
|(F) EULER (AB1)
| 4. Multi-Rate
|(S) EULER (AB1) 2.25
|(F) AB2
j 5. Single-Rate
j RK4 0.84
| Variable Step Size

GOOD

GOOD

imik&

OK**

GOOD

NOTE
1
2
3
4
5

* Bad for flow rate transients at the beginning.
** Bad for power and flow rate transients at the beginning.
(S): slow mode, (F): fast node.
AB2: Adams-Bashforth second order algorithm.
In Multi-Rate, the integration of fast mode is carried out on the
array processor including slow variables interpolation and function
evaluations.

6. RK4: Runge Kutta fourth order algorithm.
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Table 2: The Calculating Methods of Thermophysical Properties
Used in Various Codes

| CODE

| RELAP 4 [18]

1
| RETRAN 01

1

| RETRAN 02 [19]

[ LINK [20]

| PRREAC [3]
1
| (DAREP)

| HMS [IS]

| DSNP [21,22]

| RAHONA 3B [23]

| BUR
PLANT [10]

[ ANALYZER

1
[ METHODS USED

1

Table lookup, Interpolation
(linear, reciprocal)
based on IFC's formulation
as coded in ASTEM package

Polynomials

Polynomials
based on Keenan and Keys
Steam Tables

Polynomials, Table lookup,
Interpolation (local binary,
or binary search)

N. A.

Polynomials

Polynomials and Table
lookup. Interpolation
(based on polynomials)

ASSERTED ACCURACY |

N. A. |

0.15%-0.4% |
1% near critical |
point |

N. A. |

+0.24% |

N. A. |

0.2% |

0.2% |
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Table 3: The Saturated Region

| VARIABLE

1 T
1

1 P
1
1
1 "

1 h

1 s

| TYPE

inde- .

dep.

dep.

dep.

dep.

I NUMBER OF DATA POINTS |

I 214 |

214 |

214 |

214 |
1
1

214 |

1

NOTE:
1. T - temperature
2. P - pressure
3. u — specific volume
4. h - enthalpy
5. s - entropy
6. indep. - Independent variable
7. dep. - dependent variable
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Table 4: The Superheated Region

| VARIABLE

1
1 T
1
•
1
1 p

11
1 v

\ h

1 s

| TYPE

indep.

indep.

dep.

dep.

dep.

NUMBER OF 1

below c.p.
1692
(94x18)

94

1692

1692

1692

3ATA POINTS |

above c.p. |
16 |

12 |

192 |

192 |

1
192 |

1

NOTE:
1. T - temperature
2. P - pressure
3.1/ — specific volume
4. h — enthalpy
5. s - entropy
6. indep. - independent variable
7. dep. — dependent variable
8. c.p. — critical point
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Table 5: The Subcooled Region

| VARIABLE

1
1 T

1 P

1 "

1 h

1 s

TYPE

indep.

indep.

dep.

dep.

dep.

NUMBER OF DATA POINTS |

96 |
(12x8) |

8 1

96 |

1
96 |

96 |

1

NOTE:
1. T - temperature
2. P - pressure
3. v — specific volume
4. h - enthalpy
5. s - entropy
6. indep. - independent variable
7. dep. - dependent variable



-784-

Table 6: Function Generation Performance Using
a MARINCO APB

| FUNCTION GENERATION

1
| ID FUNCTION

1
1
| 2D FUNCTION

1
| 2D MAP FUNCTION

I

TIME REQUIRED j
(H second) |

90 |

160 |

160 |

NOTE: Assuming there is no search required.
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THE RATE FORM OF THE EQUATION OF STATE

FOR THERMALHYDRAUL1C SYSTEMS:

Numerical Considerations
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ABSTRACT

In conjunction with the usual rate forms of the conservation

equations, the time derivative form of the Equation of State is investigated

from a numerical consideration point of view. Firs., the derivation of the rate

form of the Equation ol State is presented. Systematic comparison between

the new method and the traditional iterative method is made by applying the

methods to a simple flow problem. The comparison is then extended to a

practical engineering problem requiring accurate prediction of pressure. The

rate method is found to be more advantageous in many aspects. It is more

intuitive for system analysis, more appropriate for eigenvalues extraction, as

well as easier to program and to implement. Numerically, the rate method is

found to be more efficient and accurate than the traditional iterative method.
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I. INTRODUCTION

Presently, the conservation equations are all cast as rate equations whereas the

equation of state is typically written as an algebraic equation (Agee, 1983). This arises from

the basic assumption that, although the properties of mass, momentum and energy must be

traced or solved as a function of time and space, the corresponding local pressure is a pure

function of the local state of the fluid. Hence the equation of state is considered only as a

constitutive equation. This treatment puts the pressure determinations on the same level as

heat transfer coefficients. Although numerical solution of the resulting equation sets give

correct answers (to within the accuracy of the assumption), intuition is not generated and

time-consuming iterations must be performed to get a pressure consistent with the local state

parameters.

The time derivative form of the Equation of State is investigated, herein, in

conjunction with the usual rate forms of the conservation equations. This gives an equation

set with two distinct advantages over the use of algebraic form of the Equation of State

normally used.

The first advantage is that the equation set used consists of four equations for each

node or point in space, characterizing the four main actors: mass, flow, energy and pressure.

This consistent formulation permits the straight-forward extraction of the system eigen-

values (or characteristics) without having to solve the equations numerically. Theoretical

analysis of this aspect has been presented elsewhere (Garland, to be published).

The second advantage is that the rate form of the Equation of State permits the

numerical calculation of the pressure without iteration. The calculation time for the pressure

was found to be reduced by a factor of more than 20 in some cases (where the flow was rapidly

varying) and, at worst, the rate form was no slower than the algebraic form. In addition,

because the pressure can be explicitly expressed in terms of slowly varying system

parameters and flow, an implicit numeric scheme is easily formulated and coded. This paper

will concentrate on this numerical aspect of the equation of state.

In the following, the equation of state is reviewed and the rate form is developed and

assessed.

II. DERIVATION OF THE RATE FORM OF THE EQUATION OF STATE

The determination of pressure from known values of other thermodynamic properties

is not direct since interpolation and iteration is required because the independent (known)

parameters are temperature, T, and pressure, P. Unfortunately, T and P are rarely the

independent parameters in system dynamics since the numerical solution of the conservation

equations yield mass and energy as a function of lime. Hence, from the point of view of the
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equation of state, it is mass and energy which are the independent parameters.

Consequently, system codes are hampered by the form of water property data

Consider the algebraic form:

P=n(p,h» (1)

Traditionally, an iterative scheme (such as Newton-Raphson, Agee 1983) is used lo

solve Equation 1. The value of P is initially guessed. Iteration is then performed if P fails to

satisfy a designated 'en .̂r' equation within a preset tolerance. At each iteration a new (and

hopefully better) approximation of P is calculated by the Newton-Raphson formula.

The designated 'error' equation can be either an equation expressing the error in

specific enthalpy:

erh(P) = h - hESTIMATED <P, x> = 0, (2)

or one expressing the error in density:

erd(P) = p - PESTIMATED (P. x) = 0, (3)

where x is the quality.

Hence the solving of the equation of state is reduced to the finding of the root of the

'error' equation.

Alternatively, a method has been developed to solve the equation of state by deriving

a rate form of Equation 1. The case of two-phase equilibrium was previously discussed

(Sollychin, 1985). It will now be summarized in the following. Subsequently, the results are

quoted for the extension to single phase and two-phase non-equilibrium fluid.

For a volume, V, of mass, Mr and total energy H, we have:

M = MP + M|. (4)

H = Mehe + Mrhf, (5)

and

V = Mc vc + MF vf. (6)

DiiTerentiating Equation 5:

dH d h
R

 d M
B

 d h f d M f
= M — + h + M. —' r h -

dt R dt R dt > dt f dt

DiiTerentiating and combining Equations 4 and 6, the following can be obtained:

dV dM d v f

dt " v - v (v _ ,2 \ dt ~ dt I
h
 E r

and

(7)
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dt v f -v g dt dt /

Substituting Equations 8and 9 into Equation 7, and solving for dP/dt we find:

dH dM dV
(v - v,) — + (h v, - hr v I + flir - h ) —

*Z - e dt g e dt e dt

dt i <5h 6rv / itn dvrM (v _v f | -S_h M - - h J I - g - - -1 e g > dP s jP e e\ iP ap /
o h , ifv / dv dv, •. ]

Mf(vf-v ) ^ + hrM-^-hrM f( - £ - -
• f s a • aP ' fV ap ap f\

Simplifying and defining

(9)

(ID
ah dv

we have:

dP _ ' dT "*" 2 dT 3 dT (12)
dt " M F. + M fF,

where the F's are smooth, slowly varying functions of pressure (Sollychin, 1985) only. Note

that Mg = xM and Mf = (1—x)M, where x which can be calculated directly from

h = H/M = xhg + (l-x)hr This is the rate form of the Bquation of State for two-phase

equilibrium fluid in terms of the extensive properties (which are obtained from the continuity

equations). This can be cast in the intensive form by substituting

H = Mh, V = Mv, Mg = xM, MF = (1 - x)M

to give

, „ fF.(P) + FJPJh + FJP)vJ — + FJP) * M + F.(P) - M
d P 1 2 3 a t z a t 3 a t n * i
dt ~ xMF4(P) + (l-x)MF5(P)

But since Fj(P) + F2(P)h + F3(P)v is equal to zero by expansion, and since
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<*v — 1 dp
- = - 7 — = - i x v
dl p2 dt «

dp
— .
A.

Equation 13 can be written as

dP dp ah
— = G,(P.x> — + GJP.x) —
at ' at 2 at

(14)

where Gf(P,x) and G2<P,x) are properties functions which only depend on pressure and

quality:

Gl(P-*) ~ xF4(P)

(h -hJlxv + ( l - x i v . | 2

E I E I

dh
. _ £
dP 'dP

(v - v , ) -
dv

dP vv
F2(P)

dh. dv dv. (16)

The F functions are smooth, slowly varying functions of pressure provided good curve

fits are used. The latest steam tables (Haar, 1984) were used to fit saturated properties to less

than 1/4% accuracy using low order polynomials and exponentials (Garland, to be published).

Considerable effort was spent on obtaining accuracy and continuous derivatives over the full

pressure range. The fact that good fits are available means that the F functions are well

behaved which in turn makes the rate form of the equation of state extremely well behaved,

as shown later. The G functions are also well behaved for the same reasons.

In general, the equation of state can be written in rate form for all situations

(Garland, to be published). If we adopt the general form.

dt ~ M..F. + M.F.

(17)

dt
the expressions for the F and G functions can be summarized as in Table 1. These expressions

cover the full range from subcooled liquid to superheated steam.
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Having derived the desired rate forms for the equation of state, we proceed to

illustrate the utility of the approach.

III. NUMERICAL INVESTIGATIONS A SIMPLE CASE

The simple two-node, one-link system is (Figure 1) chosen to illustrate the

effectiveness of the rate form of the equation of state in eliminating the inner iteration loop in

T/H simulations. In general, the task is to solve the matrix equation,

au
— = A U + B . (18)
ft

over the time domain of interest. The key point that we wish to discuss is the difference in the

normal method (where U = {Mi, Hi W, M2, H2} and the rate method (where

U = {Mj, Hi, Pi, W, M2, H2, P2})- For simplicity and clarity, we first summarize work for a

fixed time step Euler integration:

Ut*i = Ui + AtfAU + B). (19)

As we shall sec, this is sufficient to generate some observations on the utility of the rate

method. These observations Lien guide us in the use of more complicated and efficient

algorithms.

NORMAL METHOD

The normal method obtains the value of pressure at time, t + At, from an iteration (as

discussed previously) on the equation of state using the values of mass and enthalpy at time,

t + At, i e the new pressure must satisfy:

P»+a« = n (pt+Ai, ht+at), (20)

where both p and h are pressure dependent functions. Any iteration requires a starting guess

and a feedback mechanism. Here, the starting guess for pressure is the value at time, t: Pl.

Feedback in the Kewton-Raphson scheme is generated by using an older value of pressure,

Pt-At, to estimate slopes. Since the slope, dh/dP, was readily available from the rate method,

we chose to use this slope to guide feedback. Thus, in the comparison of methods, we have

borrowed Irom the rate method to enhance the normal method. This provides a stronger test

of the rate method.

Thus we can now generate our next pressure guess from:

P = P + * * " * " " »ADJ,new guess M i

where ADJ is an adjustment factor €(0, 1), to allow experimentation with the amount of

feedback. This iteration on pressure continues until a convergence criteria, Perr, is satisfied.
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The converged pressure is w-t-d in the outer loop in the momentum equation and the time can

be advanced one time step Figure 2 summarizes the logic Flow

RATE METHOD

The rate method obtains the value of pressure at time, t + At, directly from the rate

equation as is done for the conservation equations Equation 12, gives the rate of change of

pressure which can be solved simultaneously with the conservation equations if substitutions

for dM/dt and dH/dt are made, leading to:

— = A U + B, (18)
dt

where L' = {M, H, P,. W, M2, H2, P2}

Thus:
B} ( 2 2 )

No inner iteration is required, as shown in Figure 3

One problem with this approach is that the pressure may drift away from a value

consistent with the mass and energy. This problem does not arise with the conservation

equations because the equations are conservative in form, by design. It is not possible to cast

the rate form of the equation of state in conservative form since pressure is simply not a

conserved property. We can surmount the drift problem by using the feedback philosophy of

the normal method. Thus the new pressure is given by:

(h* - h , )

ah/aP.
( 2 3 )

This correction term uses only readily available information in a non-iterative manner.

In essence, the main effective difference between the normal and rate method is that

during the time step between t and t + At the normal method employs parameters such as

density, quality etc. derived from the pressure at time, t + At, whereas the rate form employs

parameters derived from the pressure and rate of change of pressure at time, t. The normal

method is not necessarily more accurate, it is simply forcibly implicit in its treatment of

pressure. The rate method can be implicit (as we shall see) but it need not be. Without

experimentation it is not evident whether the necessity of iteration in the normal method is

outweighed by the possible advantages of the implicit pressure treatment.

The next sections tests these issues with numerical experiments.

COMPARISON

The two node numerical case under consideration is summarized in Figure 1. Perhaps

the most startling difference between the normal and rate methods was the difference in
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programming effort. The rate form was extremely easy to implement since the equation form

is the same as the continuity equations. The normal method took roughly twice the time to

implement since separate control of the pressure logic is required. This arises directly from

the treatment of pressure in the normal method; it is the odd man out.

The second startling difference was ease of execution of the rate form compared to the

normal form. The normal form required experimentation with both the pressure convergence

tolerance, Perr, and the adjustment factor, ADJ, since the solution was sensitive to both

parameters. The rate method contains only the adjustment factor ADJ. The first few runs of

the rate method showed that since the correction term for drift (h* —hca|c)/(3h/3p) is always

several orders of magnitude below the primary update term, At{A U + B}, the solution was

not at all sensitive to the value of ADJ. Thus the rate method proved easier to program and

easier to run than the normal method.

First, we look at the number of iterations required for pressure convergence as a

function of Perr and ADJ for the normal method without regard to accuracy. For a At of

0.01 sec, Perr = 10~3 (fraction ofthe full scale pressure of 10 IviPa), the effect of ADJ is seen in

Figure 4. This result is typical: an adjustment factor of 1 gives rapid convergence (one or two

iterations) except where very large pressure changes occur. For the case of very rapid

changes, the full feedback (ADJ = 1) causes overshoot. Overall, however, the time spent for

presr are calculation is about the same, independent of ADJ.

Allowing a larger pressure error had the expected result of reducing the number of

iterations needed per routine call. But choosing a smaller time step (say .001) did not have a

drastic effect on the peak interations required. The rate method, of course, always used 1

iteration per routine call and the adjustment factor ADJ was found to be unimportant since

the drift correction factor amounted to no more than 1% of the total pressure update term.

The integrated error for both methods is shown in Figure 5. Both methods converge

rapidly to the benchmark. The value of Perr is not overcritical. A value of Perr consistent with

tolerances set for other simulation variables is recommended. The time spent per each itera-

tion is roughly comparable for both methods. The main difference is that the rate method

requires the evaluation of the F functions over and above the property calls common to both

methods. This minor penalty is insignificant in all cases studied since the #iter/call

dominated the calculation time.

In summary, to this point, the rate method is easier to implement, more robust and is

equal to the normal method at worst, more than 20 times faster under certain conditions. We

now look at incorporating a variable time step to see how each method compares.

Typical variable time step algorithms require some measure of the rate of change of

the main variables to guide the At choice. The matrix equation, Equation 18, provides the
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rates that we need. Since the rate method incorporated the pressure into the U vector, the

rate of change of pressure is immediately available. For the normal method, the rate of

change of pressure has to be estimated from previous history (which is no good for predicting

the onset of rapid changes') or by trial and error The trial and error method employed here is

to calculate the At as the minimum of the time steps calculated from:

(fractional tolerance) X (scale factorfor U.)
A t = L <24)

' 8 U ,

dt

This restricts At so that no parameter changes more than the prescribed fraction for that

parameter. This can be implemented in a non-iterative manner for the rate method.

However, for the normal method, the above minimum At based on U is used as the test At for

the pressure routine and the rate of change of pressure is estimated as:

£ P' + At -
( 2 5 )

dt At

The At is then scaled down if the pressure change is too large for that iteration. Then the new

At is tested to ensure that is indeed satisfies the pressure change limit. This iteration loop

has within it the old inner loop.

It is expected then, that the normal method will not perform as well as the rate

method primarily because of the "loop within a loop" inherent in the normal method as

applied to typical system simulation codes.

A number of cases were studied and the results of the normal method were compared

to the rate method. The figure of merit was chosen as

10,000
F.O.M.= :

(integrated error)X (total pressure routine time) X No. of adjustable parameters

Thus, an accurate, fast and robust method achieves a high figure of merit. Some results are

listed in Table 2. Derating a method with more adjustable parameters is deemed appropriate

because of the figure of merit should reflect the effort involved in using that method. On

average, about 6 runs of the normal method, with various Per r and ADJ were needed to scope

out the solution field compared to 1 run for the rate method. Thus the authors feel a derating

of 2 is not an inappropriate measure of robustness or effort required.

The results indicate that the rate method is a consistently better method than the

normal method in terms of numerical performance. We see no reason why this improvement

would not exist for any thermal hydraulic system in which pressure field determination is

required.
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Next we briefly discuss implicit numerical schemes.

Considering just the flow and pressure rate equations, we have (after substituting in

fordM/dtanddH/dt):

dW A _ _ A
dt

and

d P

= - ( P 1 - P 2 ) - - K | W | W (26)
Li LJ

i
= -C.W

dt !
C >0 (27)

Employing the fully implicit scheme, the difference equations are cast

Wt+At «irt , .

At L 1 2 L

pt + At_pt
= ±C W t + M =» p t + A t _ P

l ± c W t + M At ( 2 9 )

At ' i i i

Collecting terms and solving for the new flow:

A A A ( 3 0 )

W t + A t = {1+ - K|Wl|At + - (Cj + C ^ A t 2 } " 1 ^ 1 + - (P\ - P*)At}

This is the implicit time advancement algorithm employing the rate form of the

equation of state. For the normal method, pressure rate equation in term of flow (i.e.,

Equation 29) is not available to allow an implicit formulation of the pressure. Consequently,

the implicit time advancement algorithm for the normal method is:

+ AtK|Wt)

To appreciate the difference between Equations 30 and 31, consider the eigenvalues and

vectors of

= A(U,t)U(t). (32)
dt

If we assume, over the time step under consideration, that A = constant, then the

solution to Equation 32 can be written as:
N t

U(t)= Y U,e^ , ( 3 3 )

1 = 1
where V\ = eigenvectors

QI = eigenvalues.

It can be shown that for explicit formalism, the numerical solution is equivalent to:
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^ d+QjAouj, < 3 4 )

1 = 1

while the implicit form is:

tf+ai- v L
- ( l - a , A t )

The eigenvalues can often be large and negative. Thus, at some At, the factor

(1 + a\ At) can go negative in the explicit solution causing each subsequent evaluation of U to

oscillate in sign and go unstable. For the implicit method, the contributions due to large

negative eignevalues decays away as At—»<*>. Thus implict formalism tend to be very well

behaved at large time steps. Positive eigenvalues, by a similar argument pose a threat to the

implicit form. However, this is not a practical problem because a+ At is kept < < 1 for

accuracy reasons. Thus, as long as the solution algorithm contains a check on the rate of

growth or decay (effectively the dominant eigenvalues) then the implicit form is well behaved.

With this digression in mind, we see that the implicit rate formalism (Equation 30)

has more of the system behaviour represented implicitly than the normal method (Equation

31). Thus, we might expect the rate from to be more stable than the normal form. Indeed, this

was found to be the case as shown in Figure 6. For a fixed and large time step (0.1 sec.) the

normal method showed the classic numerical instability due to the explicit pressure

treatment. The rate form is well damped and very stable, showing that this method should

permit the user to "calculate through" pressure spikes if they are not of interest.

IV. NUMERICAL INVESTIGATIONS: A PRACTICAL CASE

The comparison between the normal and rate methods is extended to a practical

application where a two-node homogeneous model is used to simulate a transient of a small

pressurizer operating at near-atmospheric pressure. The procedure is briefly described in the

following.

Figure 7 illustrates the problem. Steam and stratified liquid water in the pressurizer

are schematically shown as two control-volumes (nodes). The nodal fluids are assumed to be

at saturated two-phase conditions corresponding to the pressure at their respective control

volumes. The overall boundary conditions to the system are the steam-bleed flow at the top of

the pressurizer, the flow into and out of the pressurizer through the surge-line, heat input

from heaters at the bottom of the pressurizer and heat-loss to pressurizer wall.

The rate of change of mass, M$ in the steam control volume and ML in the liquid

control volume, can be expressed by the following:
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dMs

and

dM
- = W - W - W + W ->- W (37)

SRL El BR CD ' CI '
where WgjB ' s t n e steam bleed flow, WSRL is the surge-line flow, Wei is the interface

condensation rate at the liquid surface separating the steam control volume from the liquid

control volume, WEI 'S the interface evaporation rate at the same liquid surface, W'CD is the

flow of condensate droplets (liquid phase) from the bulk of the steam control volume toward

the liquid control volume, and WgR is the rising flow of bubbles (gas phase) from the bulk of

liquid volume toward the steam volume.

The rate of change of energy in the two control volumes can be expressed by the rate of

change in the total enthalpy, rig and HL, in the steam and liquid control volumes respectively:

d Hs

and

d H L
I T = - W S ^ hSRL-WE." hn.Q-WBR- hgLQ + WCI- h^T

foot
+ WCD h

r a T-Qv/L + QpWR-« r a -P f ( 1 - 6 ) QcOND + QEVPRJ>

where hsRL is the specific enthalpy of the fluid in the surge-line, hgsT and hfsT are

respectively the saturated gas phase specific enthalpy and the saturated liquid phase specific

enthalpy in the steam control volume, hgLQ and h(LQ are respectively the saturated gas phase

specific enthalpy and the saturated liquid phase specific enthalpy in the liquid control

volume, Qws and QWL are the rate of heat loss to the wall in the steam control volume and in

the liquid control volume respectively, QTR is the heat transfer rate from the liquid control

volume to the steam control volume due to any temperature gradient, excluding those due to

interface evaporation and condensation; QCOND is the rate of energy released by the

condensing steam to both the steam and liquid control volumes during the interface condensa-

tion process and QEVPR *s r a t e °f energy absorbed by the evaporating liquid from both the

steam and liquid control volumes during the interface evaporation process. The constant, p,

represents the fraction of these energies distributed to or contributed by the liquid control

volume. The ratio 8 represents the portion of energy released during the interface

condensation that is lost to the wall.

The calculation of swelling and shrinking of control volumes is only done for the

liquid control volume and the volume in the steam control volumes will be related to the
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volume in the liquid control volume, V'L, as:

^S_ * \ ( 4 0 ,
dt dt

The swelling and shrinking of the liquid control volume as well as values of WSTB,
WSRL. WCI. wEl. WCD. WBR. Qws. QWL, QTR, QPWR, P and 8 are calculated using analytical or

empirical constitutive equations. The majority of these parameters depend directly or

indirectly on pressure. Any inaccurate prediction of pressure during a numerical simulation

will result in severe numerical instability. Hence the above problem is a good testing ground

for comparing the performances of the two methods.

During the test simulation, the pressurizer is initially at a quasi-steady-state. The

steam pressure is at 96.3 kPa. The steam-bleed flow, WSTB, heater power QPWR and heat

losses QWL a n d Qws a r e a t their quasi-steady values, maintaining the saturation condition of

the pressurizer. At time = 1 1 sec, the steam-bleed valve is closed and WSTB drops to zero

while QPWR ls increased to a fixed value of 300 Watts. At time = 16 sec, the steam-bleed

valve is reopened and its set-point set at 80 kPa.

Since the thermodynamic properties in the steam control volume and the liquid

control volume are functions of Ps and PL (pressures of the respective control volumes), there

are seven unknowns from eqns. (36), (37), (38), (39) and (40), namely: Ms, ML, Hs, HL, Vs (or

VL)> P S an<J PL- Adding two equations of state, one for each control volume, will complete the

equation set:

, H,

(42)
' L '"L '

Both the normal iterative method and the rate method are tested to solve Equations 41 and

42. The following observations are made:

1. Using the normal method, the choice of Equation 2 or 3 as the 'error' equation is found

to be very important in providing a stable numerical result. At time step = 1 0 msec,

no complete simulation result can be generated when Equation 3 is used. An

explanation of this can be given by referring to Equation 18, which shows that

Gi(P,x), or aP/ap, is proportional to the square of [x vg(P) + (1 —x) Vf(P)]. However,

the direct1 ">n of change in the saturated gas phase specific volume with pressure is

opposite to that of saturated liquid phase specific volume:

dvf/dp > 0

dvg/dp < 0
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Therefore, a fluctuati"" in the value of pressure during an iteration process will

amplify the fluctuation in the value of predicted density when the second method is

used;

2. Using Equation 2 as the 'error' equation, simulation results can be generated if an

error tolerance E of less than 0.2% is used. The error tolerance is defined as:

ABSth - h )
E = — X 100%

h

Figure 8 shows the transient of PL and Pg for E = 0.2% Unstable solutions result for

E higher than 0.2%. The average number of iteration is found to depend on the error

tolerance as shown in Figure 10.

3. On the other hand, the performance of the rate method is much more convincing in

both accuracy and efficiency. The transient of PL and Ps predicted using the rate

method is shown in Figure 9.

V. DISCUSSION AND CONCLUSION

The rate form is a cogent expression of the equation of state that is distinct from the

normal algebraic form. The essential difference is that the rate form expresses the relation-

ship between the rates of change of the state variables, while the normal form relates the

static values of the state variables. Although this is stating the obvious, the change in

viewpoint is revealing.

No barrier is perceived to applying the rate form to the multi-node/link case, to the

distributed form of the basic equations, and to eigenvalue extraction (numerical or

analytical).

Although we have not made use of it in this work, the non-equilibrium form.

(Equation 17) is provocative. It entices one to view the non-equilibrium situation as the

essentially dynamic sitation that it is and helps to focus our attention on the thermal

relaxation. Given the temperature rate equations, the non-equilibrium situation should be

easy to incorporate without a major code rewrite.

We conclude by restating our major findings. The rate method offers many

advantages:

1) It is more intuitive for system work. It permits a proper focus on the two main actors,

flow and pressure.

2) The same form is appropriate for eigenvalue extraction as well as numerical

simulation. This extends the usefulness of coding.

3) Programs are easier to implement.
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4) Programs are more robust and require less hand holding.

5) Time step control and detection of rapid changes (like phase changes) is improved.

Overall the method is usually faster and more accurate. Time savings peaked at a

ratio of 26 for the cases considered.
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TABLE 1 Expressions for the F and G Functions in the General Form of Equation of
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Figure of Merit Comparisons of the Normal and Rate Forms of the Equation of
State for Various Convergence Criteria (Simple CaseJ
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ABSTRACT

A micro computer based, multiphase thermohydraulic algorithm was
developed to estimate steady state flow distribution along any
channel of a CANDU PHWR immediately following a small break in
the flow path between the headers. The algorithm is based upon
homogeneous steady state analysis of two phase flows and closely
duplicates the results of more sophisticated and expensive codes.

Initial rates of mass and energy discharge into the containment
following a small inlet feeder breaks, postulated to be just
appropriate in size/shape and location to degrade the flow
through a channel were determined for a broad range of fuel
channels using this algorithm. The initial rate of loss of
coolant was found to vary over a wide range from 15 to about 28O
kg/s. This range of discharges has various implications on the
responses of the global heat transport, safety and containment
systems. The algorithm was also used for the analyses of channel
ruptures that may sometimes follow stagnation.

INTRODUCTION

Steady state thermohydraulic analysis for some normal and
abnormal reactor states is often required to help identify and
Isolate the effect of many independent variables that may lead to
that state. Typically, existing two-phase thermohydraulic codes,
designed primarily for the evaluation of system response to LOCA,
are modified and used for such analysis. Sometimes, simpler,
dedicated and easily modifiable analytical tools provide a more
judicious choice as they can better concentrate on the parameters
of interest.
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The following discussion of "Stagnation Feeder Break" analysis
illustrates that simple dedicated tools can be very effective in
identifying and quantifying the range of key variables.

The stagnation feeder break is defined as a small break in an
inlet feeder that may result in significantly degraded fuel
cooling in the channel immediately downstream of it. An estimate
of mass and energy discharge rates from the heat transport system
into containment is one of the key inputs to the asessment of the
overall heat transport system response- and the effectiveness of
safety systems as well as the activity transport in the
containment following such a break.

An inlet feeder break produces a local and unique thermal -
hydraulic response in the channel downstream to it. The response
depends upon the break size, shape and location along the feeder
as well as upon the feeder geometry, that may be tuned during
design to the nominal channel power distribution across the
reactor core to provide flow-power matching in some reactors and
constant channel flows in others. The overall heat transport
system parameters like header pressures and fluid enthalpies are
other significant parameters that dictate the response of a
single channel following a small break in it's flow path. It is
recognised that a small feeder break is not likely to have a
significant short-term impact on the overall reactor power or the
global Primary Heat Transport System parameters like header
pressures. Therefore, constant header pressure and enthalpy
boundary conditions can be used in the short term analysis of the
behaviour of the single affected channel. This was confirmed by a
transient analysis using MINISOPHT, which showed that no major
flow oscillations occur after a small inlet feeder break and the
channel flows stabilize before 5 seconds. Therefore a steady
state thermohydraulic code can be used to perform a parametric
analysis of the various independent variables.

ANALYTICAL METHOD

An algorithm has been developed and verified to estimate steady
state thermal-hydraulic conditions in the channel flow paths
between the headers with ur without a break. This algorithm is
then adapted to estimate initial break discharge rate and flow
distributions -for any break location and any set of postulated
abnormal flow conditions in a variety of reactor channels. The
effect of various independent variables is isolated by parametric
analyses.

The flow path between the headers comprises the feeders, end
fittings and the fuel channel and is divided into a number of
geometric sections. Conservation equations (homogeneous,
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simplified, ID) are solved across each geometric section and
integrated over the flow path. In order to determine the flow
distributions -for a single break location, the pressure drop
between the inlet header and a point just upstream of the break
is calculated for one of a range of flows from the inlet header
to the break. If the pressure upstream of the break is greater
than the outlet header pressure, a forward flow from the break
location to the outlet header is calculated; otherwise a reverse
flow is calculated. Similar pressure drop or flow convergence
criteria are used when specifying multiple simultaneous breaks in
the flow path such as a feeder break and a channel rupture. Fluid
properties are determined locally for each discrete pressure
value. Under two-phase conditions either homogeneous or
Martinel1i-Nelson two phase multiplier (with Jones* flow
correction) can be chosen. Under subcooled conditions the fluid
density is calculated as if for saturation at that temperature.
Enthalpy change over heated core is made assuming that the water
is the sole heat sink and the eff&ct of fuel heatup are scoped by
varying the channel power. The local void fraction is calculated
assuming homogeneous conditions. The break size is estimated, for
information only, by using the Henry-Fauke correlation for
critical discharge for two-phase conditions upstream of the break
and by single phase critical discharge correlations.

Since the fuel regions of all reactor channels in a CANDU are
geometrically similar to each other, only the feeder data are
necessary for the analyses of indvidual channels. Each feeder is
modelled to contain 1O geometric sections. The 13 bundle core is
geometrically devided into 13 core nodes. Appendage and end plate
loss coefficients are distributed over the entire core length.
Area transition between the fuel and the end fitting is modelled
with an additional loss coefficients. Both end fittings are
modelled identically. Two geometric nodes per end fitting are
specified.. The total number and distribution of geometric nodes
can be easily changed. Both reactor headers are modelled as
boundary conditions

Numerous feeder break shapes can be postulated. In general, a
break can be a hole on the side of the feeder; it can be a
longitudnal crack along the feeder or a circumferential crack or
a combination of all three. In each case, the break shape may be
non-uniform and irregular. Few of the imaginable shapes can
truely be modelled as a circular pipe orifice along the flow
path, the classical shape whose discharge characteristics are
easily quantifiable. For the same discharge area, the break shape
determines the effective hydraulic diameter, the pressure and
enthalpy field along the break and the integrated discharge
characteristics such as the discharge coefficient. The break
discharge rate determines the system depressurisation transients,
initiation of safety systems and the containment response.
Several break size / shape combinations can produce similar break
discharge. In turn, these will produce the same flow patterns in
the affected channel. Estimates of break sizes are also quite
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sensitive to the assornp t i ons regarding M . i n g of two fluid
streams of highly different densities and enthalpies that may,
under certain conditions, be flowing towards the break.
There-fore, break discharge rate, rather than break size, is .<sed
as the independent variable in this analysis.

ALGORITHM QUALIFICATION

The algorithm was tested at steady state and was successful in
predicting steady state, full power channel flows ( no break )
with average errors no greater than 5%. Comparisons were also
made with MINISOPHT discharge predictions for stagnation feeder
breaks in a high power channel E-ll (6.2 Mw) and and a low power
channel T-2 (3.1 Mw) and satisfactory agreement was obtained as
shown in figure 1.

RESULTS

Break location as well as break size and shape have an important
effect on the relationship between the rate of fluid discharge
into the contai nment and the resulting therrnohydrau 1 i c conditions
in the affected channel. Total flow stagnation (i.e. zero channel
flow) can be established in a channel only if the pressure
upstream of the break becomes equal to and is maintained at the
outlet header pressure, thereby removing the driving force for
•fluid to traverse the fuel. In general, a break closer to the
inlet header would have to be larger (and discharge into the
containment greater) than a break near the inlet end fitting in
order that the fluid flow in the channel stagnate.

The e+fect of break location on the channel -flow / discharge rate
relationship is illustrated in Figure 2. Each curve in the figure
represents the degraded channel flows for various steady state
break discharge rates that result -from increasing break sizes at
a given location. It is shown that a smaller break at a
downstream location closer to the inlet end fitting results in
the same channel flows as a larger break, with higher discharge,
closer to the inlet header. For example the discharge rate range
that produces degraded channel flows (between +5 and -5 kg/s) is
shifted to 195 - 275 kg/s for a feeder break near the inlet
header from 55-SO kg/s for a break rear the inlet end fitting.
Discharge rate alone, therefore, is not an indicator of flow
stagnation in a given channel. The break location and the rate of
discharge, together determine the resultant channel
therohydrau1ic conditions.
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it was determined by a parametric analysis that fuel power does
not appreciably affect the break size or discharge that would
produce stagnation conditions in a particular channel. By
definition, stagnation means that flow from the inlet header is
diverted to the break in the inlet feeder, therefore the effect
of fuel power levels is only on the fractionally small flow in
either direction along the fuel to or from the outlet header.

Given that a stagnation break of appropriate size and shape is to
be postulated on any inlet feeder in the core, the feeder-
hydraulic design has the most dominant effect on the relationship
between break discharge rate and the resulting channel
thermohydrau 1 i cs. All fuel channels in the reactor are
geometrically similar. Only the feeder geometries (feeder
diameter, length, number of bends) differ from each other due to
power differences and location. In some reactors, the feeders are
sized such that the resulting flow through them is tuned to the
channel power and the net fluid enthalpy rise across all channels
is about the same. This flow-power matching influences feeder
flows even with a break in the flow path. In other reactors the
feeders are sized to give the same flow through all the channels.
The geometric resistance between the header and the break
determines the flow from the header to the break. Therefore a
break discharge versus feeder geometry relationship is to be
anticipated. The relationship of interest is that between minimum
break discharge rate corresponding to degra^d channel
therrnohydraul ic conditions and channel power/feeder geometry
grouping in reactors with flow-power matching. The minimum
discharge coincident with airborne fission product release
establishes the most unfavourable conditions with respect to
activity release from the plant. The channel power grouping
defines the timing and magnitude of fission product release from
the fuel under the degraded cooling conditions.

This relationship is established by performing a parametric
analysis of initial break discharge rates for breaks close to the
inlet end fitting in a host of representative channels. Recall
that the lower bound discharge rate for stagnation occurs at this
location. Sixteen channels are chosen from across the reactor
face. They cover different power ratings and locations. The
relationships, for illustration for six of them, between break
discharge and channel flows are shown in Figures 3. In each case
the channel flows resulting from a range of break discharges was
determined. A distinct decrease in discharge flow for stagnation
in lower power channels is evident. For low power channels, the
minimum break discharges resulting in +5 to -S kg/s channel flows
range from is 9 to 23 kg/s, while for high power chanrels the
corresponding range Is from 55 to 84 kg/s.

The correlation between nominal channel power and the minimum
discharge range that results in degraded channel cooling
conditions for the sixteen representative channels,is presented
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i n Figure 4. The minimum break discha. u-y -ate for "perfect
stagnation" is plotted as a -function of noimr.^l channel power in
curve ' A ' o -f Figure 5. Since a given f u e 1 channel can have stri
instantaneous channel power level ]awer or higher than the
nominal power, a second curve, 'B', is presented to envelope the
extended power range. This latt ..-.,• curve approximates the
relationship between the maximum instantaneous channel power
(which governs the activity release transient! and the minimum
break discharge rate of any feeder break resulting in degraded
rever-5& flow through the channel (which governs the containment
response).

The full range of break discharge rates that envelopes the whole
spectrum of stagnation break locations along the inlet feeders is
presented in Figure 6, expressed as a function of nominal channel
power. The lower bound is for stagnation feeder breaks near the
inlet end fitting that maintain small positive flows (+5 kg/s)
and the upper bound is for breaks adjacent to the inlet header
that result in small reverse channel flows (-5 kg/s). The maximum
break discharge rates, consistent with degraded channel flows,
range from 95 f-.g/s for low power channels to 23O kg/s for high
power channels.

The discharge data is used for evaluation of process and safety
system responses. For example, the reactor trip times depend upon
the rate and commulative inventory loss. A very small discharge
rate may not trip the reactor automatically and a manual
intervention by the operator may be necassary. A larger discharge
can intiate a reactor trip, whose main effect is to alter the
header boundary conditions that were conducive to degraded fuel
cooling at full power prior to the trip. Sharp reduction in fuel
thermal power following the reactor trip limits any potential
•fuel heatup. The varying header conditions and increasing coolant
flow to power ratios makes any 'stagnation' transient in nature.
The other effect of a reactor trip is to alter the rate of mass-
energy discharge into the containment, thereby influencing it's
effectiveness in limiting any releases due to channel failure
prior to the trip. The global primary heat transport response to
a break is also determined by the rate of loss of coolant through
the break.

The overall range Df discharges consistent with flow stagnation
in one channel somewhere in the reactor has been shown to be
quite wide; but how this range is sensitive to the actual design
parameters has also been identified. Both break location and
feeder hydraulic design that reflects the nominal channel power
have significant influence on whether a particular discharge
results in flow degradation in the affected channel or not. It
it Is seen that only a \/ery narrow range of break discharge from
a specific location in a particular channel can produce degraded
•flow conditions in that channel. Therefore only a limited break
size/shape cornbi nat i ons can result in channel flow degradation
•following a break at that location.
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The algorithm was modified to determine the break discharge and
•fluid losses into the moderator following a channel failure prior
to trip that cannot be precluded i r< same cases of degraded
cooling following a specific inlet feeder break. It was shown
that the channel rupture has two effects. Firstly, it results in
immediate fuel cooling and termination of fuel activity releases
into containment and sweeping into the moderator of any activity
in the channel volume. Secondly, the additional fluid loss into
the moderator triggers reactor trip alarms in the moderator and
primary heat transport systems. The discharge data also help
identify the effect on containment response following the
postulated channel rupture.

The algorithm that was used in this and other analyses, is not
intended, by any means, to be presented as a radical change in
LOCA analyses. All these analyses could also have been performed
using the larger computer cedes like SOPHT, FIREBIRD or RELAP.
Only a small group of problems can be solved using psuedo steady-
state analysis. A more important aspect is that analyses of
multi-variable problems do not necessarily require the use of
highly sophisticated codes and models. More often than not, such
tools require detailed definitions of accident sequence
parameters which are not readily available or cannot be
unambigously quantified (e.g exact break size, shape and
location). A series of parametric analyses with simple validated
engineering tools is then more appropriate to examine the range
of possible responses as KC'1 as to isolate the effects of
various independent variables for further study. For example,
during this analysis we were able to concentrate on evaluation of
the dependent variable of interest (discharge rate) for a range
of system conditions (channel flows sufficiently low for degraded
cooling in any one channel) and then identify dominant
independent variables (break location and -feeder geometry
specific to power groupings) without attention to variables that
are either- subjective (break size/shape modelling) or
found to be insignificant (fuel modelling). We were able to
identify that modelling of mixing of fluids of vastly different
enthalpies in the break region may have significant influence on
determination of actual break size/shape couples. The model was
easily extended to analyse the effect of additional system
responses like reactor trip and channel failure and in our
opinion reflects a judicious choice of analytical approach that
was consistent with the chosen methodology.
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ABSTRACT

The multifield model in which separate sets of conservation equations
are written for each phase, or clearly identifiable portion of a phase, is
derived by averaging the local instantaneous equations. The closure
relationships required to replace information lost in the averaging process
are discussed.

The mathematical structure of the model is considered and it is shown
that application to a variety of problems in which the phases are well
separated leads to good predictions of experimental data. For problems in
which the phases are more closely coupled, the model is more difficult to
apply correctly. However, careful consideration of interfield momentum and
heat transfer is shown to give excellent results for some complex problems
like density wave propagation in bubbly flows.

The model in its present form is shown to be less useful for highly
intermittent regimes like slug and churn flows. Data on a reflux
condensation situation near the flooding point arc discussed to indicate
directions in which further work is required.
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1. INTRODUCTION

The approach to two-phase flow modelling that is now widely used in
computer codes like TRAC, and RELAP5 (see the TRAC PD2 manual (1982) and
Ransom, et al. (1984)) is based on averaging of the original local
instantaneous conservation equations for mass, momentum and energy.
Averaging may be done in time, space, over an ensemble, or in some
combination of these and details may be found in Agee, et al. (1978),
Banerjee and Chan (1980), Boure, et al. (1975), Delhaye and Achard (1976),
Drew (1983), Hughes, et al. 1976), Ishii (1975), Lyczkowski, et al. (1978),
Nigmatulin (1978, 1979), Panton (1968), Vernier and Delhaye (1968), and
Yadigaroglu and Lahey (1976) amongst others. The procedure is to derive an
averaged set of conservation equations for each field. A field may be
thought of as a clearly identifiable portion of a phase, e.g. annular flow
may be modelled with three fields - one for the liquid film, one for the
droplets, and one for the gas core. Selection of the fields depends on the
modeller but, in the spirit with which the model is derived, should in all
cases be consistent with the physics of the problem. To illustrate this
point further, a vertical slug flow might be described by four fields - the
first for the large bullet shaped gas bubbles, the second for the liquid
film around these bubbles, the third for the highly dispersed gas bubbles in
between the large gas bubbles, and the fourth for the liquid surrounding the
dispersed bubbles. This level of sophistication may be required in some
cases for highly intermittent flows.

While averaging makes the mathematical solution of two-phase flow
problems tractable, information regarding local gradients between fields and
the distribution of phases is lost. Therefore closure relationships or
"constitutive equations" are required to replace this information.
Typically, one needs relationships for interfield forces, heat transfer and
area. For problems involving vaporization and condensation of one component,
interfield mass transfer may be related to heat transfer, but in more
general problems interfield mass transfer relationships are also needed.

Since averaging also eliminates information regarding the distribution
of fields, therefore distribution coefficients relating products of averages
to averages of products are also needed. By judiciously choosing fields
that are relatively homogeneous, the requirement for distribution
coefficients may be minimized, but is difficult to eliminate entirely for
all flow regimes.

The for... of the closure relationships have important consequences on
the mathematical structure of the problem and solution procedures. For
example, the simplest multifield models which account for interfield forces
through algebraic drag correlations invariably result in high-wavenumber
instabilities that are not physical (see, for example, Drew (1983) and
Ramshaw and Trapp (1978)). Considerable work has been done to resolve this
problem. The main reason for the non-physical behavior now appears to lie in
rather subtle aspects of pressure interactions between fields which were
neglected in the early models. Recent work on these interactions leads to
excellent prediction of a variety of phenomena, as will be discussed later
in the paper.
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We will first outline the derivation of the averaged conservation
equations, identify the closure relationships needed, and analyze the
mathematical structure of the multifield model. We will then illustrate the
application of tae model to flows in which the fields are loosely coupled,
i.e. separated flows, and then flows in which the fields are more closely
coupled. Finally, the difficulties with the model for intermittent flows
will be discussed.

2. THE MULTIFIELD MODEL

2.1 Averaged Conservation Equations

The local instantaneous form of the conservation equations for phase k
may be written as

(i)

where conservation requires

= 0, S, = 0 for mass,

V• i ii = Pi I " t, , S. = F, for momentum, (2)
If If K K K It

-> , = = -» ~ -» -»
gi = E , y = qt - (p,I - ti,)*Vv, S, = FL,*V,+ Q,

for energy conservation

re V is velocity, p is pressure, T is the shear stress_tensor, E = e +
V/2 is^the internal plus kinetic energy, p is density, I^is the identity

tensor, F is body force, Q is the body heat source, and q is heat flux.

While these equations together with appropriate boundary and initial
conditions constitute the exact mathematical problem, they cannot even be
solved for high Reynolds single phase flow. Direct simulation using super-
computers is becoming possible for some simple single phase flow situations,
but is still far in the future for flows in which interface motion and
configuration is an integral part of the problem. Because the mathematical
problem is impossible to solve at present, the governing equations are
reduced to solvable forms by a variety of procedures. The procedure that is
most widely used is to volume average the equations and then time/ensemble
average them. The averaging operations are commutative and the order can be
reversed resulting in the same averaged equations. Volume averaging is done
rather than area averaging to assure that the dependent variables and their
first derivatives are continuous (see Banerjee and Chan (1980) for more
detail).
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The procedure will be illustrated for volume averaging of two-phase
flow in a duct. Consider the flow situation in Figure 1 which defines the
symbols. In this case two phases are shown, but the derivation is not
affected if there were more than two-phases or fields. To proceed, forms of
Gauss' theorem and Liebnitz's rule particular to this geometry will be used.
We will use these relationships to interchange derivative and volume
integral operations. They are:
Leibnitz rule

jjf J f(x,y,z,t)dV = J || dV + / f(V -n )dS (3)
Vk(z,t) Vfc

 3 t ai

Gauss' theorem

/ V-?dV = -^ / n 'tdV + f n -a dS (4)
Vk(z,t)

 dz VR
 Z a.

Defining

< fk > = T S fk dv

k V k

and

i

and

"k = Vk / V •

the volume averaged conservation equations are

£

sfofk<Pkuk> + £Wk> + £of
k

<Pk> + £
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s [Vk+ v \ pk - v ( v V J ds + £ J
a . a,

1 kw

a! V W +af W k V + af V V V + al

§f

ai akw

Here m. is the mass transfer out of phase k and u. _is the velocity in the z
direction. The terms involving derivatives of X and q on the left hand
sides, i.e. axial diffusion of momentum or heat due to molecular effects, is
often neglected since they are very small in most cases. The overbar signs
indicate that an ensemble or time averaging operation has been carried out
after volume averaging. Double averaging leads to certain desirable
properties which will not be considered further here but Delhaye and Achard
(1978) may be consulted for a definitive discussion.

These equations apply not only to each phase, but to any clearly
identified portions of a phase, which is often called a "field", provided
appropriate relationships are supplied for the quantities on the right hand
side. The central difficulty with such an averaged multifield model arises
from all information being lost about the gradients between fields and at
the wall. Therefore closure relationships must be supplied for all the
integrals on the right haud sides since they cannot be calculated a priori
from the model. This happens as well in single-phase flow where the
momentum equation is often phrased as

(8)

with f being the friction factor and D the diameter. Similarly
relationships involving wall-fluid heat transfer coefficients are used to
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model the last term in (7) in single-phase flow, i.e. the wall heat flux.

In two-phase flow, however, the empirical basis for such closure
relationships is not well established and an entirely new set for the
interfield transfer of mass, momentum and energy is needed. Therefore,
while the two-phase flow problem is not qualitatively different from the
single-phase flow problem it requires much more information in the form of
closure relationships.

A problem also arises with terms on the left hand side of (5), (6) and
(7). In order to have the same number of variables as equations, we need to

relate quantities like a,<p. u£> to a, , <P k
>. < u j c

> The problem also occurs

o

in single-phase gas dynamics where <p,uj-> must be related to <Pk
>» < u

k
> •

The assumption is often made that the density and velocity profile is flat
across the duct in single-phase flow to resolve this problem. While this is
reasonably accurate for turbulent flows, it may give substantially wrong
answers in some cases even in single-phase flow - see Bird, et al. (1960).
In two-phase flow, density variations in the averaging volume are usually

negligible; however, substantial variations in phase volume fraction (a.)

and velocity (<"k
>) "lay exist. Therefore distribution effects are important

in a wider range of problems.

2.2 Jump Conditions

Moving on to what is known from about the closure relationships from
the formal averaging procedure - all we have are the consistency
relationships for interfield transfer. For two fields these jump conditions
(see Banerjee and Chan (1980)) are

I
k=l vv

dV = 0
K

(9)

k=l h d s =

2
Imk(hk • j*) • - !k.vk)] dS (11)
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All other information regarding closure relationships has to be
obtained from experiments or from modelling and analysis external to the
multifield model. In addition we have the condition for phase volume
fraction that

* % = 1 (12)

2.3 The Equal Pressure Model

For the rest of the section, we will drop the overbar signs with the
understanding that all quantities are ensemble averaged. The simplest
multifield model is then obtained by putting the average pressures in each
phase equal to each other within the averaging volume and equal to the
interfacial pressure, i.e. <p.> = ^t.-* ~ <P>- I n t n a t c a s e t n e integral
involving pressure on the right hand side of the momentum equation (6) may
be simplified by Gauss' theorem as

v ' ̂  Vnzds = &
a.
l

and (6) becomes

+ _ _ + ^ . o,k<pkFkz>

" v S I v k - v < v V l dS + V S V<«kv'V d s

a i akw

Since the pressure differences between phases are expected to be small over
a cross-section, the equal pressure assumption is plausible at first sight.
However, more careful consideration indicates gradients of the difference
between phase pressures and interface pressures may be comparable to the
other terms in other terms in the momentum equation. As shown in the next
section, the terms involving pressure in the multifield momentum equations
have a crucial effect on stability.

3. STRUCTURE AND VALIDITY OF THE MODEL

3.1 Separated Flows

Stratified Flow

Consider an incompressible stratified flow in the flow situation shown
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in Figure 2. If viscous effects are modelled by algebraic terms involving
friction factors as is conventional in single phase flow and we assume no
heat or mass transfer, then the characteristics for the equal pressure,
quasi-linear set of conservation equations (5) and (14) are wholly real only
if

-Bd-aJPjP^iij - u 2 )
2 > 0 (15)

2 2 2
where we have assumed <u . > = <u. > = u. (say). This is clearly impossible
for two-phase flow, so the characteristics are always complex and high
frequency instabilities may be expected (as discussed by Drew (1983),
Ramshaw and Trapp (1978) and Banerjee and Chan (1980)). The equal pressure
model therefore cannot predict phenomena in stratified flows.

In the actual physical situation, the pressures are not equal. The
form of the momentum equation can then be derived by writing

Pki = <Pk> • *P k i • Apki (16)

where

and

Since <p.> and <p. . > are constant in the averaging volume, therefore the
term K K 1

dS = ' v + Apkii -§l
+ v

The linear nonentun equation then becomes

dS + v / " z-
(°kw-V d S

(18)
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To proceed we now require expressions for Ap. . and ApJ'. for the stratified
flow situation in Figure 2, the pressure difference between phases may be
expressed in the static approximation as

Pi - Pj = A p u = PjgaH/2 (19)

p. - P2 = Ap2. = -p2g(l-or)H/2 (20)

At the level of this approximation, ApJ. vanishes. Therefore the right
hand side of the mosientuni equation is the same as (14) but the left hand
side now contains additional terms that are derivatives of a.

The condition for real characteristics is then

(P2 " P^gH [ f + ̂  1 > (uL - u 2)
2 (21)

This is exactly the Kelvin-Helraholtz stability criterion for long waves. If
the inequality is not satisfied, then interfacial instabilities will grow
because the restoring forces due to gravity will not be sufficient to
balance the sucking action at the wave crest due to Bernoulli's effect. The
criterion in (21) signals a transition to slug flow. (In reality transition
may occur earlier due to non-linear effects, see Ahmed and Banerjee (1985).)
Consideration of phase pressure differences then captures a real physical
effect.

The static approximation in (19) and (20) breaks down for finite
amplitude waves. Banerjee (1980) has integrated the transverse momentum
equation and shown that higher order terras occur that lead to a Korteweg-
DeVries equation for interfacial waves at the next level of approximation.

Inverted Annular Flow

We will consider another example of a separated flow to illustrate the
capability of the model to predict rather complex phenomena.

Inverted annular flows similar to the schematic in Figure 3 often occur
during reflood and rewetting of vertical tubes. The wall nay be thought of
as being very hot and a film of vapor is generated that prevents the liquid
froa wetting the wall. The vapor-liquid interface is wavy and this enhances
heat transfer compared to condensation through a uniform laminar vapor film.
To model such a situation, the pressure difference between the phases due to
surface tension must be incorporated into the momentum equations. The
momentum equation for the liquid then becomes (dropping the averaging signs)

3 u2 9 u2 3 pl a 3 a2
P2°2 ~3t + P2U2°2 "3i + °2 "3i "
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= algebraic terms that do not affect phase speed. (22)

Note that the reference pressure is p l t i.e. the pressure in the vapor, O is
the surface tension, R is the tube radius and we have assumed distribution
coefficients ~ 1.0.

If a linear stability analysis is performed for the conservation
equations assuming the phases are incompressible, we find the phase speed is
real if

where k is wave number.

Interfacial mass transfer has only a weak effect on this criterion. In
particular the short wavelengths (large k) are stable even at very high
velocity differences between phases.

The length of the most unstable waves can be found by seeking the
maximum growth factor. Kawaji and Banerjee (1986) show that this wavelength
is given by

« = " " 5 iw, (24)

As shown in Figure 4, this result compares extremely well with the
experimental data of OeJarlais (1983).

3.2 Dispersed Bubbly Flows

While the multifield model may be expected to predict separated flows
with accuracy, its application to more closely coupled flows is less
obvious. This is because great care has to be taken in considering forces
arising out of the pressure variation over interfaces, i.e. the tern
involving Ap/. on the right hand side of (18) requires attention.

To illustrate the problem, consider forces on an assemblage of spheres
spaced sufficiently far apart that interactions are weak. The situation is
shown schematically in Figure 5. Let the continuous phase be
incompressible, inviscid and without circulation. Pauchon and Banerjee
(1985) have shown for this case that the governing equations are of form:
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where

and Ap.. = 0.

The material derivative D./Dt = 8/3t + u. 8/3z. The last term on the
right hand side of (25c) and (25d) arises from the accelerations of the
continuous and dispersed phases and is sometimes called the "virtual mass"
term. The first term on the right hand side of (25d) arises from the
difference between the average continuous phase pressure and the average
interfacial pressure. This difference is straightforward to calculate for
spheres and is given in (25e). Clearly the Ap_. da./dz term vanishes if the
phase volume fraction gradients vanish; therefore it does not appear for a
single sphere in a large averaging volume.

There is still considerable controversy over the form of (25c) and
(25d). Drew, et al. (1979) suggest that the acceleration should be
"objective" and the virtual aass tern should then contain an additional
derivative of the fora (u!-u2) 3/3z (u1-u2)- We are not as yet certain
whether (25c) and (25d) are correct or Drew, et al.'s fora is correct. In
any case we will proceed to study the stability of the system (25a) - (25e).

Pauchon and Banerjee (1985) have shown that the characteristics for
(25) with Pi « p2 are

<26>

where
X - uo

\* =
Ul " U 2
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and

1
(2 + °'lOf2)

These characteristics give the void propagation velocity and are wholly real
for

ax < 0.26 (27)

The model therefore predicts a transition to a qualitatively different
flow regime when or. > 0.26. This is approximate because the coefficient for
the virtual mass term and Ap_. is based on an assembly of non-interacting
spheres of constant radius. As the phase volume fraction increases,
interactions increase and some modification to the criterion may be
expected, i.e. the transition is probably slightly wrong. The solution for
\* given in (26) is plotted in Figure 6. The void propagation velocities
lie between velocities for the continuous and dispersed phase. Therefore
measurement of void propagation (say by cross-correlation techniques) does
not give the velocity of either phase. To determine whether the model is
correct, comparisons have been made with the data of Bernier (1981) and
Pauchon and Banerjee (1985). Plots of the predictions and experimental data
are shown in Figures 7 and 8. It is evident that the agreement is quite
excellent even at relatively high gas velocities. This is an indication
that the main features of the model are correct even when the phases are
closely coupled.

Dispersed Droplet Flow

A similar analysis as for dispersed bubbly flow can be performed for
droplet flow but a fifth equation is needed to complete the system of
equations, since an additional dependent variable R, has to be introduced to
the system through the pressure difference term. In terms of this added
variable, the liquid volume fraction can be expressed as follows

k 3
al = 3 KRda

where n = number density of drops. As the drops travel along the flow
channel, both n and R. change, resulting in net variation of or.. Note that
we subscript with SL for liquid, v for vapor and d for droplet in this
section to distinguish the results from the previous one.

In the present analysis, the variables n and R, are used instead of or.
as the fourth and fifth dependent variables, in addition to U., U and P .
To complete the hydraulic equation system, however, a fifth equation is
necessary. For this, we consider a simple problem of the behavior of a
droplet of radius R. subjected to a gas stream with a relative velocity U .
For such a droplet, the external pressures at the forward and rear
stagnation points (T = 0 and n, respectively) and at the equator (6 = 71/2)
are given, respectively, by the following equations
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Pv.(6 = 0 or n) = Pv + \ pvuj (28)

Pv.(9 = Tt/2) = Pv - | PVUJ (29)

Due to this external pressure difference, the droplet is expected to be
pressed at stagnation points deforming into an oblate spheroidal shape,
which is an ellipsoid formed by rotating an ellipse about its minor axis.
Unless the droplet breaks up, these forces tending to deform the droplet are
balanced by surface tension, which tends to restore a spherical shape.
Photographic observations of liquid drops either suddenly introduced into
an air stream (Haas (1976)) or moving at a steady speed (Ryan (1976)) show
clearly that the drops become flattened and spheroidal in shape. Ryan's
experiments involving drops of water with surfactant added to reduce surface
tension further show that the degree of flattening increases with decreasing
surface tension as expected.

For the present analysis, we assume that the semi-minor and semi-major
axes of the spheroid at equilibrium state are equal to a and b,
respectively. Furthermore, we assume the potential flow about a sphere is
still applicable and can approximate the pressure distribution on the
surface of a spheroid. Then, at equilibrium the following relationship must
hold between the dynamic pressure and surface tension at the stagnation
points and at the equator, respectively

h " pv - \ <•£ ' ra *
2 < 3 0 )

h
d

where X = a/R. (shape factor). Subtracting equation (30) from (31) and
rearranging, we obtain the following equation describing the degree of
flattening the droplet is subjected to in order to balance the forces
originating from the dynamic pressure of the vapor phases

W e =
 PJ^ = 1| (xl/2 + x-5/2 . 2 X 2 } ( 3 2 )

A nondimensional parameter appearing on the left-hand side of equation
(32) is identified to be the Weber number defined in terms of the droplet's
mean diameter and relative velocity. As the relative velocity or Weber
number is increased, the droplet is predicted to become more flattened in
shape, as expected from physical intuition. The use of pressure
distribution for the potential flow about a sphere rather than a spheroid
tends to overestimate the degree of flattening for a given Weber number;
however, we adopt the present approach to simplify the analysis. If a more
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accurate description is desired, an analytical solution for potential flow
about an oblate spheroid should be used instead.

To obtain the fifth equation necessary for the stability analysis, we
assume that the shape factor remains constant and differentiate equation
(32) with respect to z (or t) . The following equation is obtained to
complete the equation system for stability analysis

, dU , dR,

r d

Performing a similar analysis as described for the inverted annular flow,
the following dispersion relation for the droplet flow is obtained

p.U. + p U - 4a/R_,U .,2 .,
,u>.. 9, 2. cKv d r , 6Uo t 16a

d r

2 ai
pvUr ( a (p£ + Pv ) " *P£)J / 2 ( p£ + Pv} ( 3 4 )

v

For stability, the condition given below has to be satisfied.

16(P - 1) ± 16[(p + 1 - o./a )(P + 1)]
We < p(5 - l/«v) - l/av ̂  1

 (35)

where

P = PA/PV (36)

We first note that in the limit a =1.0, equation (34) simplifies to

We < 8 (37)

The stability criterion obtained above implies breakup of drops for a
given dispersed flow system when the Weber number, defined by equation (32),
exceeds a critical value.

For various density ratios and void fractions, the values of the
critical Weber number predicted by equation (34) are tabulated in Table 1.
The effect of density ratio is small. As void fraction is decreased from
unity, the critical Weber number is predicted to increase gradually. The
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Table 1

Critical Weber Number for Various Density Ratios and Void Fractions

10

100

2000

0

20

19

19

.3

.95

.22

.22

0 .

10

10

10

5

.75

.68

.67

0

8

8

8

.7

.96

.96

.96

a
V

0.9

8.23

8.23

8.23

0

8

8

8

.95

-11

.11

-11

1.0

8.0

8.0

8 .0

validity of this predicted behavior is not clear at present due to the lack
of experimental data concerning the breakup of drops in a confined flow
channel.

An infinitely large critical Weber number is obtained as void fraction
decreases to a value of 0.2. In reality, however, dispersed flow usually
exists for void fractions greater than about 0.8. At lower values, droplet
coalescence, collision, and breakup processes will be important and the
present analysis is no longer applicable. It is also noted here that the
present analysis is limited to the well-established dispersed flow, for
example, in regions well downstream of the inverted annular flow in
reflooding of a hot vertical tube. The assumption of potential flow about a
sphere has limited validity in the transition region where the liquid core
in inverted annular flow destabilizes and breaks up into slugs, ligaments,
and various large and small droplets. In this region, the mechanisms
responsible for droplet breakup may be quite different from those relevant
to well-developed dispersed flow with high void fraction and the situations
of droplet breakup in a free gas stream are discussed below.

The breakup of drops of a free gas stream has been investigated in the
past both experimentally and theoretically. For cases where the inertial
force and surface tension dominate the viscous effects, the droplet breakup
can be specified by a critical Weber number (Hinze (1955)). Hinze (1948)
suggested further that the value of the critical Weber number should depend
on the rate of droplet acceleration with respect to the gas stream. Various
cases have been investigated in the past ranging from a drop suddenly
exposed to a high-velocity gas stream to that of a drop moving in a gas
stream at a terminal speed. For these two extreme cases, Hinze (1955)
recommends critical Weber numbers of 23 and 22, respectively.

The experimental data of Haas (1976) for the breakup of mercury drops
in air indicate a critical value of 10, while Hanson et al. (1963) obtained
values ranging from 7 to 17 for the breakup of water and methyl alcohol
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drops by air blast. On the other hand, the experimental data of Lane (1951)
and Ryan (1976) involving a water drop placed in a vertical wind tunnel and
held stationary by an upward flow of air indicate critical values of 10 and
12, respectively. Wallis (1974) suggests that a drop moving in an infinite
medium at its terminal speed will break up at a critical Weber number equal
to 8, in agreement with equation (37). Kataoka et al. (1983) also suggests
a critical Weber number of 8-17 for a large drop falling at its terminal
speed.

The stability criterion derived from the present analysis is consistent
with the available data on droplet breakup in a gas stream. Furthermore,
Ryan's data (1976) indicate that the degree of maximum flattening before
breakup, defined by the ratio a/b, is nearly constant at a value of 0.4 for
drops of varying surface tension and maximum equivalent spherical diameter
between 4.4 mm and 9.1 mm. The limiting value of a/b equal to 0.4
corresponds to the shape factor a/R, of 0.54 and from equation (32) the
Weber number of 8.4, which is also ciose to the critical value found in the
present stability analysis.

If the AP . term is neglected in the above analysis, then the stability
condition expressed by equation (37) is obtained for all void fractions and
density ratios. This shows that the AP . term accounting for the non-
uniformity of the interfacial pressure distribution tends to enhance the
stability of the dispersed flow system, a result consistent with that
reported by Pauchon and Banerjee (1986).

Rewetting of Horizontal Channels

The preceding methodology can be applied to the study of rewetting and
refilling of a horizontal tube. The details are given in Chan and Banerjee
(1981a,b,c).

Consider the flow situation shown in Figure 9. We can write sets of
conservation equations for the liquid and the vapor, i.e., a two-field
model. This ignores bubbles in the liquid and droplets in the vapor, but
appears to be a reasonable assumption for subcooled conditions at the quench
front.

The mass and momentum conservation equations nay then be phrased as

3U r 3U _

aT + A a 7 "
(38)

where

U = A =

8 "T

E =

and IL is the liquid velocity h. is the height of liquid in the pipe, g is
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gravitational acceleration, y = a /(9or /8a ), a is the fraction of the
cross-sectional area occupied by the T.iquid, and Ej and E 2 are terms
involving wall and interfacial friction, vaporization rate, and gas phase
inertia.

Some simplications have gone into deriving these equations, and these
are discussed in more detail in Chan and Banerjee (1981b). The bulk liquid
temperature, T , is given by the energy balance

3(a T ) 3T

-ir"-+ k ( a i W = & ffeL k <« 5r> + "-P> « u i <39>

where q111 is the heat flux per urKt volume and depends on the mode of heat
transfer, e.g., for refilling and rewetting problems, it may assume
different values for the film boiling (or precursor cooling) region, and the
wet (boiling or forced convection to liquid) region. Chan and Banerjee
(1981c) discuss the applicable relationships in detail.

(1-p) is the fraction of energy input that goes into heating the liquid
phase. This is not known a priori, and it is necessary to make a model for
energy partition to heat the liquid and cause vaporization.

The hydraulic equations (38) can be solved to determine whether the
relatively simple problem of refilling a horizontal cold tube can be
predicted. If the refilling process is started by suddenly opening a valve,
then the refilling front propagates with the shape shown in Figure 10. Note
that the leading edge propagates faster than the trailing edge. The
velocity of the leading edge and trailing edge of the front are compared
with experiments in Figure 11. It is clear that the theoretical predictions
are in agreement with the experiments, which gives confidence in the two-
field model in (38).

If the tube is hot so that the refilling front moves faster than the
rewetting (or quench) front as in Figure 10, then a rewetting criterion is
necessary for predictions. As discussed previously, a criterion based on
temperature is not satisfactory. This is because the rewetting temperature
can be very different at different axial and circumferential locations. A
model for rewetting has therefore been proposed by Banerjee and Chan
(1981c).

The model postulates that film boiling is maintained because the
circumferential vapor flow, as shown in Figure 12, supports the liquid -
much like a Hovercraft. However, as the depth of the liquid in the tube
increases, the vapor velocity needed to support it also increases. At some
depth, the vapor velocity may become sufficient to excite the Kelvin-
Helmholtz instability as discussed earlier. This in itself is only a
necessary, but not sufficient, condition for rewetting. The sufficient
condition is that the enhancement in local heat transfer due to the
instability must be much larger than the conduction heat transfer from the
surrounding region. Only then can the cooled regions grow rapidly leading
to rewetting. However, for a thin walled pipe with low thermal capacitance,
conduction in the wall is small. Therefore, for thin walled pipes, onset of
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an interfacial instability may lead to rewetting, i.e., is both necessary
and sufficient. The onset of the interfacial instability can be related to
the depth of liquid through the circumferential velocity. Therefore, the
rewetting criteria is phrased in terms of the depth of the liquid.

The model was tested against experimental data, and the results are
shown in Figure 13. The two lines are for the first two modes of the
instability. It is clear that the data falls between the predictions for
the two modes, and is largely independent of the initial wall temperature.

If this rewetting mechanism is introduced into the .two-field model,
i.e., to give q111 in (39), then the wall temperatures can be predicted.
The theoretical and experimental results are compared in Figure 10. The
agreement is good considering the complexity of the phenomena. In
particular note that the top (say TET) rewets later than the bottom (TEB) at
any location (say E). Also, the bottom shows much greater precursor cooling
due to the liquid tongue and film boiling.

The theoretical rewetting velocities for different injection rates and
wall temperatures are compared with data in Figure IS. Again, it is clear
that the agreement is good. Note that the model does not use adjustable
parameters to improve the "fit" and is based on the simple postulate that
rewetting coincides with the onset of an interfacial instability, when the
wall is thin.

4. LIMITATIONS OF THE MODEL

The preceding discussion illustrates that the multifield model can
predict a variety of phenomena without adjustment or "tuning" of
coefficients. It works well for both separated and closely coupled flows
provided the closure relationships or interactions between fields are
developed with care, and attention is paid to the physics of the flow
situation.

We turn now to the closure relationships required for forces at the
wall and between fields due to viscous effects, i.e. the terms containing t
in (18) and the part of the Ap' time affected by viscosity - called form
drag in Bird, et al. (1960). XFor the multifield model these terns are
written by analogy with single-phase flow, so the forces are expressed as:

total drag (form + friction) = - •= p a.Cp(<uc> - <ud>) | <uc> - <u,>

for submerged objects

frictional drag ~ ~ \ P c
a
i
£( < u

c
> " <ud>' I <Vi^ " <ud>

for separated flows
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wall drag = - | P ^ ^ f <u
c
> \<ac

> | (40)

where a. and a, are the interfield and wall areas per unit volume, C_ is a
drag coefficient, f is friction factor, and subscripts c and d denote
continuous and dispersed phases, respectively. The absolute value signs are
used to take flow reversal into account so that the force points in the
right direction.

For each flow regime, expressions have been developed for the unknowns
in (40) (see, for example, Ransom, et al. (1984), the TRAC-PD2 manual (1982)
and Banerjee (1985)).

A difficulty arises however when flows are oscillatory. Consider a
flow and wall shear stress history shown schematically in Figure 16. Here
the time-averaged flow vanishes. However the time-averaged wall shear
stress does not because it is proportional to the sphere of the velocity.
Thus expressions like (40) do not predict wall (or interfacial shear stress)
in such situations.

To illustrate this, some data on reflux condensation is presented. The
physical situation for refluxing near the flooding point is shown in Figure
12. Vapor flow is introduced at the bottom of a vertical pipe, flows
upwards, and condenses. The liquid, on the average, runs downward counter-
current to the vapor flow.

This situation is of importance in assessing small break accidents in
pressurized water reactors. A scenario which has been observed in
experiments is shown in Figure 18. Here, steam is formed in the reactor
core and flows to the steam generators where it condenses and the condensate
runs back countercurrent to the steam flow. However, if the steam flow is
slightly above the flooding value, the steam generators do not drain
completely on the riser side and liquid is held up, as shown in the Figure.
The liquid head exerts back pressure on the core and causes the liquid level
to drop. In certain cases, portions of the core nay be uncovered.

It is therefore important to predict the liquid inventory distribution
in the system, and particularly, on the riser side of the steam generators.
This is impossible to do on the basis of shear stress correlations of the
form in (40).

To demonstrate this, data on liquid and vapor velocities and void
fraction is plotted in Figure 19. The average liquid flow is downward and
the average vapor flow is upward as shown in the Figure. A single phase
region exists above the condensing two-phase region, i.e. above the point a
goes to zero.

The average wall shear stress is plotted in Figure 20 together with the
quantity <u2> | <u2> I. It is evident the average wall shear stress goes
through a change in sign. The average wall shear stress if modelled by an
expression of the type in (40) would indicate that the flow at the bottom of
the condenser is upward and downward at the top. This is at variance with
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the measurements. The same result is found in all the experiments we have
done in this regime (see Nguyen and Banerjee (1985)). Clearly something is
wrong with the model!

The reasons for this curious behavior in wall shear stress may be
explained qualitatively as follows. Consider the flow to be oscillatory
with large waves traveling upwards at velocities close to that of the vapor
and relatively slow downflow in the liquid film between waves. The shear
stress under the waves is high because of the high-velocity upflow, whereas
the wall shear stress in the draining film is low. However, as the vapor
condenses, its' velocity is reduced and the wave velocity is also reduced.
As a consequence the shear stress at some point goes to zero because the
component due to upflow in the waves is exactly balanced by downflow in the
film. Below this point the wave velocity is high enough to give a negative
shear stress, whereas above this point shear stress is positive. The data
can be explained more quantitatively if observed values of wave frequency
and velocity are used together with appropriate velocity gradients at the
wall in the wave and draining film regions.

The question, however, is to determine whether the multifield model can
be modified to incorporate such phenomena. The correlations required for
wall and interfacial shear stress in the slug/churn would clearly have to be
quite different from (40).

A methodology to deal with problems of this nature has not yet been
developed. One possibility is to divide the liquid flow into two fields - a
wave or slug field and a film field. The momentum interactions in these
fields with the gas/vapor and the wall would be quite different. At present
there appears to be no information about the division of liquid between
these fields which can be obtained from the model. Information on
disturbance length, amplitude and frequency is needed to proceed further,
and it appears this has to be supplied to the model on the basis of
experiments. However, we speculate that careful stability analysis of the
model could lead to disturbance frequencies and lengths. Almost certainly
this analysis would have to take some non-linear effects into account.

In summary, then, the multifield model successfully captures many
subtle phenomena in two-phase flows where oscillations are small compared to
the mean flow. However, in regimes where the oscillations are much larger,
the model is more difficult to apply. The difficulty lies in determining
the correct closure relationships. If the present framework for closure
relationships is used, then the limitations are clear - experimental
measurements on wall and interface momentum interactions cannot be predicted
for intermittent flows.
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Figure 1. Schematic of two-phase flow field defining the symbols.
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Figu"-e 12. Film boiling model,
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Figure 14. Transient top and bottom wall temperatures -

comparison of experimental and numerical results
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stress varies as the square of the velocity.
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Figure 19. Data on liquid and vapor velocities and void fraction during
reflux condensation near the flooding point.
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VALIDATION OF THE TREAT CODE
AGAINST ACTUAL PLANT EVENT DATA

D. F. Holderbaum
R. P. Ofstun

Westinghouse Electric Corporation
Nuclear Technology and Systems Division

Westinghouse Nuclear Center
P.O. Box 355

Pittsburgh, Pennsylvania 15230

ABSTRACT

TREAT, an acronym for Transient Eeal-tine Engineering Analysis
Jool, is a general purpose interactive thermal-hydraulic network
code developed by Westinghouse for modeling two-phase,
non-equilibrium, non-homogeneous transient conditions. This
paper includes validation test results which compare the TREAT
computed predictions with actual plant data from the H. B.
Robinson spurious safety injection transient (Refs. 1,2) and the
North Anna 1 stuck open steam dump transient (Ref. 3). The
successful results of the verification and validation program
indicate the capability of TREAT to simulate a wide range of
transient conditions.
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I. Introduction

The Westinghouse TREAT computer code is a general purpose
interactive thermal-hydraulic network code designed as an
engineering tool for: evaluating operational and accidental
transients, classroom training exercises, plant specific
emergency operating procedure development and verification,
control system analyses, startup test simulations and emergency
drill simulations. TREAT, a mini-computer based code, is a
member of a hierarchy of Westinghouse transient thermal
hydraulic systems codes which include NOTRUMP, a mainframe based
code and TOMCAT, a PC based code. It uses many of the numerical
methods and models found in the NRC-approved small break LOCA
code, NOTRUMP (Ref. 4).

TREAT is a two phase, non-equilibrium, non-homogeneous thermal
hydraulic network code. The network is a system of fluid nodes
connected by flow links. Each node may contain separate steam
and mixture regions. Properties in each region are solved
independently using two mass and two energy conservation
equations. The momentum equation, written in terms of
volumetric flow, is coupled with drift flux and flooding
correlations to compute the component mass flow rates.

The TREAT code includes models for neutron diffusion, heat
transfer, automatic controllers, plant protections systems, and
reactor coolant pumps. A continuously updated variable list,
real-time graphic displays and interactive commands allow a user
to monitor or change the progress of a transient while running
in real-time.

A three step process was taken to verify and validate the TREAT
code. First, each subroutine in TREAT was verified
independently. The subroutine numerical solution was compared
with an analytical solution to verify the solution technique and
model assumptions. Next, the code's transient response was
compared with actual plant transient data to validate the code.
Finally, the code's predictions for a snail LOCA transient were
compared with an approved Appendix K licensing code's
predictions. This paper presents results from two validation
tests of the TREAT code against plant data.

II. H. B. Robinson Spurious SI Validation Teat

EVENT DESCRIPTION

On January 29,1981, due to difficulties with both oil pumps in
the turbine electro-hydraulic system, the operators of the H.
B. Robinson (HBR) nuclear power station were forced to begin a
controlled plant shutdown from full power. This was
accomplished by slowly decreasing the turbine demand power level
while borating the reactor coolant system (RCS) through the
chemical and volume control system (CVCS). The plant power
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level had been reduced to approximately 6% of full power when a
spurious safety injection (SI) signal was generated which in
turn caused a reactor/turbine trip.

As part of the reactor protection system functions, automatic
isolation of the letdown line was supposed to occur, however the
letdown line isolataion valve malfunctioned. This caused an
approximate 100 GPM leak from the RCS. The operators were able
to manually isolate the letdown line and reduce the RCS leak
rate to approximately 8 GPM within 60 seconds after the SI
signal had been generated. Also, at this time the main steam
isolation valves (MSIVs) were manually closed to isolate the
steam generators from the turbine.

About 3-4 minutes after the spurious SI signal had been
generated, the plant operators identified the cause of the trip
and initiated recovery actions. These recovery actions included
resetting SI and restoring letdown capability. The operators
restored letdown flow about 11 minutes aft«.r the spurious signal
without realizing that the faulty valve would cause a 100 GPM
leak from the RCS. At the same time, it is believed (and
assumed in the TREAT simulation) that the loop 3 pressurizer
spray valve was also leaking.

RCS letdown flow and the subsequent 100 GPM leak continued for
approximately 15 minutes before the operators recognized the
event and subsequently isolated the letdown line. Following
letdown line isolation, the RCS continued to depressurize due to
the leaking pressurizer spray valve. This eventually caused a
second safety injection signal to be generated 15 minutes
later. Since the RCS pressure remained above the shutoff head
of the SI pumps, no emergency core cooling system (ECCS) flow
was actually delivered to the RCS. The operators went on to
recover the plant, however plant data was not available for the
rest of the recovery period.

The TREAT simulation of this event was terminated at 5500
transient seconds since plant data was not available past this
time. Table II-l compares the Robinson vs. TREAT initial
conditions and Table II-2 lists the sequence of events for the
comparison.
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COMPARISONS

This event was selected to validate the TREAT code for modelling
simultaneous small leak transients and included a number of
operator actions. The following actions and associated plant
reponses were simulted in this validation test:

1. Manual Power Reduction
2. RCS Boration
3. Spurious SI Signal
4. RCS Letdown Leak
5. Steam Generator Isolation
6. Manual Control of Protection Systems

a) Reactor Trip
b) Feedwater Isolation
c) Auxiliary Feed Initiation
d) Letdown Isolation
e) Steam Generator (SG) Feedwater Throttling

7. Letdown Flow Control
8. Charging Flow Control
9. SI Signal on Low Pressurizer Pressure

Due to the limited available plant data, several assumptions had
to be made in the modeling of this event. The reduction in
power by turbine demand was assumed to be linear over the 43
minute period of plant shutdown to 6% and the boration was
simulated based on available information in the Robinson
operator's log. Although the boration rate was not known
exactly, the TREAT simulation shows similar lowering of the
average temperature below the reference temperature. Based on
available information, a 3 lbm/sec leak in the pressurizer spray
valve was assumed coincident with the restoration of the letdown
flow. The SG feed flows were manually controlled to maintain
normal narrow range operating levels in the Robinson steam
generators since actual flow information was not available.
Finally, the letdown and charging flows were varied according to
chronological information in an effort to maintain stable
conditions in the RCS.

A comparison of the TREAT pressure prediction with the Robinson
data is shown in Figure il-l. TREAT does a good job of matching
the plant data for this rather long transient. The RCS pressure
decreases slowly during the power reduction. A slight
secondary/primary repressurization occurs at 1920 when a main
feed pump is tripped. The pressure continues to decrease until
the spurious SI signal causes a reactor/turbine trip at 2580
sec. The restoration of letdown flow at 3240 seconds and
coincident spray valve leak cause the depressurization rate to
increase further. The TREAT pressure prediction illustrates
this trend. Letdown isolation at 4140 seconds slows the
depressurization somewhat and the TREAT prediction for the time
of the second Si signal on low pressurizer pressure shows
excellent agreement with the Robinson data.
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Figure II-2 shows the comparison of the RCS average temperature
during the transient. Initially, the TREAT prediction shows an
almost identical rate of temperature decrease due to the load
reduction and boration. The response of tripping a secondary
feed pump at 1920 seconds is illustrated as the temperature plot
shows an inflection point. The continued cooldown causes the
average temperature to decrease. TREAT predicts the low
temperature SI initiation at the same time as indicated by the
plant data. Following the reactor/turbine trip, the RCS average
temperature is controlled by the steam dump system. TREAT
illustrates the no-load temperature control as the average
temperature approaches the no-load value of 547°F.

The pressurizer level response is shown in Figure II-3. The
pressurizer lsvel shows a steady rate of decrease initially due
to the power reduction and system shrink. The TREAT pressurizer
level rate of decrease is nearly identical to the Robinson
data. TREAT also accurately predicts the response from the
tripping of one main feedwater pump at 1920 seconds. Following
the sudden increase accompanying the main feedwater pump trip,
the level decreases to the same value at the time of the
spurious SI signal. The pressurizer level then exhibits an
increase for the remainder of the event due to: reactor trip,
main steamline isolation, the mass addition of the pressurizer
sprays, charging flow injection replenishing mass lost through
the letdown line leak, and system swell caused by the increasing
RCS temperature. The TREAT prediction for the pressurizer level
accurately illustrates the level increase trend for the
remainder of the transient.

III. North Anna 1 Stuck Open Steam Dump Validation Test

EVENT DESCRIPTION

On September 25, 1979, the North Anna 1 (NA1) nuclear power
station experienced a secondary-initiated event which caused a
turbine/reactor trip and safety injection. The North Anna 1
station was operating at 78% power when numerous leaks in the
low pressure feedwater heater drain cooler caused a low pressure
feedwater heater drain cooler dump valve to cycle open.
Eventually, a high extraction steam condensate level led to a
turbine trip and coincident reactor trip.

Immediately following the turbine/reactor trip, the eight (8)
condenser steam dump valves cycled full-open to reduce RCS
temperature to the no-load value. However, as the valves were
closing, one condenser steam dump valve remained in the
full-open position. The steam dump valve malfunction was
quickly identified and an unsuccessful attempt was made to
manually close this valve. Meanwhile, the three auxiliary feed
pumps were automatically started on low-low SG level and the
main feedwater control valves were automatically closed due to
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low RCS temperature. Continued cooling of che plant by the
stuck open steam dump and aiaxiliary feedwater caused a constant
primary depressurizataion and a marked decrease in pressurizer
level. Letdown was automatically isolated on low pressurizer
level within 2 minutes and safety injection was automatically
initiated approximately 5 minutes after the turbine/reactor trip
on the low RCS pressure setpoint.

The initiation of the North Anna ECCS system aided in mitigating
the depressurization transient occcuring in the RCS. One minute
after the SI signal, all RCPs were tripped according to station
emergency operating procedures (EOPs). Also at this time,
approximately 6 minutes after the turbine/reactor trip, the main
steamline isolation valves were manually closed, isolating the
stuck open steam dump valve and stopping the secondary
depressurization.

The RCS began to repressurize rapidly following steam line
isolation and safety injection. The RCS pressure eventually
reached the pressurizer PORV setpoint and it began to cycle.
Subsequently, one main secondary feedwater pump was restarted,
the auxiliary feed was terminated, letdown was reinitiated and
an RCP was restarted to achieve coolant mixing. SI was
terminated approximately 2 5 minutes after the turbine/reactor
trip and charging was realigned to the normal flowpath.
Eventually, the PORV stopped cycling and critical plant
parameters stabilized. Table III-l compares TREAT vs. North
Anna initial operating conditions while Table III-2 compares the
actual vs. predicted sequence of events.

COMPARISONS

This event was selected to validate the TREAT code's interfacial
heat and mass transfer models. The following actions and
associated plant responses were simulated in this validation
test:

1. Reactor Protection System (RPS) Operation
a) Auxiliary Feed Pump Start on Low-Low SG Level
b) Letdown Isolation on Low Pressurizer Level
c) SI Initiation on Low Pressurizer Pressure

2. Manual RCP Trip and Restart
3. Automatic Cycling of Pressurizer PORV
4. Steam Generator Isolation
5. Letdown Control
6. Manual SG Feedwater Throttling
7. SI Termination
8. Symmetrical Secondary Depressurization

Several assumptions had to made during the TREAT simulation of
this event due to a lack of available data. Secondary auxiliary
feed flows were varied to maintain normal operating levels in
the steam generators throughout the transient. The letdown flow



was also varied manually in an atterpt to - . i •-••*• --i ;i .̂ stable
conditions in the primary systerr,. Actual •• • . • -.timate North
Anna two (2) pujnp safety injection perforsarce curves were
unavailable, so cur/ss from a similarly configured SI system
were assumed for this transient.

Figure TII-1 shovs the pressure ccvr: •• = on. As can be seen,
TREAT accurately predicts the initial -j.epressurization trend due
to turbine/reactor trip and the ace...••panying stuck open steam
dump valve. The comparison shows that TREAT predicted the SI
signal on low pressurizer pressure at the identical time of the
actual North Anna signal. Following safety injection to the
RCS, the stuck ooen valve was isolated by manually tripping the
steam line isolation valves. The SI and steam line isolation
caused a primary repressurization which was predicted accurately
by TREAT. Eventually, the pressurizer PORV setpoint is reached
and the PORV cycles for approximately 15 minutes to maintain
RCSpressure. North Anna data shows the PORV cycling for
approximately 18 minutes. The termination of SI stopped the
PORV cycling, however North Anna data showed an approximate 4
minute time delay for SI termination to take effect while the
TREAT response was r.aarly immediate. The pressure then
decreased and stabilized and the simulation was terminated at
2450 seconds.

Figure III-2 shows the pressurizer level comparison. The TREAT
level prediction is in excellent agreement with the North Anna
data. All the important trends are demonstrated. The
pressurizer drains during the initial phase of the transient
due to the reactor trip, secondary/primary depressurization, and
the accompanying system shrink. Following SI and steamline
isolation the level exhibits an increasing trend which is
closely predicted by TREAT. The rate of increase is also seen
to decrease at approximately 600 seconds due to the trip of one
of the two SI pumps. As SI continues to replenish the RCS, the
level continues to rise until SI is realigned to normal charging
at approximately 1600 seconds. Following SI termination, the
TREAT calculated level equilibrates near 65%, within 3% of the
North Anna data.

Figure III-3 illustrates the loop "A" cold leg temperature
comparison. Following turbine/reactor trip and prior to safety
injection the TREAT prediction of cold leg temperature
accurately matched plant data. The rate of temperature decrease
slowed following SI initiation and the TREAT predicted minimum
temperature is approximately 15°F high. The deviation is
likely due to the TREAT predicted secondary pressure response
which is higher than the actual secondary pressure transient.
This discrepancy in the secondary pressure is probably caused by
the uncertainty with both the auxiliary feedwater data and the
steam release rate. Also, the TREivT predicted time of minimum
cold leg temperature lags the North Anna by approximately 2
minutes since the RCP restart time differs by 2 minutes.
However, TREAT does accurately predict the increasing
temperature trend following RCP restart due to pump heat and



-369-

enhanced coolant mixing. The cold leg temperature is then seen
to continue increasing for the remainder of the event.

Finally, Figure III-4 illustrates the steam generator narrow
range level comparison. Again, the trend predicted by TREAT is
similar. However the lack of secondary data limits the
attainable degree of accuracy. Had r.o-e extensive secondary
data been available, it is believed the temperature and level
responses predicted by T^EAT could be greatly improved.

SUMMARY

Since TREAT has been designed as a tool for modeling realisitc
operational transients, it was felt that the validation of the
code be performed by comparing the code predictions with
available plant data. This paper presented results from two of
the validation tests performed with the TREAT code.

The TREAT simulation of the H. B. Robinson spurious SI event was
compared with available Robinson data to validate the code for
multiple failure events with operator actions. The load
reduction, spurious SI signal, RCS leak through the letdown
line, spurious pressurizer spray valve actuation and subsequent
second SI signal on low pressurizer pressure were modeled.
Also, operator actions, when possible, were appropriately
simulated with TREAT.

The comparison results show excellent agreement of TREAT
predictions with plant data. Critical parameters such as low
average temperature setpoint, low pressurizer pressure SI
signal, pressure and temperature trends and pressurizer level
response accurately matched plant data.

The TREAT simulation of the North Anna stuck open steam dump
transient was compared to available plant data to help validate
the interfacial heat and mass transfer models of the TREAT
code. The rapid cooldown transient, control system response and
the associated operator recovery actions were modeled.

Comparisons of RCS pressure and pressurizer level show excellent
agreement between the TREAT predictions and the North Anna
data. The cold leg temperature and the secondary level trends
and responses are reasonably well predicted, however a lack of
available secondary data limited the degree of accuracy for
these parameters.

Overall, TREAT did a good job modelling these two transients.
Operator actions were easily simultated in real-time and the
models which were exercised by these validation tests responded
as expected.
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Table II-l H. B. Robinson Initial Conditions

PARAMETER

PRESSURE (psia)

POWER (%)

PRESSURIZER LEVEL (% span)

TAVG (°F)

CHARGING FLOW (lbm/sec)

LETDOWN FLOW (lbm/sec)

SG LEVELS (% span)

ROD POSITION

HBR

2235

1 0 0

54.0

5 7 5

18

->

5 2

214

| | Ilit* ^ FTl

2237

1 0 0

53.3

573.3

1 5

12

52

214
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Table II-2 H. B. Robinson Sequence of Events

HBR TIME
(sec)

-2400

TREAT TIME
(sec)

0

60

120

480

600

900

1200

1380

1680

1920

2580

0

60

120

480

600

900

1200

1380

1680

1920

2580

2640

3240

4140

2640

3240

4140

4440

5040

5500

4700

S040

S500

EVENT

Mechanical Difficulties With Oil
Pumps in Turbine Electro-Hydraulic
System

Began Load Reduction

Boric Acid Added to RCS

Second Charging Pump Started

Boric Acid Added to RCS

Boric Acid Added to SCS

Boric Acid Added to RCS

Boric Acid Added to RCS

Boric Acid Added to RCS

Boric Acid Added to RCS

Stopped "B" Main Feed Pump

Spurious SI Signal, 100 6PM
Leak in Letdown Line Started

Letdown Isolated, RCS Leak
Decreased to 8 GPM, SI Train "A"
and MSlVs Manually Activated

Letdown Reestablished, RCS Leak
Increased to 100 GPM, Pressurizer
Spray Valve Fails Open

Letdown Isolated, RCS Leak
Decreased to 8 GPM, Pressure
Decreasing, Tavg Increasing

RCS Pressure at 1765 psia

SI on Low Pressurizer Pressure

Pressure Decreasing,
Transient Terminated
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Table III-1 North Anna Initial conditions

PARAMETER

PRESSURE (psia)

POWER (%)

PRESS3RIZER LEVEL (% span)

TAVG (°F)

CHARGING FLOW (gpm)

LETDOWN FLOW (gpm)

PRESSURIZER HEATERS (power)

SG LEVELS (t span)

PRESSURIZER SPRAYS (gpm)

NA1

2245

78

47

570

125

125

FULL

41-45

?

TREAT

2240

79

46.4

569

125

125

FULL

44

6
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Table III-2 North Anna Sequence of Events

NA1 TIME
(sec)

-1500

TREAT TIME
(sec)

0

8

84

104

299

299

360

360

480

540

645

900

1020

1140

1500

0

18

18

160

313

313

373

373

578

640

770

1026

1146

1266

1626

2450 2450

EVENT

Low Pressure Feedwater Heater Drain
Dump Valve Alarm

Turbine/Reactor Trip

2 Motor-Driven Pumps and 1 Turbine-
Driven Pump (AFW Pumps) Start on
Lo-Lo SG Level

Main Feedwater Flow Goes to Zero

Letdown Isolation on Low Przr Level

SI on Low Przr Pressure

Second Charging Pump Started

Manual Trip of MSIVs

All RCPs Off

Przr Pressure at 2175 psia

One Charging Pump Stopped

Przr PORV Starts Cycling

One MFP Started, AFW Terminated

Letdown Initiated

RCP B Started

SI Terminated, Charging Flow
Returned to Normal

Transient End
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ABSTRACT

We have used THERMIT-UTSG, a new steam generator analysis code, to
simulate a postulated steam generator tube rupture (SGTR) accident.
THERMIT-UTSG is an advanced computer model of a U-tube steam generator
based on the multidimensional, two-fluid, thermal-hydraulic code
THERMIT2. All regions of the steam generator are represented including
the: evaporator, riser, steam separators/dryers, steam dome, downcomer,
and the U-tubes. The particular accident scenario was taken from a Los
Alamos National Laboratory Study of hypothetical SGTR events in the
Calvert Cliffs Nuclear Plant. They used TRAC-PF1 to simulate these
accidents. Results of our calculations are compared to the TRAC
results. Several discrepancies between the results of the two codes are
noted which point to deficiencies in both code models.

I. Introduction

Steam generator tube rupture (SGTR) transients have recently
received attention because of their frequency of occurrence and
potential severity. There have been several SGTR events at such
operating pressurized water reactors as Ginna, Point Beach Unit 1, Surry
Unit 2, and Prairie Island Unit 1. An SGTR event represents a breach of
the primary system. Hence, there is an obvious concern about the amount
and rate of radioactive material release. Some existing Final Safety
Analysis Reports (FSAR) have stated that the leakage from the primary to
the secondary system due to a SGTR can be terminated in 30 minutes and
overfilling of the damaged steam generator does not occur. However,
during actual plant accidents the leakage has continued for several
hours and overfill has occurred. Therefore, a reexamination of this
safety issue is needed.

Computer simulation is an important tool for predicting the
consequences of potential plant accidents. Several codes are available
to simulate nuclear system behavior over a wide range of operational and
accident conditions. Experience with these codes has shown that the
representation of the steam generator, particularly on the secondary
side, is crucial to accurate prediction of overall system response for
many accident scenarios. Unfortunately, it is generally recognized that
the steam generator is the most difficult component in the plant to
model. The wide range of two-phase flow and heat transfer conditions in
the evaporator/riser, phase separation in the complicated geometry of
the steam separators/dryers, and mixing of the hot recirculation flow
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with the cold feed flow in the downcomer are all difficult phenomena to
calculate for even normal operating conditions, let alone for
transients. Most steam generator models used in system simulation
greatly simplify the description of these complex phenomena and may not
respond the way the actual steam generator would.

A detailed computer model, called THERMIT-UTSG, has been developed
to represent the thermal-hydraulics of a U-tube steam generator [1],
All regions of the steam generator on both the primary and secondary
sides are included in the model. Multi-dimensional, two-phase fluid
dynamics are used to represent the flow in the evaporator, riser, and
downcomer regions. A recirculation model accounts for the phase
separation in the steam separators/dryers. A primary consideration in
the development of this code was its potential use as a benchmark for
other steam generator models used in system simulation codes that must
be less detailed to maintain reasonable computational speed.

We have used THERMIT-UTSG to calculate a postulated SGTR accident
scenario in the Calvert Cliffs Nuclear Plant. The scenario was taken
from work performed at the Los Alamos National Laboratory (LANL) for the
U.S. Nuclear Regulatory Commission [2j. The LANL study looks at the
overall system response to several postulated SGTR accident scenarios,
focusing on the particular SGTR event that is thought to have the
greatest potential for the largest release of radioactive material to
the environment — a double-ended rupture of a single steam generator
tube. Their study used TRAC-PF1, a thermal-hydraulic system code, to
simulate the behavior of the Calvert Cliffs Nuclear Plant during such
types of SGTR transients. The results of the LANL work as of this time
are reported in Reference 2.

In this paper we will present the results of our calculation and
compare them with the TRAC results. First, we will briefly describe
THERMIT-UTSG and the Calvert Cliffs steam generator model. Next, we
will show the results of the steady-state calculation and compare them
with the TRAC results and plant operating conditions. Then, we will
present and discuss the transient results and compare them with TRAC.
Discrepancies in the results allow us to identify deficiencies in both
code models that warrant further investigation and development.

II. THERHIT-UTSG

THERMIT-UTSG [1] is a dynamic, thermal-hydraulic model of a U-tube
steam generator (UTSG), developed by specializing the two-fluid,
multi-dimensional code THERMIT2 [3] for steam generator component
analysis and coupling it to a recirculation model, representing the
dynamics of the steam separators/dryers, steam dome, and upper
downcomer. In this section we will first describe THERMIT2, as it is
the foundation for the steam generator model. Then, we will discuss how
it was adapted for steam generator component simulation.

II.1 THERHIT-2

THERMIT2 is an improved version of the original THERMIT code [4],
developed at MIT in 1977-78, under EPRI sponsorship.
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THERMIT employs d full six-equation ("two-fluid"), two-phase flow
model in a three-dimensional, Cartesian geometry configuration. Its
original constitutive relation package was tailored to a reactor
core-wide analysis. The newer version, THEKMIT2, contains an upgraded
package, including provisions for interchannel turbulent exchanges,
niiich make it suitable for subchannel-type analysis as well. The
presence of solids in the flow field is handled by providing actual
fluid volumes and flow areas, which may not be equivalent to their
corresponding geometric counterparts.

The numerical scheme used by the code is a judicious compromise
between implicit and explicit treatments. Short time-constant phenomena
(sonic propagation and local interfacial couplings) are treated
implicitly, while convection is accounted for explicitly. Formally, the
stability limitation of the linearized problem is the convective time
step, which for highly subsonic flows is obviously much more lenient
than the traditional Courant time step. In many applications this
semi-implicit treatment has been proven to be a reasonable approach in
as far as the computational effort is concerned. Newton's method is
used to solve the large set of non-linear equations. The particular
temporal and spatial discretization allows the reduction of the
linearized problem to a pressure-field solution. This feature is
crucial to the numerical efficiency of the method, especially in
multidimensional applications. The iterations are continued until mass
residuals fall below an acceptable criterion.

An extensive experience has been accumulated with the code. The
formulation and the solution method have both been proven to be a solid
framework for further development and application.

II.2 U-Tube Steam Generator Hodeling

A schematic diagram of a U-tube steam generator is shown in Figure
1. For modeling purposes we consider such a steam generator to consist
of the following regions: primary side (primary fluid and metal of the
U-tubes), evaporator, riser, steam dome, and downcomer.*
Theoretically, THERMIT2 would be capable of representing all of these
regions provided the local correlations for interphase and structural
interactions are known. Such a model would of necessity be
geometrically complex and computationally expensive. Since relatively
little is known of the local behavior inside the steam dome,
particularly within the steam separators, such an approach would
probably not be useful.

THERMIT-UTSG divides the steam generator into three computational
domains: two-fluid model (downcomer, evaporator, riser), recirculation
model (steam dome and upper downcomer), and primary-side model. The
mathematical representation of each domain is distinct from the others.

* Strictly speaking, the evaporator Is the region containing the U-tube
bundle, and the riser is the flared section between the evaporator and
the steam separators. Some of the literature does not distinguish
between these regions, calling the entire region from the tube sheet to
the steam separators the "riser" in contrast to the "down"comer.
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Each model is then coupled explicitly to the others, and the entire
steam generator model is driven by system boundary conditions supplied
by the user.

The evaporator, riser, and downcomer regions are represented by the
THERMIT2 two-fluid model. Because of symmetry, only half of the steam
generator is modeled. A typical cross-section is shown in Figure 2.
Four channels are used to represent the downcomer, and two
evaporator/riser channels are used — one containing the hot side of
U-tubes and the other containing the cold side. The downcomer channels
communicate with the evaporator/riser only at the bottom (see Figure
3). Here, a zero flow boundary condition forces the downcomer flow up
into the evaporator/riser. Currently, the code also prevents
communication between the four downcomer channels so that there is no
crossflow between them. The hot and cold evaporator/riser channels are
in communication along their entire length.

The volume occupied by structural materials is inaccessible to
flow. This includes the U-tubes in the evaporator. The user is
responsible for providing flow areas and volumes consistent with the
porous body formulation of THERMIT2. The user also defines the axial
nodalization of this domain.

The two-fluid model is coupled to the primary-side model through
the local wall temperature on the secondary-side of the U-tubes. It is
also coupled to the recirculation model though the pressures p . and
p at the top of the downcomer and riser, respectively. It should
b£ noted that the mesh cells in the downcomer between the feedwater ring
and the top of the domain (or the vapor-liquid interface and the top
when the water level is below the feedwater ring) are included in both
the two-fluid and recirculation model domains. In the two-fluid model
they function as fictitious cells filled with water with a downcomer
pressure at the top such that the flow rate Is correct and having the
enthalpy resulting from the mixing of the recirculation and feedwater
streams. The mixing of these streams and accounting for the correct
downcomer water volume and level are handled by the recirculation model.

The steam dome (including the separators/dryers) and the downcomer
section above the feedwater ring or the liquid level, whichever is
lower, are represented in the recirculation model. The primary
functions of this model are to: calculate the outlet steam flow, set
the pressures at the top of the riser and downcomer for the two-fluid
model, track the mass of vapor and liquid within its domain, calculate
the recirculation flow, mix the recirculation and feedwater flows, and
calculate the water level in the downcomer. Two lumped parameter
regions representing the vapor and liquid are used. Equations for the
conservation of mass and energy are solved for each region. Flashing
and condensation are properly accounted for through the restriction that
the two phases are always in thermodynamic equilibrium. No momentum
equations are used for these volumes. Instead, the following pressure
drop relation is used:

p = p + ApKr ^ Ksep
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where: pr - pressure at the top of the riser

p - pressure of the vapor in the steam dome

Ap - pressure drop across the separators/dryers. It is
determined from a correlation given by Burley [5].

The steam dome pressure is either given by the user as a system boundary
condition or, alternatively, can be calculated from the outlet steam
flow specified by the user. The pressure at the top of the downcomer is
set to give the correct recirculation plus feedwater flow into the
downcomer.

The primary-side model accounts for the heat lost from the primary
coolant as it transits the U-tubes and the heat transfer across the tube
walls. Different U-tubes have different lengths depending on the axial
elevation of the bend. U-tubes which bend within a particular axial
level as specified by the two-fluid model domain nodalization are
grouped together into one representative tube, called a "tube bank".
For each tube bank at every axial level the model calculates the
temperatures of the primary fluid, primary-side wall surface,
intermediate wall metal, and secondary-side wall surface. The
secondary-side wall temperature distribution is then used to calculate
the wall-to-fluid heat transfer in the two-fluid model. Fouling of the
U-tubes due to crud deposition, tube wall thinning, or any other factor
which may contribute to uncertainty in the model is accounted for as a
change in the thermal conductivity of the U-tube metal. The primary
CGolant mass flow is split among the different tube banks based on the
assumption of equal frictional pressure drop for all tubes between the
inlet and outlet plena.

Time-dependent, system boundary conditions are required to drive
the UTSG model. These are given in Table 1. Note that the downcomer
water level and power are specified for a steady-state calculation,
whereas they are calculated1 in a transient. Lifcewise, the average
primary mass flux and the feedwater flow rate are specified for a
transient but calculated at steady-state. The feedwater flow (as well
as the outlet steam flow) at steady-state is determined by the power
level according to the following relation:

W f =
h s - h f

where: Wf = feedwater flow rate

W = outlet steam flow rate

Q = power
h = outlet steam enthalpy (assumed to be the saturated vapor
h* = feedwater enthalpy enthalpy at the steam dome pressure)

The primary mass flux is also determined at steady-state from the given
power and primary inlet temperature (and the flow area). In addition to
these boundary conditions the user must supply a fouling coefficient.
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TABLE 1
Systea Boundary Conditions for THERHIT-UTSG

Steady-State Transient

1. Primary Inlet Temperature 1. Primary Inlet Temperature
2. Primary System Pressure 2. Primary System Pressure
3. Power Level 3. Average Primdry Mass Flux
4. Steam Dome Pressure 4. Steam Dome Pressure (or

Outlet Steam Flow)

5. Feedwater Temperature 5. Feedwater Temperature
6. Water Level 6. Feedwater Flow Rate

III. Calvert Cliffs Stean Generator Models

The Calvert Cliffs/Unit 1 Nuclear Plant has a 2x4 loop arrangement:
two hot legs and two steam generators with four cold legs and four
reactor coolant pumps (RCP). The plant operates at 2700 MBL. The
steam generators are Combustion Engineering units with 8519 U-tubes of
0.02 m O.D. The distance from the tube sheet to the top of the tube
bundle is 8.4 m.

The Calvert Cliffs steam generator was represented with the
THERMIT-UTSG model, having four downcomer and two evaporator/riser
channels in the two-fluid domain. Thirteen axial levels were specified
in each of these channels. The downcomer flow is forced up into
evaporator/riser at the lowest axial level. The U-tubes occupy the
bottom nine levels with bends in levels 7, 8, and 9. The tubes that
bend within a particular level correspond to a tube bank with a separate
secondary wall temperature distribution calculated by the primary-side
model. The top four levels correspond to the riser and have larger flow
areas due to the absence of the U-tubes and the flaring in the actual
unit. There is a flow area reduction at the top before entering the
steam dome that represents the separator deck. The feedwater ring in
the downcomer is at level 9.

The original version of THERMIT-UTSG was modified for the
simulation of SGTR accidents. Rupture flow was modeled by including
mass and energy source terms in the two-fluid equations at the location
of the break. For this work the break was assumed to occur at the top
of the tube bundle (level 9), and the rupture flow was considered to be
symmetrically split perpendicular to the U-tubes (because of the
previous assumption of geometric symmetry). Also, the rupture flow was
equally distributed between the hot and cold channels. The
time-dependent mass flow rate and enthalpy for the leakage are then
supplied as additional boundary conditions by the user.

The Los Alamos SGTR calculations with TRAC used a complete primary
side model and a secondary-side model that included the two steam
generators and their steam lines up to the turbine stop valves (TSV) and
turbine bypass valves (TBV). The primary side of the U-tubes was
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modeled as a single flow path with 17 mesh cells. The secondary side
was represented with 5 TEE components, corresponding to the:
evaporator/riser, steam dome, upper downcomer, lower downcomer, and
downcomer drain region. The primary flow path through these components
formed a loop. The TEE side-arms represented the: rupture flow path,
steam outlet, main feedwater (MFW) inlet (feedwater ring), auxiliary
feedwater (AFW) inlet, and downcomer drain line, respectively. Ten
cells were used to represent the evaporator/riser, four cells for the
steam dome, and twelve for the downcomer. The separation of the vapor
from the liquid in the steam dome was accomplished by using an
artifically large flow area at the steam outlet. This produced a vapor
velocity that was too low to entrain liquid, assuming that the flow
regime in this region will always be annular or droplet. Rupture flow
was initiated by opening a valve in the side-arm of the riser TEE, which
connected the primary and secondary sides. Flow entered the riser in
the eighth cell from the bottom which corresponded to the top of the
U-tubes.

To provide a meaningful comparison of the two codes, the system
boundary conditions required by THERMIT-UTSG were taken from the results
of the TRAC calculation. These included the boundary conditions given
in Table 1 and the time-dependent, rupture mass flow rate and enthalpy.

IV. Steady-State Calculation

A THERMIT-UTSG steady-state calculation was performed to provide
the initial conditions for the SGTR transient calculation and to
determine how well the code could match the plant operating conditions
and the TRAC steady-state results. In a steady-state calculation the
boundary (operating) conditions are held constant, and the code iterates
on the solution by running a "null transient" until a converged
steady-state is found. The values of boundary conditions used are shown
in Table 2.

TABLE 2
Steady-State Boundary Values

Primary Inlet Temperature 585.1 K
Primary System Pressure 15.46 MPa
Power 135S MW
Steam Dome Pressure 5.88 NPa
Feedwater Temperature 494.8 K
Water Level 9.97 m
No R'roture Flow
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Steady-state values calculated by THERMIT are compared with the
TRAC results and plant conditions in Table 3. The primary mass flux and
primary outlet temperature calculated by both THERMIT and TRAC agree well
with the plant operating conditions. This indicates that both codes are
calculating the correct overall heat transfer to the secondary side.
However, the secondary-side agreement is not as good. The recirculation
ratio, which is the ratio of the riser flow to the outlet steam flow, is
substantially different for both codes. The plant value lies between the
two code values. Also, the secondary-side water inventory calculated by
TRAC is close to the plant value, but the THERMIT value is much lower.

The large difference in recirculation ratios suggests that
conditions within the evaporator/riser are different. The recirculation
ratio is a measure of how much "dry" steam can be extracted from the
two-phase mixture entering the steam dome. A low recirculation ratio
indicates the outlet steam flow is large relative to the liquid flowing
back into the downcomer. At steady-state all of the vapor entering the
steam dome will leave the steam generator except for a small amount that
will condense and be recirculated. Therefore, the recirculation ratio
is primarily determined by the vapor content of the flow leaving the
riser. Based on this reasoning, the riser flow should have a higher
vapor content in the THERMIT calculation than in the TRAC calculation,
and indeed, this is the case. The lower voiding in the TRAC calculation
produces the higher water inventory. The higher recirculation flow in
TRAC also leads to higher fluid velocities in the evaporator/riser.

The recirculation flow, water inventory, and amount of voiding are
all interrelated. Consider a simple, steady-state, energy balance for
the evaporator/riser:

Q = ID Ah

The power Q is equal to the flow rate m times the enthalpy rise Ah. For
a given power and downcomer water level, if the recirculation flow (and
hence the flow throughout the system) increases, the enthalpy rise
across the evaporator/riser must decrease, resulting in less voiding and
a higher water inventory. The effect of decreasing the recirculation
flow is just the opposite, resulting in more voiding and a lower water
inventory.

TABLE 3
Comparison of Steady-State Results

Calvert Cliffs
THERMT-UTSC TRAC Plant Conditions

Primary Mass Flux (kg/m2-s) 5117 5062 5226

Primary Outlet Temperature (K) 559.* 559.3 559.5

Recirculation Ratio Z.U 7.09 *.O ± 0.5

Secondary-Side Water 37,980 61,830 62,650 ± 2,250
Inventory (kg)
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The different heat transfer correlations used by THERMIT and TRAC
strongly affect these interrelated quantities. Although the total
amount of heat transferred to the secondary side is the same at steady-
State, the evaporator flow and the enthalpy rise can vary such that the
product of the two (i.e., the power) is constant. A change in heat
transfer resistance at constant power would alter the secondary-side
enthalpies, requiring a compensating chanqe in flow.

To evaluate the effect of the different heat transfer correlations
used by the two codes, we replaced the THERMIT correlations with those
of TRAC and repeated the calculation [6]. The recirculation ratio
increased to 4-.45, which is within the operating range of the plant
value. The water inventory increased substantially although it still
remained lower than the plant value.

The different methods used by the two codes to model phase
separation in the steam dome also affects these quantities. Both codes
conserve mass and energy in the steam dome and both allow only pure
vapor to exit. However, the TRAC model does not require that all of the
vapor entering the steam dome flow out the steam line. Some of it Is
returned to the downcomer and is there condensed by the cold feedwater.
An examination of the TRAC results showed that the void fraction of the
recirculatlon flow is only slightly lower than the flow entering the
steam dome. This indicates that not enough phase separation is
occurring, resulting in a larger recirculation flow and less voiding in
the evaporator/riser. Since the recirculation flow is too high, the
good agreement between the TRAC water inventory and that in the plant is
probably fortuitous and should have been lower. It was reported that
the heat transfer areas in the TRAC model were adjusted to improve
agreement with plant operating conditions [2]. However, this could have
masked the problem with the steam dome model while improving the water
Inventory. This problem will also affect the dynamic response of the
steam generator.

V. Transient Calculation

The SCTR study performed at LAML investigated the system response
of the Calvert Cliffs Muclear Plant to five postulated accident
scenarios [2]. We selected the scenario designated Case 3 for our
THEHMIT-UTSG calculation. This scenario assumed a SGTR Incident in the
Calvert Cliffs Nuclear Plant, operating normally at 100% power. The
rupture was assumed to be a double-ended break of a single U-tube at the
top of the bundle, occurring at time zero. Following the rupture, the
primary system depressurized slowly, due to the leakage to the secondary
side, until the reactor scrammed on low system pressure. Upon reactor
scram the- turbine bypass and stop valves (TBV and TSV) were closed and
the main feedwater was shut off over a 60 second interval. After the
turbine trip, the secondary-side pressure increased sharply, causing the
atmospheric dump valves (AOV) and the safety relief valves (SRV) to
open. The primary system continued to depressurlze, leading to reactor
coolant pump (RCP) trip on low pressure. In this particular scenario
only two of the four RCPs were shut off (one in each loop). Following
RCP trip, normal operator action was taken to isolate the damaged steam
generator. The sequence of system and operator events for this scenario
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is shown in Table 4. The LANL work showed that if the high pressure
injection is not turned off late in the transient, this scenario results
in prolonged leakage and steam generator overfill.

The transient boundary conditions listed in Table 1 and the rupture
flow rate and enthalpy were taken from the TRAC results for this
scenario, allowing a back-to-back comparison of the THERMIT and TRAC
code results. However, since the component response of the THERMIT
steam generator model will be different from the TRAC model, the
feedback of this different response through the rest of the system will
not be reflected in the specified boundary conditions. This is
unfortunate since to some extent it forces the THERMIT model to behave
like the TRAC model. However, this problem is a limitation of any
component analysis.

The transient boundary conditions up to 2400 s are shown in Figures
4 to 9. The feedwater temperature is constant throughout the transient
at 494.8 K. The feedwater flow rate is constant at 738 kg/s until it
falls to zero in the minute following scram. The rupture flow
temperature is shown instead of the enthalpy. The enthalpy supplied to
the code was calculated from the temperature and pressure using the
THERMIT water property routine. Except for the primary-side pressure
and rupture flow rate, the boundary conditions are nearly constant up to
scram at 928.29 s. There is a sharp change in all quantities
immediately after scram except for the primary mass flux, which drops
sharply after RCP trip at 1076 s. Following RCP trip, there is a brief
rise in primary pressure and rupture flow. After 1600 s the flow out
the SRVs Is negligible and the steam dome pressure boundary condition
was replaced with a zero steam flow condition. This was necessary to
prevent THERMIT from calculating a negative steam flow after this time.

Using these boundary conditions the Case 3 SGTR transient was run
for 2400 s (40 min) of real time. Graphs of selected results are shown
in Figures 10-18.

From the time of tube rupture until reactor scram at 928.29 s,
conditions either change very slowly or not at all. The heat transfer
rate to the secondary side (Figure 10) and the outlet steam flow (Figure
11) are nearly constant during this period and the THERMIT and TRAC
results are very close. However, the behavior of the downcomer and
riser flows (Figures 12 and 13) is different in the two code
calculations. THERMIT predicted a slowly decreasing flow prior to
scram, while TRAC predicted Increasing flow. One might think that the
flow on the secondary side should be increasing because of the leakage.
The liquid rupture flow is less enthalpic than the highly voided
two-phase mixture at the top of the tube bundle. It reduces the riser
void fraction and decreases the steam flow with more liquid being
recirculated. However, the unvaporized rupture flow, which is
reclrculated, has the same effect as a hot feed source, thereby lowering
the boiling front in the evaporator and increasing the evaporator/riser
void. Because the rupture flow is very small «20 kg/s) compared to
either the feed flow (740 kg/s) or the secondary-side flow (1600 kg/s),
its Impact Is very small as the slope of the THERMIT curves In Figures
12 and 13 indicates.
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TABLE 4
System and Operator Events for Case 3

Time (s)

<0

0

574

Event

Full power,

SGTR

Pressurizer
pressurizer

steady-state

heaters off
level

operation

on low

928.29 Reactor trip (scram) on low
primary pressure (13.0 HPa)

TSVs and TBVs close; condenser
unavailable

MFW trip: flow coastdown over next 60 s

AOVs and SRVs open on high
secondary-side pressure

988 •FW off

1000 Operator manually sets AOVs open

1028 SRVs close

1076 2 of the 4 RCPs trip on low primary
pressure (9.065 HPa)

1140 Operator close MSIV

1200 Operator closes AOVs

1220 SRVs open on high steam line pressure
(6.9 HPa)

1260 Operator closes HFWIV

1320 Operator closes AFWIV

1380 Operator verifies damaged steam
generator Isolation

1440 Operator turns pressurizer spray on
to reduce primary system pressure

1590 SRVs are essentially closed (very
low steam flow)
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The problem with the TRAC phase separation method, discussed in
Section IV, is probably responsible for the increase in flow in their
calculation. Mot all of the vapor is removed in the steam dome. A
significant fraction of it is returned to the downcomer where it is
condensed by the feedwater. This results in a slow warming of the
downcomer fluid and an accumulation of mass in the system. Figure 14-
shows that almost 10,000 kg of water accumulates on the secondary side
in the TRAC calculation before scram. THERMIT predicted a slight
decrease in water inventory and downcomer water level (Figure 15) during
the same period.

After reactor scram the heat transfer rate to the secondary-side of
the steam generator drops to a low level in response to the sudden
decrease in reactor power. Figure 10 shows that the heat transfer rate
computed by THERMIT is slightly greater than that computed by TRAC until
very late in the transient ("2250 s). The downcomer and riser flows
(Figures 12 and 13) also drop sharply due to the decreasing MFW flow and
the pressure rise following turbine trip. However, by 1000 s the flows
computed by THERMIT are nearly zero compared to about 1600 kg/s given by
TRAC. The TRAC flows at that time are still as high as the flows
predicted by THERMIT at steady-state. The outlet steam flow rate
(Figure 11) also falls in response to the power drop. The THERMIT steam
flow follows closely the trend predicted by TRAC but is lower than the
TRAC value after 1000 s. The steam flow computed by THERMIT is
controlled primarily by the steam dome pressure, which is supplied as a
boundary condition. No account is taken for the hydraulic resistance at
the steam line entrance. This might have produced the slight difference
between the two calculations.

As the flow through the evaporator/riser channels decreases, the
interfacial drag on the liquid becomes insufficient to overcome the
gravitational force. There is at\ increasing amount of liquid fall-back
as the flow approaches stagnation. This behavior is asymmetric with
fall-back occurring primarily in the hot channel. There is significant
crossflow from the hot to cold channel in the evaporator and from the
cold to hot channel in the riser. This sets up a kind of liquid
internal circulation loop, which acts to increase the exit void fraction

Careful examination of Figure 12 will show that the downcomer flow
rate becomes negative just before 1000 s. This Indicates that flow in
the downcomer has reversed. This graph shows only the net downcomer
flow. The reversal trend starts around 960 s when flow in the cold-side
downcomer (channels 4 and 6 In Figure 2) reverses. Between 960 s and
970 s the cold-side downcomer flow reverses back to the usual direction
and the hot-side downcomer flow reverses. By 1000 s the net flow In the
downcomer channels is negative. It should be noted that when the flow
In a downcomer channel reverses, there is no flow of liquid back up into
the steam dome region. Rather, the liquid flows up the downcomer Into
the region surrounding the feedwater ring. It is here that the liquid
from the reversed channel flows back down the other side, creating a
downcomer recirculation loop. Now, the geometric model used by
THERMIT-UTSG Is suspect under these conditions, since the code allows
flow between downcomer channels only at the bottom and the top (above
the feedwater ring). The reversal of only some of the downcomer
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channels may not adequately describe the actual downcomer flow, since
there can be azimuthal flow along the downeomer. However, the asymmetry
in the evaporator/riser channels does provide a driving force for this
behavior. Since the net flow becomes negative shortly after the initial
reversal and the magnitude of the flow is relatively small, the model
deficiency is probably not crucial to the remainder of the calculation.

TRAC also predicted downcomer flow reversal but at a later time
("1190 s). Figures 12 and 13 show that the TRAC downcomer and riser
flows remain high for more than 200 s after the MFW is shut off. After
1200 s there are substantial oscillations in the flow and many reversals
in both downcomer and the riser. The flow spike in the riser after
1200 s appears to be unreasonably large for the situation at this time
in the transient. By comparison, the downcomer and riser flows in
THERMIT are reasonably constant after 1000 s. We suspect that
oscillations of the magnitude given by TRAC indicate a hydrodynamically
underdamped steam generator model. During times of flow reversal, TRAC
predicted flow from the downcomer back up into the steam down and down
into the riser. Now, because the steam dome pressure is usually lower
than in the rest of the steam generator during these oscillations, there
Is significant flashing as the flow enters the steam dome. However, the
steam dome model does not completely remove all the vapor flow, as noted
previously, and hence substantial flow was returned to the riser where
much of the steam condensed. The large flow oscillations and the
reversed flow through the steam dome predicted by TRAC are
questionable.

The sharp reduction in outlet steam flow with only a gradual
decrease i;. MFW Immediately after turbine trip causes a substantial
accumulation of water in the system. Figure 14 shows that the water
inventory increases by almost 11,000 kg. TRAC predicted an increase of
nearly 20,000 kg. Since there was substantial disagreement in this
quantity before scram, the different increases are not surprising.
However, the trends predicted by the two codes are nearly the same until
very late in the transient. The increase in water Inventory does not
necessarily mean that the downcomer water level increases. In fact,
immediately following scram, the water level falls (see Figure 15).
This is simply a redistribution of the water inventory within the
system. The lower heat transfer rate Implies that boiling will occur
higher in the evaporator, increasing the volume of the single-phase
liquid region at the bottom. The increase in water inventory continues
until the MFW flow drops below the outlet steam flow. Then, some of the
increased inventory is boiled off. As the rupture flow continues, the
steam generator slowly fills, producing an increase in both downcomer
level and water inventory.

Figure 16 shows how the boiling front changes with time. Following
scram, the boiling front begins to rise in the evaporator due to the
lower power. Also, note that the top of the evaporator/riser begins to
boll dry. In fact, the steam in this region is slightly superheated
until 1700 s. The net result is a gradual narrowing of the two-phase
region. Surprisingly, the boiling front calculated by TRAC (Figure 17)
is nearly stationary (except for a brief rise before 1000 s ) for
several minutes after scram. The evaporator/riser void is much lower
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than that predicted by THERMIT during this period. Also, the steam does
not boil dry in the riser as predicted by THERMIT.

By 1600 s THERMIT predicted the formation of a relatively sharp
vapor-liquid interface about" two-thirds of the way up the evaporator
(see Figure 16). The evaporator/riser conditions predicted by TRAC were
quite different (see Fiqure 17). The boiling front before 1540 s was
nearly stationary with low void throughout the evaporator/riser. At
1540 s the void suddenly collapsed and the boiling front moved well up
into the riser. (Actually, it was flashing not boiling that occurred in
this region, since the boiling front was above the tube bundle.) The
mechanism for this sudden collapse is unknown. A more gradual change
would seem more physical for the given power behavior.

After the substantial changes caused by i.eactor scram and turbine
trip, the secondary-side thermal-hydraulic conditions in comparison
change slowly. The steam flow out the ADVs and SRVs gradually falls off
as the pressure build-up following turbine trip is relieved (see Figure
11). There is a momentary cessation of the steam flow near 1200 s.
Here, the operator closes the ADVs. A small pressure increase following
this action causes the SRVs to lift, and there is a small steam flow
until 1590 s. After this point the SRVs are essentially closed.

Because the THERMIT and TRAC models respond differently, the steam
dome pressure boundary condition, taken from the TRAC calculation, will
not in general produce a steam flow that is identically or even nearly
zero after 1590 s. In fact, THERMIT calculated a negative steam flow
(from the steam line into the steam dome) for the given steam dome
pressure. This does not correspond to reality, since by this time the
SRVs are closed. This is a fundamental problem of running a component
simulation code with boundary conditions taken from a system code with a
different model of the component. To prevent this nonphysical situation
we switched to a zero steam flow boundary condition at 1600 s. After
this time, the steam dome pressure is calculated in place of the steam
flow rate. Figure 18 shows how the steam dome pressure drops after
1600 s. The difference between the THERMIT and TRAC values is an
indicator of the cumulative difference in the response of the two
models. Even with the zero steam flow condition, the situation is still
not physically realistic because there is no feedback of this reduced
pressure to the other boundary conditions — particularly the rupture
flow rate. A lower secondary-side pressure would produce a larger
leakage rate and also extend the time at which the leakage could be
controlled. Since this would prolong the accident longer than predicted
by THERMIT 'or TRAC), this observation is important.

The two codes also predicted very different times for heat transfer
reversal. This occurs when the primary fluid temperature drops below
fluid temperature in the evaporator, and there is heat transfer from the
secondary side to the primary side. TRAC predicted this to occur at
1590 s; THERMIT predicted it to occur at 2140 s.

The THERMIT calculation took 54,098 time steps requiring 7820 s of
CPU time on a CRAY-1 computer. We found two things that were
responsible for the high CPU time used by tie code. The heat transfer
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calculation and the recircuiation model calculations are performed
explicitly. In an explicit calculation the timescale characteristic of
the process limits the time step that can be taken without numerical
instabilities. Unfortunately, the code only checks the convective
limit to control the time step. Because of instabilities observed in
the heat transfer and recircuiation model calculations, we found it
necessary to reduce the maximum time step permitted during several
periods of the calculation. This greatly increased the computational
time of code.

VI. Conclusions

Although some of the results obtained with THERMIT-UTSG compare
favorably with the TRAC-PF1 results, the predictions of the two steam
generator models, for the most part, are very different. Some of
discrepancies are due to the different heat transfer correlations used
by the two codes. We have found that the use of the TRAC heat transfer
correlations in THERMIT improved the steady-state recircuiation ratio
and the water inventory. An evaluation of the suitability of the
THERMIT heat transfer package for steam generator analysis should be
made.

A second factor that produced different code results is the phase
separation method used in the TRAC model. The model does not remove
sufficient vapor in the steam dome, but rather recirculates it to the
downcomer where it is condensed by the cold feedwater. It was shown
that this led to the high recircuiation ratio they obtained as well as
the low voiding in the evaporator/riser. Hence, the good agreement of
the calculated water inventory with the plant value is probably
fortuitous. The phase separation problem is also responsible for the
different trends in secondary-side flows and the accumulation of
substantial water on the secondary side prior to scram.

A third factor responsible for the different code results is the
apparently insufficient hydraulic resistance in the TRAC model. This
causes the secondary-side flows to remain high long after the MFW is
shut off after scram and does not provide sufficient damping of the flow
oscillations, so that flow from the downcomer is forced up into the
steam dome region and spills back into the riser. THERMIT predicted a
more stagnant system after the effects of scram are dissipated.

Other problems with the THERMIT calculation were noted.
Communication of the downcomer channels along their length should be
allowed to prevent asymmetry in flow reversal during the shutdown period
of the MFW. Also, the time step should be controlled based on the
characteristic times of all the processes modeled to remove the burden
of manual time step control from the user. However, both of these
problems should not greatly affect the results obtained.

The vastly different cumulative response of the two models is
reflected in the divergence of the calculated secondary-side pressures
after the system is isolated and there is no flow out the relief
values. The THERMIT calculation predicted a steady decline in pressure
after this time while the TRAC pressure remained constant. Although it
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must be remembered that the feedback of the THERMIT model response from
the rest of the system is not present in the supplied boundary
conditions, the lower secondary-side pressure would indicate that the
leakage could not be controlled as soon, thus prolonging the accident.
Therefore, the results of this calculation should prompt further
investigation into our ability to simulate steam generator and system
behavior during tube rupture accidents.
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ABSTRACT

Accurate characterization of secondary-side heat transfer and
thermalhydraulics are required in the analysis of certain postulated reactor
upset conditions. An experimental investigation of steam-line break transi-
ents in a medium-scale, recirculating, U-tube steam generator was conducted
at the Whiteshell Nuclear Research Establishment (HNRE). Two of the steam
generator depressurization transients were simulated with the one-dimension-
al, two-fluid code CATHENA " developed at HNRE for the analysis of postulat-
ed loss-of-coolant accidents in CANDU reactors. The simulations of the two
experiments, a small- and a large-break test, included a full simulation of
the primary heat transport circuit used in the experiments. The simulation
of the small-break experiment was repeated with a finer nodalization to
demonstrate its effect on the prediction. The small-break simulation was
also repeated with different idealization of the boiler above the preheater
zone to show the effect on the transient void fraction prediction. The
CATHENA predictions agree well with the experimental trends. However, bet-
ter agreement was obtained for the simulation of the large-break test.
Further investigations to improve the prediction accuracy for the small-
break depressurization transient are recommended.

INTRODUCTION

A CANDU " -FHW reactor consists of multiple, horizontal fuel chan-
nels, contained in a calandrla vessel, each connected by feeders to headers.
From the headers, the heavy-water coolant is passed through vertical,
recirculating, U-tube steam generators to the primary heat transport
circuit's circulation pumps. The primary heat transport circuit is shown in
schematic form in Figure 1 and is arranged in a figure-of-eight loop. The
primary system's flow therefore passes through at least (depending on the
reactor design) two steam generators in the figure-of-eight loop.

Canadian Algorithm for THErmalhydraullc Network Analysis
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In CANDU-PHW reactors, one of the postulated upset conditions is a
break in the steam-line piping of a steam generator, leading to a loss of
part of the normal heat sink and a possible loss of pressure control in the
primary heat transport system. The primary parameters of interest in this
postulated condition are the availability of the steam generator as a heat
sink during the depressurization, the response of the steam generator level
instruments that form part of the reactor trip system, and the primary
system's response to the depressurization.

A series of 22 experiments has been conducted at the Whiteshell
Nuclear Research Establishment (WNRE) in which a medium-scale steam generat-
or was depressurized through an orifice in the steam-line piping. The pur-
pose of these experiments was to provide information on the response of
steam generator liquid level instrumentation and on the heat removal rate
from the primary system during the depressurlzation. The series of experi-
ments also provided a data base to verify current and future steam generator
models used in reactor safety analysis codes. The steam generator depres-
surization data has been used to assess the STGEN code, Kim et al. [1], and
has been compared with some preliminary CATHENA simulations, Hanna et al.
[2]. These CATHENA predictions did not include the primary heat transport
circuit's feedback on the steam generator depressurization.

This paper describes the prediction of two steam generator depres-
surizations, a large break at high primary side power and a small break at
reduced primary side power, by the one-dimensional, two-fluid, thermalhyd-
raulics code CATHENA. These predictions include a complete simulation of the
primary system behaviour during the steam generator depressurization. The
small-break simulation was repeated with a very fine grid to show the effect
of nodalization on the prediction. The small-break simulation was also
repeated with a modified idealization of the boiler above the preheater zone
to show the effect on the prediction of void fraction.

TEST FACILITY AND EXPERIMENTAL PROGRAM

The steam-generator steam-line break facility and test conditions
have been described in some detail by McGee et al. [3j. The steam generator
was the vertical U-tube (42 tube) boiler shown in Figure 2(a). It has a
centrifugal primary steam-water separator, a perforated-plate secondary
separator, an internal feedwater preheater, and an annular downcomer. These
features make the experimental vessel geometrically similar to a typical
CANDU steam generator. The test facility is shown schematically in Figure
2(b). The facility used one heated channel, one set of inlet and outlet
feeders and headers, and the jet condenser from the RO-14 loop at WNRE. The
steam generator was depressurized by opening a fast-acting valve in the
steam line. An orifice plate, upstream of the fast-acting valve, controlled
the discharge rate. Tube-side temperature, and shell-side pressure,
temperature, void fraction, downcomer flow rate, and indicated liquid level
were measured in the steam generator. Three single-beam y-densitometers
were used to measure void fraction in the lower and upper region of the
steam generator vessel and in the steam line above the vessel. Primary
system flow rate, temperatures and pressures were also recorded. The mass
discharge rate at the break was measured, for small break sizes, using a
full-flow turbine flow meter combined with a symmetric Venturi meter. For
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large break sizes, the discharge rate measuring spool piece was removed to
preclude choking at the Venturi meter throat.

The primary system and steam generator were brought to a presel-
ected, secondary-side, steady-state operating condition. At the start of
the test, 10 s of steady-state data was recorded. The steam generator was
isolated from the jet condenser and feeciwarer supply and then the fast-act-
ing valve was opened to begin the depressurizatlon. The experiment was
terminated when the shell pressure reached atmospheric, or if the primary
system pressure or heated section temperatures exceeded preset limits.

Two of these experiments have been selected for simulation with
CATHENA: a small-break test from a low-power steady state and a large—break
test from a high-power steady state. In both cases, the steam-generator
liquid level was the same. These cases were felt to be representative of
the range of thermalhyraullc phenomena encountered in a steam generator
depressurization.

CATHENA SIMULATIONS

The CATHENA code was developed at WNRE primarily for the analysis
of postulated loss-of-coolant accident (LOCA) events in CANDU reactors. The
code uses a staggered-mesh, one—step, semi-implicit, finite—difference
solution method, which is not transit time-step limited. The wall heat-
transfer package contains an extensive list of heat transfer correlations
and includes radial and circumferential conduction, thermal radiation, and
the Zr-H20 reaction heat source. Specific to CANDU reactor geometry, the
heat transfer package allows fuel pins at different elevations under strati-
fied flow conditions, in a horizontal channel, to experience different cool-
ing environments in the same thermalhydraulic node. The CATHENA code
includes component models required for complete loop simulations, such as
pumps, valves, a pressurizer, break discharge, a simplified control system,
and a separator model. A steam-generator level-control model is being
developed.

CATHENA has no "generic" steam-generator model. Instead, a steam
generator is modelled using the two-fluid capability of the code with the
appropriate heat transfer surfaces and boundary conditions. Thus, these
steam-generator depressurization simulations provide verification of the
two-fluid thermalhydraulics model, constitutive relations and wall heat-
transfer relations used in CATHENA.

Steam Generator and Primary System Nodalization

The steam generator nodalization used is shown in Figure 3. The
part of the nodalization shown in dotted lines indicates the alternate
steam-line configuration used for the small-break case which included a
spool piece containing a turbine meter and a Venturi to measure discharge
rate. Figure 4 shows the primary system nodalization used. The fine-grid
simulation of the small-break case resulted from halving each of the nodes
within the steam generator vessel shown in Figure 3, both in the steam
generator and in the primary system, with the exception of the separator
node.
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The nodalizations employed in this study were much finer than
would be practical for an entire reactor-type simulation. However, these
simulations do provide a benchmark for model development and coarser-grid
simulations.

Large-Break Depressurization Simjiation Results

Figures 5 through 9 show the results for the large-break., high-
power steam-generator depressurization simulation. In general, the CATHiiNA
prediction and the experimental results agree well. The fluid transit time
in the primary system was approximately 35 s. In this prediction, the feed-
back from the primary system to the steam generator was small since the
depressurization, which is almost complete in 35 s, is rapid in comparison
with the primary loop transit time.

The steam-generator-shell pressure predicted by CATHENA agrees
well with the experiment (see Figure 5). The pressure rise between 10 s and
11 s is the result of closing the main steam-line valve and feedwater valve
before the depressurization began. In the experiment, there may have been
some overlap in valve closing and opening times resulting in a smaller pres-
sure rise* In this large-break experiment, the discharge flow-rate measur-
ing spool piece was not used since it was felt that choking would occur at
the throat of the Venturi meter. A measurement of discharge flow rate was
therefore not available. However, given the agreement in depressurization
rates, the predicted discharge mass flow rate was probably in reasonable
agreement with experiment.

The predicted tube-side temperatures at the top of the tube bundle
and at a location just above the preheater zone are compared with experiment
(Figure 6,). The CATHENA prediction is in good agreement with experiment.
The small (less than 1°C) changes predicted in the tube-side temperature
just above the preheater indicate that the simulation was not quite at a
steady state when the transient was initiated. The effect of this initial
nonsteady condition was small in comparison to the rapid changes seen during
the transient. The rate of increased heat removal during the initial part
of the depressurization was well predicted since the rate of temperature
decrease is in good agreement with experiment at both locations. However,
the minimum temperatures predicted were 5 to 7°C lower than was experiment-
ally observed. This result was a consequence of CATHENA's prediction of a
late dry-out of the tubes. The sharp temperature rise predicted after tube
dry-out is the combined effect of a low post dry-out heat transfer coeffici-
ent and the neglect of heat conduction between the tubes and the relatively
massive tube supports in the steam generator. The former effect may be more
important however, these combined effects cannot be separated in this
experiment since the heat conduction to the tube supports cannot be repre-
sented in the CATHENA wall heat-transfer package.

The void fraction predicted just above the top of the tube bundle
is compared with the experiment (Figure 7). The void fractions shown are
chordal averages of the void fraction in the riser and downcomer sections of
the steam generator. The prediction was in good agreement with experiment.
However, because the Y*"c'ensitonleter w a s a chordal average of the downcomer
and riser region, it is impossible to determine separately the void fract-
ions in the two regions for a more detailed comparison.
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The void fraction predicted in the lower p^rt ;>i the steam gener-
ator vessel is compared with the experiment (Figure S). The measured void
fraction is a chordal average value, just above the preheater zone through
both the downcomer and the riser on the cold-leg side of the steam
generator. The prediction of void fraction by CATHENA was in good agreement
with experiment. The initial rise in void fraction predicted, before the
break opened at 11 s, at both upper and lower locations indicates that the
steam generator simulation was not quite at steady state when the transient
was initiated. In the experiment, the lower region of the steam generator
voids before the upper region does. This appears to be a result of the
enlargement of the downcomer above the tube bundle elevation. In a rapid
depressurization, the flashing of water in the lower region of the downcomer
prevented water in the upper region, where there was less wall surface area
per unit flow area, from falling. The retention of water in this region by
flooding in the lower and smaller annular region was predicted in the
CATHENA simulation.

The downcomer APs predicted by CATHENA for the steam generator
level and the upper region level are compared with experiment (Figure 9).
These APs were indicative of the level of water in the downcomer only at
steady state. During a depressurization. momentum effects in the downcomer
played a very important role. The agreement between CATUENA and experiment
was reasonable although, some differences are apparent. The rapid increase
in AP measured in the main steam generator level after the initiation of the
break was not present in the prediction. The reason for this difference
appears to be attributable to the closing times for the valves which isolate
the steam generator from the feedwater system and the jet condenser used in
the simulation. The time required to close each of the valves was only
known approximately from the experiment. Assumptions of valve closing times
were responsible for the sharp drop in AP predicted at 10 s when closing of
these valves was started. In the simulation, the isolation valves appear to
have closed too quickly and as a result, the void in the riser shrinks
because of the increase in pressure before the discharge valve was opened.
This void shrinkage was not seen in the upper region AP prediction because
until the break opens the region is steam filled. The increase in AP for
the upper region after the break was initiated is predicted, indicating that
the level swell in the downcomer is well represented in CATHENA. The abrupt
increase in predicted AP from 18 to 22 s for the main vessel level did not
occur in the experiment. The predicted increase is a result of a sudden
draining of liquid from the separator model into the lower part of the steam
generator where it was rapidly vapourized producing a flow increase in the
downcomer. The large AP spikes measured near the end of the transient were
not predicted by CATHENA. These are thought to result either from the
draining of liquid from the upper, enlarged region of the downcomer into the
lower part of the steam generator where it would rapidly vapourize, or from
the draining of water from the long feedwater line into the preheater. As
shown in Figure 8 by the predicted upper region void fraction, these drain-
ing processes are predicted by CATHENA to be quite gradual so that no large
downcomer flow change is predicted.

In summary, the CATHENA prediction of the large-break steam
generator depressurization is in good agreement with experiment.
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Small-Break Depressurlzatlon Simulation Results

The CATHENA predictions of the small-break, low-power steam gener-
ator depressurization experiment are shown in Figures 10 through 16. The
steam generator nodalization referred to in the figures as Grid #1 is that
shown in Figure 3 .while the nodalization referred to as Grid ftl is a result
of halving each of the nodes within the vessel. The agreement with experi-
mental trends is in general good. However, agreement is not as good as in
the larger-break depressurization simulation.

The steam generator shell-pressure predictions of CATHENA are
compared with the experiment (Figure 10). The agreement between the simu-
lations and the experiment is good until about 40 s. After this time, the
predicted pressure does not fall as rapidly as in the experiment. This
behaviour has been attributed to the discharge model, which appeared to be
in error for the very small orifice used in this experiment. The effect of
grid size on the depressurization rate was small, only after 120 s was there
any appreciable difference in the predicted steam generator shell pressures.

Predictions of the volumetric flow rate in the steam line are
compared with the measurement of the full-flow turbine meter (Figure 11).
The predictions of volumetric flow rate are reasonable until about 40 s,
although the initial spike in the predicted flow rate is not as large.
Later in the simulations, the volumetric flow rate predicted is approximate-
ly 10% lower than observed in the experiment. This is a direct result of
the low discharge rate predicted for the small orifice. The large volumet-
ric flow spikes experimentally observed at the end of the transient are
believed to result from the draining of fluid from the upper part of the
steam generator or water draining from the long feedwater line (between the
steam generator and the feedwater control valve). These spikes were partial-
ly reproduced in the simulations however, their size and number are in
error. The small difference seen between the simulations shows that the
solution was nearly grid independent.

The predicted tube-side temperatures at the bundle top and Just
above the preheater zone are compared with experiment (Figure 12). The

agreement is good and better than the large-break prediction. The minimum
temperatures predicted are approximately 5°C higher than experimentally
observed. This result is attributed to the high predicted pressures. This
forced the saturation temperature to remain higher than in the experiment In
the later part of the transient. Again, the difference in the predictJons
for the two nodalizations was small. The agreement shown in Figure 12 is
much better than was shown in a preliminary prediction (Hanna et al. [2]).
This is largely the result of including the primary system in the simulat-
ion. In this small-break transient, the transit time of the primary system
is approximately 60 s, which is considerably shorter than the depressuriz-
ation transient of 200 s.

The predicted tube-side temperature drops across the steam gener-
ator are compared with experiment (Figure 13). The agreement is, in
general, good. However, the predicted temperature drops are slightly larger
than in the experiment. This indicates that during the depressurization the
simulation overpredicted the energy removal from the primary system. The
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change in the prediction resulting from a finer nodaiization is small, and
is only noticable at the very end of the transient. The somewhat larger
energy removal predicted was associated with the difficulty in modelling the
flow and heat transfer within the preheater zone (with its baffle plates) as
a one-dimensional system. This is indicated by the predicted temperatures
elsewhere in the steam generator (see Figure- 12) remaining consistently
above their experimental values.

The downcomer APs predicted by CATHENA are compared with experi-
ment (Figure 14). In general, the experimental trends are well predicted.
However, as was noted in the prediction of these APs in the large-break
experiment, the increase seen in the main steam generator level at the
initiation of the break was not predicted. In all of the simulations, the
valve closing times and closing rates were the same. The AP increase for
the upper region of the steam generator, at break, initiation, is well pre-
dicted by both nodalizations. The AP predicted for the main steam generator
level is lower than the experimental value in the later part of the transi-
ent. This result is attributed to the error in predicting the discharge
rate for the small orifice. If the discharge rate (and hence the depres-
surization rate) had been predicted to be larger, the increased vapourizat-
ion of water in the lower part of the steam generator would have caused
countercurrent flooding in the narrow annular downcomer region. Counter-
current flooding in two-phase 21ov Is known to produce a large pressure
drop, which would be reflected in the AP predicted.

The chordal-average void fraction predictions for the upper region
of the steam generator are shown in Figure 15. The experimental trends are
qualitatively predicted. However, the void-fraction plateau between 30 s
and 80 s is predicted to occur at a higher value. The effect of using a
finer nodalization Is small- Therefore, the higher void prediction of
CATHENA is not the result grid coarseness. It is attributed to the error in
the calculated discharge rate. The y-densitometer was located in the
enlarged region of the downcomer just above the narrow annular region (see
Figure 2(a)). Flooding in the narrow annular region of the dawncomer, below
this location, would have forced more water to be retained at this location.
In the simulation, the discharge predicted was not large enough to prevent
countercurrent flow in the narrow annular downcomer.

chordal-av&rage void i r a t t l o t i pr e<ii-Cit4-OTVs fox tVv& louet £

of the steam aenefatof AV& shaua in Figure 16. As in the upper region, a
higher void-traction plateau tor tne lower region is predicted* me
for both Grid 1H and Grid #2 simulations are very similar: only tt.e size
and number of oscillations after 40 s, and the time of complete dryout dif-
fer in the simulations. The higher void fraction prediction is therefore,
not attributable to grid coarseness. The -y-densitometer measurement shown
was located just above the preheater zone and measures a chordal-average
density through the downcomer and the cold-leg side of the inner steam
generator. At the start of the test, the water in the preheater zone was
subcooled. Therefore it will flash later in the depressurization and will
Introduce low-void, two-phase flow into the cold-leg region above the pre-
heater zone. In both Grid //I and Grid #2 simulations, the inner region of
the steam generator was nodalized as a single thermalhydraulic branch. That
is, the effect of phase separation due to the presence of the central baffle
plate was neglected. The simulation of the small-break transient was



-911-

repeated with the modified nodalization of the steam generator between the
preheater zone and the top of the tube bundle shown in Figure 17. This
nodalization treats the cold-leg and the hot-leg side^ of the steam
generator as separate thermalhydraulic branches connected by orifices that
represent the holes in the central baffle plate. The void fraction predict-
ion with this modified nodalization is identified in Figure 16 as Grid #3.
This prediction is in much better agreement with experiment. The reason for
the improvement is clearly the account of phase separation by the central
baffle taken by the modified nodalization. The results of the Grid #3
CATHENA prediction have not been shown on the other figures because the
changes from the other nodalizations were small. The effect of phase separ-
ation by the central baffle plate in the large break test is probably small,
since the depressurization is so rapid.

In summary, the predictions of the small-break steam generator
depressurization are in reasonable agreement with experimental data. Agre-
ement with void fraction data was improved by accounting for phase separat-
ion by the central baffle plate.

SUMMARY

A series of experiments conducted at the Whiteshell Nuclear
Research Establisment in which a medium-scale steam generator was depressur-
ized through an orifice in the steam-line piping has been described. The
capabilities of the one-dimensional, two-fluid, thermalhydraulics code
CATHENA have been described. The predictions of a large-break and a small-
break steam generator depressurization experiments using CATHENA have been
presented. In general, the agreement between the experiments and the pre-
dictions is good. The code more accurately predicts the behaviour of the
large-break depressurization. Simulation of the small-break depressurizat-
ion was not effected by grid coarseness. The error in earlier void fraction
predictions for the lower steam generator region, in the small-break test,
has been shown to result from neglecting the phase separation by the central
baffle plate. This has been demonstrated by simulating the small-break test
with a modified nodalization which accounted for phase separation by the
baffle. The inclusion of the primary system response has been shown to be
required for accurate simulation of the small-break test. Further examinat-
ion of discharge through a small orifice is recommended for improved pre-
diction of the small-break test.
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ATHENA MODEL FOR 4 X 350 MW(t) HTGR PLANT SIDE-BY-SIDE STEEL VESSEL
PRISMATIC CORE CONCEPT

R. G. Ambrosek

Summary for a proposed paper to be presented at the Second International
Conference on Simulation Methods in Nuclear Engineering, October 14-16,
1986, Montreal, Quebec, Canada.

Several events in the fall and winter of 1983-1984 combined to influence
the reactor concepts under consideration for the next generation of power
reactors in the United States. These events indicated a need for small
safe reactors which would be shop fabricable and would result in reduced
utility financial exposure.

The Idaho National Engineering Laboratory (INEL) has been developing
capability for performing design and safety evaluations for these proposed
reactor concepts. One of the concepts is a 4 x 350 MW(t) HTGR plant with a
side-by-side steel vessel prismatic core concept.

The current concept for the plant uses two 200 MW(e) Turbine-Generator (TG)
sets with two 350 MW(t) reactors driving each TG under normal operating
conditions. This results in a flexible design that can accommodate a
number of deployment scenarios for the four-module plant based on an
assumed rate of load growth.

The ATHENA computer code developed at the INEL by EG&G Idaho, Inc. has
capability for modeling independent hydrodynamic systems. The term
"independent hydrodynamic systems" means that there is no possibility of
fluid flow between the independent systems, but heat transfer between the
independent systems is allowed. Fluids currently available are water,
helium, Freon-11, ideaigas, lithium and lithium-lead (17% Li - 83% Pb).
The hydrodynamic solution method allows options for single phase, two
phase, or two-component systems. A two-component system is a system with
an ideal gas and a fluid. Up to four gas component names can be entered
from the available gases - air, argon, helium, krypton, xenon, nitrogen,
hydrogen, and oxygen.

The ATHENA hydrodynamic model is a one-dimensional, transient, two-fluid
model for flow of a two-phase fluid mixture which can contain a nonconden-
sible component in the vapor phase and/or a nonvolatile component in the
liquid phase.

Heat structures are represented by one-dimensional heat conduction in
rectangular, cylindrical, or spherical geometry, and permit heat transfer
across solid boundaries of hydrodynamic volumes. Finite differences are
used to advance the heat conduction solutions. The spatial dependence of
the internal heat source may vary over each mesh interval. Time-dependence
of the heat source can be obtained from point reactor kinetics, one of
several tables of power versus time, or a control system variable. For
heat structures connected to hydrodynamic volumes, a heat transfer package



-926-

containing correlations for convective, nucleate boiling, transition
boiling, and film heat transfer from the wall to liquid and reverse
transfer from liquid to wall is provided.

For the current application the ATHENA code has been modified to provide
the following: (1) capability for multiple kinetics calculations, (2)
inclusion of a circulator model that will calculate circulator characteris-
tics based on design parameters, and (3) graphite-air-water oxidation
correlations.

The multiple kinetics capability allows independent evaluation of the two
reactor systems feeding the TG. Transients where one reactor is dropped or
added can be evaluated to assess the behavior of the other reactor due to
reactivity feedback from the coolant or control manipulations.

The circulator model provides capability for modeling the helium circula-
tors for the primary coolant system. The system response to circulator
startup or coastdown can be evaluated.

The graphite-air-water oxidation correlations provide capability for calcu-
lating the heat addition and graphite component mass changes as water or
air enter the reactor vessel under accident conditions.

The conceptual and pre-conceptual data available for the 4 x 350 MW(t) HTGR
have been used to generate an ATHENA model for the reactor primary helium
coolant system and the secondary water-steam system driving one TG.

The reactor internals are modeled as seven vertical core sections with a
unit cell representing a fuel stick, the gas annulus, and the graphite fuel
block to the helium coolant passage. The top and bottom reflectors, inner
and outer reflectors, reactor vessel, and reactor cavity are modeled with
heat transfer to the coolant and from the reactor core to a heat sink
representing the reactor cavity cooling system.

The steam generator and circulator with their associated piping systems
have been modeled.

The turbine-generator system is modeled with the turbine, condenser,
preheaters, deaerator, pumps, control valves, etc.

A schematic of the hydrodynamic volumes is illustrated in Figure 1. Only
one reactor system is shown with connections at 902 and 904 for tying the
secondary system for the second plant to the TG system.

The transient analyzed and to be reported in this paper is a loss of
primary helium circulator with one reactor scram and return to power. The
response of the TG system and the second reactor system will be evaluated
during the perturbation of the other. Fuel, coolant, reactor vessel, and
moderator temperatures during the loss of flow transient will be reported.
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CAPABILITIES OF SYSTEM CODES IN SIMULATING SMALL BREAK LOCAS IN PWRS
F. D'Auria, G.M. Galassi, F. Oriolo

Universita di Pisa - Dipartimento di Costruzioni Meccanichee Nucleari, Via Dioti-
salvi 2, 56100 Pisa (Italy)

ABSTRACT
In the present paper an attempt has been done to critically review the capa-

bilities of thermalhydraulic system codes in simulating SBLOCAs in PWRs.
In this frame, the results of the participation of Pisa University in the

CSNI - ISP 18, are presented. A 'first generation1 and two 'advanced* codes have
been utilized in pre- and post-test studies. In particular, it has been discussed
the influence on the prediction of user experience, of uncertainties in boundary
conditions, of code version and of nodalization.

1. INTRODUCTION
The problem of evaluating the accuracy of large thermalhydraulic codes and,

in particular, the safety margins of LWRs in case of accident, is the objective
of wide research programs in the international framework (e.g. CSNI, ICAF). The
solution of the problem would make it possible to establish the effectiveness of
ESF and eventually to reduce their cost, through a more rational design; this ac-
tivity could also give a contribution to solve the problem of acceptability of
NFP by determining a uniform basis to evaluate consequences of reactor system
failures.

The inherent difficulty in calculating transient two-phase mixtures evolution
is well known; in addition, obstacles in the achievement of the mentioned goals,
outcome from the large number of computer codes (including special code versions),
developed and used in various Safety Organizations. The lack of objective criteria
to set up plants nodalizations and to judge codes performances, strongly increases
the uncertainties in definining the capabilities of codes.

The "Dipartimento di Costruzioni Meccaniche e Nucleari" (DCMN) of Pisa Univer
sity, has been involved since 1970 in system codes assessment, using 'first gene-
ration' and 'advanced* codes. The participation to almost all ISPs organized by
CSNI^1^, as well as to the IAEA SPE 1' , can be recalled in this connection.

The aim of the present paper is to discuss the status of code assessment on
the basis of the participation to pre- and post-test analysis of CSNI ISP 18. Three
codes, two kinds of nodalization (fine and coarse, respectively) and various input
options, have been utilized by a single research group at DCMN. Taking into account
the outcomings of an "ad hoc" CSNI Workshop, the following items are discussed:

1) importance of user experience in setting up a proper nodalization, emphasizing
the influence of the number of nodes on the code results;

2) influence of uncertainties in boundary and initial conditions on the resulting
variables trends;

3) differences between first and second generation codes;

Work performed in the frame of ENEA LWR Safety Research Programme.
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4) influence of the code version on the prediction;

5) identification of areas in the codes where further improvements are needed.

2. ISP 18: FACILITY DESCRIPTION AND TEST DATA

CSNI ISP 18 consists in the 'blind' prediction of a SBLOCA experiment carried

out in LOBI-MOD2 facility. Twenty-six participants coming from twelve countries

and utilizing nine different codes, submitted their calculations for the compari-

son with experimental data.

Hereafter, the facility description is given together with relevant informa-

tion concerning the test.

2.1. LOBI-MOD2 Facility

The LOBI facility simulates the KWU PWR plant of Biblis (FRG) and is instal-

led at JRC of Ispra (I)' . The facility (LOBI-MOD1) was built in the frame of

a R&D contract between BMFT and CEC; at present it is operated by CEC.

The primary circuit is approximately 1/700 scale model of the four loops of

Biblis reactor and consists of the vessel and of two loops: the triple (intact)

loop representing three loops and the single loop (broken), representing one loop

of the reference plant. The facility is schematically shown in Fig. 1.

si

PUMP

Fig. I - Scheme of L0BI-M0D2 facility
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The core simulator is constituted by 64 directly heated rods, arranged in

a 8x8 square matrix, having the same geometrical dimensions of that in real

plant: nominal heating power is 5.3 Mw.

The operating conditions (PS and SS pressures and temperatures, fluid veloci-

ties inside the bundle and the SG tubes, etc.), are typical of PWR systems. HPIS

and accumulator injections are provided in both HLs and CLs; AFW and further plant

specific features (PRZ sprays and heaters, etc.), are included in the facility.

Almost 40 experiments, comprising LBLOCAs, SBLOCAs and Special Transients,

have been performed up to now, roughly in seven years of operation.

The A2-81 test has been chosen by CSNI as ISP 18.

2.2. Outline of A2-81 experiment

The experiment is originated by a break having Ajj=l%Ai]jax in the CL of the BL.

The list of the main events, provided during the test, is given in Tab. I.

N

1

2

3
4
5
6
7

8
9
10
11
12

13
14
15

Time
or

or PS
Trip

-1000. s

-240. s

-5.
0.
0.
4.
13

13
13.2
11.7
11.

Time

s
s
s
s
2 MPa

2 MPa
MPa +
MPa +
0 MPa

Pressure
Signal

0.5 s
35. s

at which MCP
coast-down
2. s
3. •
l.C

after
after
1 Mpa

ends
crip 12
crip 13

Trip/Event

PRZ cooling and PRZ additional heating off (the loop is put in
steady state conditions without both)
Start closure of shut-off valve in tube to tube of UH (closure
time 8. s)
Start closure of drain valve in UP (closure rime 8. s)
Normal PRZ heating off
Leak starts to open
Leak is fully open
Shut-off valves in FH lines and the shut-off valve in the SL
before the condenser start to close (closure time 1.5 s)
SGs cooling down curve becomes active
Bundle heating power starts to drop
HPIS starts
MCP speed starts to drop (both IL and BL)
MCP speed 0.

Mechanical brakes of MCP in brake position
Locked rotor resistance aiaulator in BL in position 'resistance'
End of test

Tab. I - List of main events during test A2-81

The cooling down of SGs, following a 100 °K/hr (event 8 in Tab. I), should be

noted. Still, the use of a locked rotor resistance simulator (item 14), makes it

possible to equilibrate the pressure losses in the two loops, partially avoiding

asymmetries in the behaviour.

Significative variables trends measured during the experiment, are reported

in Figs. 2 to 5.

An overall idea of the experiment evolution can be drawn from Figs. 2 and 3,

where the pressures and the fluid mass (the collapsed liquid level is considered

for SG SS) trends of both PS and SS, are reported respectively. In particular, a

strong thermal coupling between PS and SS results from Fig. 2; Fig. 3 shows that
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HPIS and pump seal water flowrates exceed break flowrate starting roughly from

2500. s into the transient.

From Figs. 4 and 5 the mass distribution in the loop can be deduced: no loop

seal clearing is foreseen during the experiment, while a partial voiding occurs

in the HLs (even in the BL HL, not shown) in the early stage of the transient. The

stratification upstream the break results from the density trend in Fig. 5; this

causes steam flowing out from PS.

No core dryout was measured during the transient.

3. CODE MODELS AND PRE-TEST RESULTS

RELAP4/MOD6 and RELAP5/M0DI codes have been used in pre- and post-test analy-

ses of ISP 18. In particular two versions of RELAP5/M0D1 improved (modified) with

respect to the original INEL one, have been utilized.

3.1. RELAP4/MOD6

RELAP4/MOD6 is the well known code, widely used all over the world . It is

based on a homogeneous equilibrium model (3 balance equations); special features

are implemented to deal with non homogeneous non equilibrium thermodynamic pheno-

mena. The phase separation option and the possibility to have countercurrent li-

quid and vapor flows at a given junction, can be mentioned in this regard (slip OJJ

tion).

3.2. RELAP5/M0DI

RELAP5/M0D1 is based on a non homogenous model (5 balance equations); a par-

tial thermodynamic non equilibrium is allowed: the less massive between the two

phases in a given volume, is assumed to be in equilibrium conditions' '.

The original code version, released by INEL (cycle 19), has been strongly mo-

dified by different users, due to the poor comparison with experimental data. The

two versions utilized in the present study were developed at DCMN and at JRC of

Ispra, respectively.

The former was set up considering the information received by UKAEA'°'»''' and

by Studsvik' '; this last also included some updates distributed by INEL. Apart

from the removal of programming errors and the corrections of wrong instructions

contained in the pre- and post-DNB heat transfer correlations, the most important

improvements (modifications) concern the following areas of the code:

- algorithm evaluating two-phase critical flow, in order to eliminate unphysical

oscillations in the output;

- calculation of mean fluid velocities in the volumes in order to avoid disconti-

nuities in branch junctions mass fluxes when the flow direction reverses;

- calculation of void fraction, mainly in CCFL conditions;

- introduction of the Chow model, to evaluate interphase friction, including the

modification of some flow regime maps;

- introduction of the Biasi-Zuber correlation for CHF.

The following main improvements have been introduced in the JRC version/9/,

always starting from the RELAP5/M0DI, cycle 19:

= non equilibrium condensation-evaporation model;

= partitioning of thermal non equilibrium betwpcn vapor and liquid;

= calculation of junction properties from adjacent volumes data;
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• finite difference form of momentum flux term in momentum equation;

» chocking model for two-phase conditions;

• calculation of interphase drag forces;

» prediction of state properties for liquid and vapor.

3.3. LOBI-MOD2 nodalizations

The nodalizations adopted for the analysis of ISP 18 are reported in Figs. 6,

7 and 8; a sunmary of codes resources utilized in the three cases, is given in

Tab. II /lO/./"/.

The coarse R4 model (Fig. 6) has been set up considering the experience gai-

ned in SBLOCA analyses including tests performed in LOBI facility''12''. Even the

choices of fluiddynamic options (e.

g. phase separation models in the

various nodes), was based on pre-

vious studies.

The R5 model requires a limited

knowledge of the code behaviour in

order to set up the nodalization,

particularly if a fine nodalization

is adopted (Fig. 8):nearly each

geometric discontinuity can be model_

led. Options related to physical

models, actually do not exist; ho-

wever, loss coefficients between

neighbouring nodes and, eventually,

M

1
2
3

4

5
6
7
S

QUANTITY

Nodes

Junction*

Tine dependent nodes

and connected valves

Tine dependent junc-

tions or valves

Beat structures

Core structures

Hesb points
Materials

R4
Model

19
29
2

2

27
10
235
5

R5
Model C

127
140
19

19

152
15
1360

5

RS
Modal F

221
239
19

19

245
18
2720

5

II - Summary of codes resources u-
tilized in this analysis

Tab. II - Summary of codes resources u- multiplying factors of critical

flowrate, need 'tuning' in order to

get reasonable results. Finally, it

should be noted that, apart from the number of nodes, the main difference between

nodalizations in Figs. 7 and 8, lies in the connection between BL CL and DC. This

has an important'effect on the results as will be discussed in sect. 4.1.

27|SL SL.26

Fig. 6 - R4 nodalization for L0BI-M0D2 facility
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Fig. 7 - R5 nodalization for L0BI-M0D2 facility -coarse-

3.4. Overview of the results of pre-test calculations
Significative results of R4 and R5 (two cases) applications to A2-81 pre-test

analysis are reported in Figs. 9 to 11.
Almost all calculations from the 26 participants, including the DCMN ones,

show a fairly good agreement with experimental data concerning PS pressure trend
(Fig. 9)' '. Actually, the most important discrepancies outcoming from the compa-
rison between measured and calculated data, are constituted by the emptying of the
HLs and by the BL seal clearing: in particular, the last phenomenon did not occur
in the experiment, but is predicted by all submitted calculations with the excep-
tion of the GRS (performed by DRUFAN code)/13/ and the DCMN (that performed by
Rft code. Fig. 10) ones4'.

Even the DCMN-R5 pre-test calculation (coarse nodalization) does not foresee any
loop seal clearing (Fig. 10); however this case, even if documented in the pre-test
report'1 ', vas not submitted in a tape for the comparison report.
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Fig. 9 - PRZ pressure. Comparison between measured and calculated trends
in the pre-test calculations
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Fig. 10 - Density in BL pump inlet. Comparison betweenmeasured and calcula-
ted trends in the pre-test calculations
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Fig. 11 - Density in IL HL. Comparison between measured and calculated
trends in the pre-test calculations

It should be noted that the break flowrate and the overall energy balance of the
loop, are strongly affected by the BL seal clearing.

4. IMPORTANCE OF USER EXPERIENCE AND UNCERTAINTIES IN BOUNDARY CONDITIONS
The user experience and the uncertainties in the definition of input data set,

for the analysis of experiments carried out in complex facilities (like LOBI), have
an equally important role in code assessment. A nodalization derives from the user
knowledge of code performance and of facility features: sensitivity studies and ex-
perimental data are suitable in this frame.
4.1. Influence of nodalization

The number of nodes is a compromise to achieve at the same time a realistic
representation of the facility geometry and a 'good performance* of the code, with
main regard to CPU time. The degree of detail requested in the definition of fore-
seeable phenomena, must also be considered: e.g. two (or more) parallel channels
in the core are necessary if the radial distribution of the cladding temperature is
an objective of the analysis.

R4 was originally developed to study LBLOCAs; numerical limitations, which are
more evident in the simulation of long lasting transients, may hinder the calcula-
tions or substantially affect the results. The wide research performed at DCMN on
the use of this code' ''' , showed that a reduced number of nodes (10 to 20 for
a PWR simulator) generally produces a satisfactory agreement with experimental da-
ta. A sound engineering judgement concerning the transient behaviour is necessary
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to distinguish the zones of the loop and to take into account of particular flow

paths. Some examples are recalled in the following with referene to the L0BI-M0D2

model:

- PRZ surgeline is nodalized by a junction having inertia and loss coefficients

specified from the results of a previous analysis ('tuning' of the code)' ':

this allowed to obtain a very strict agreement between calculated and experi-

mental data in the period of PRZ emptying of ISP 18 test (Fig. 12);

- the bypass flow paths LP to UP and UP to DC (also via UH) have been simulated

by an unique junction, whose characteristics are fixed in such a way to maintain

the wished flowrate during the steady state period;

- the SG SS is modelled by an unique node, considering that the fluid follows an

assigned depressurization curve (Tab. I) and no important mass variation is

provided.

The comparison with experimental data was satisfactory /9/»/l°/. The major

discrepancies appear in the pressure curve (Fig. 9): a plateau in the initial 500.

seconds is foreseen by the code which also underpredicts the PS pressure (slowly),

after about 1500. s from the transient beginning. These discrepancies (see post-

test analysis ) are linked to the fluid temperatures in the SGs SS (having been

assumed only one node, its mean temperature must be a proper mean value between

those at the inlet and at the outlet of the riser and not equal to the outlet one

as was assumed in the pre-test) and of the injected HPIS water (R4 assumes an i-

stantaneous mixing of the injected water with the PS fluid, lowering its pressure;

so, in the post-test the HPIS water temperature vis increased). The UP pressure
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Fig. 12 - PRZ pressure in the initial period. Comparison between measured

and calculated (by R4) trends in the pre-test calculation
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trend obtained in the post-test analysis, which was carried out taking into ac-
count Of the identified items ('tuning' of the code), shows a complete agreement
Wltti experimental data (Fig. 13)- The other variables essentially follow the

same trend as in the pre-test.

The R5 nodalization, as already mentioned, potentially requires less user

judgement than the R4 one, in order to be developed. Nevertheless, arbitrary choi<

are still necessary to establish the density of nodes or their average length. Ai

example of this is given by the comparison between Figs. 7 and 8. From the experiei

ce gained, one could deduce that an optimum nodalization should exist for each

transient in an assigned plant, but no indication is available for this; actually,

the number of nodes is fixed taking into account CPU time and convergence of the

code numerical scheme.

Two parallel downcomers connected by cross junctions characterize the nodali-

zation in Fig. 8: this solution should allow to observe, at least partially, two-

dimensional phenomena in the vessel. The extremely high CPU time required to run

the problem for some thousands seconds , imposed the adoption of a more coai

se nodalization (Fig. 7): this was achieved by gathering some nodes in the previoi

one.

The analysis of curves in Figs. 9 to 11 (with attention to R5 data) gives an

idea of the differences introduced by varying the number of nodes. An inherent soi

ce of dicrepancy between the results (obtained from the coarse and the fine nodal]

zation, respectively) consists in the occurrence or in different evolutions of e-

vents whose phenomenology is controlled by quality or liquid level. As an example,

let one consider a small node upstream the break; mass depletion in the small nod<

occurs earlier than in a larger one and break quality switches to greater values:
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Fig. 13 - PS pressure. Comparison between measured and calculated (by R4)

trends in the post-test calculation
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the overall transient prediction is affected. Besides, more user choices are ne-

cessary when reducing the number of nodes: in particular the calculation of heat

transfer to the fluid and the pressure losses can be influenced.

In ISP 18 analysis, the nodes subdivision in the connection zone of BL and IL

to RPV,appears to be an important cause for discrepancies.

A singular effect of nodalization results from Figs. 14 and 15. The two full

lines given in Fig. 15, represent the calculated residual mass inside the PS during

the test. They have been obtained, respectively, by the nodalization in Fig. 7

(coarse), and by a new one, where the downstream node of the CL BL has been varied

(Fig. 14). In the former case, (case a. in Figs. 14 and 15), the steam flow from

VESSEL VESSEL

c»*« a)

BL HL

BL CL

ca*« b|

Fig. 14 - Connections between CL BL and RPV. The nodalization is that of
Fig. 7
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Fig. 15 - PS residual mass. Comparison between measured and calculated
(by R5) trends in the pre-test calculation
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UP to the break is made easier and less mass depletion in the PS occurs. A much

better agreement with experimental data can be observed (occasionally) in this

last calculation; case b. produces a result closer to that of the fine nodaliza-

tion. The differences between cases a. and b. (both resulting by the R5 coarse no-

dalization) emphasize the criticality of this item.

4.2. Uncertainties in boundary conditions

Uncertainties in boundary conditions of A2-81 test* are typical of integral

experiments. Examples are:

- the flowrate across the four bypass flow paths in the facility: one between LP

and UP and three between UP and DC, via 'ad hoc1 holes in the barrel, via a

gap in the connection HL-RPV and via UH, respectively (Fig. 16);

- the heat losses to the environment: apart from those foreseen (and documented)

before the test, an additional heat loss from PRZ equal to 10. Kw (15% of decay

power at 2000 seconds) was communicated after the data submission deadline;

- the heat losses from SGs SS: they do not affect this test due to the special tem-

perature control provided for the fluid temperature of the SGs SS;

- the two-phase pressure drop across the locked rotor resistance simulator (item

14 in Tab. 1): only the data for one-phase pressure losses are available.

The subsequent discussion is related to the first item, only.

The equivalent flow area of the bypass between LP and UP was communicated to

be near zero after the data submission deadline; the value considered in the

present calculations was obtained by evaluating an annular gap around the core rods

with thickness equal to 1.5 mm' •''•

A lot of documentation is available concerning the three bypass flow paths

between UP and DC;roughly a uncertainty in the flowrate equal to 2.5% of the

core inlet flowrate, can be deduced. An interesting sensitivity study was perfor-

med at JRC7187 aiming at the evaluation of the influence of this uncertainty on

the results. Three cases were analyzed by the RELAP5/M0DI-EUR version, "covering

the maximum expected range of flowrates between 5% down to 2.57.". Each calculation

models three separate bypass flow paths:

1. via UH: flowrate about 1.2% of core

inlet value;

2. via two 'ad hoc* holes: flowrate equal

to 1.3% of core inlet value;

3. via the HL-RPV gap: this varies during

a test due to differential thermal

expansion between neighbouring compo-

nents (Fig. 16).

The flowrate through this last flow

path was varied in the three calculations:

it was imposed equal to 2.3%, 1.1% and

0.7. of the core inlet value, respective-

ly.

The fluid density at the inlet of

the BL pump is shown in Fig. 17 as resul-

Fig. 16 - LOBI-M0D2: detail of RPV top t i n8 fr°n> the three code runs. It should
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Fig. 17 - Density in BL pump inlet. Results of a sensitivity study by vary-
ing the area of the UP-DC bypass via the connections HLs-RPV

be noted that BL seal clearing occurs in the last case; in the first case, the
steam produced in the core flows more easily from UP to DC and then to the break;
in the third case, more vapor goes into the HLs and pushes the water away from the
loop seals causing clearing. This is exactly what happens with a fine nodal :.zation,
where more localized pressure losses are considered. On the contrary, the situation
of case a) in Fig. 14 (BL CL connected with DC top), reproduces the above first ca-
se: that is, steam flow to the break has been made easier; infact, no BL seal clea-
ring was observed in that calculation (Fig. 10).

In definitive, uncertainties in boundary conditions or in developing a noda-
iization may overlap each other and may give similar (uncertain) results.

5. INFLUENCE OF CODE VERSION
Ten R5 calculations were submitted for ISP 18; five of these have been carried

out by modified code versions'^-". At Pisa University, two calculations were perfor-
med in this frame by applying the DCHN and the EUR versions of the R5 (sect. 3.2.).

The used nodalization is that reported in Fig. 7. Significant results are shown
in Figs. 18 and 19: when using the EUR version, the long term pressure trend is clo-
ser to experimental data (Fig. 18) and no HL voiding is predicted (in agreement with
experimental data, Fig. 19).

Both DCMN and EUR R5 code versions behave in away different from the INEL ori-
ginal code. Besides, a comparison between CPU time consumed by DCMN and EUR versions
(always utilizing the nodalization in Fig. 7), demonstrates a gain of a factor 2 of
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Fig. 18 - PS pressure. Comparison between measured and calculated trends
by two R5 code versions (same nodalization)
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Fig. 19 - Density in HL IL. Comparison between measured and calculated trends
by two R5 code versions (same nodalization)
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the latter version over the former.

It can also be recalled that the EUR version, utilizing the nodalization de-

veloped at JRC of Ispra, gives results which are in strict agreement with most of

the experimental data during A2-81 test'19'.

What reported above confirms a better performance of the EUR version than the

DCMN one for the analysis of a SBLOCA experiment; nevertheless, the prediction of

a fast blowdown transient in a pressure vessel (60. s for pressure for reaching

0.1 MPa from 7.0 Mpa)''20'', showed that the DCMN version needs less CPU time and

produces a better agreement with experimental data than the EUR version.

6. DIFFERENCES BETWEEN FIRST AND SECOND GENERATION CODES

The differences between performances of R4 and R5 codes can be deduced from

the pre-test 'blind' applications (e.g. Figs. 9 to 11). Still, the comparison

among predictions of mass inventory in L0BI-M0D2 PS during ISP 18 experiment, is

reported in Fig. 20; in particular the trends obtained by RELAP4/M0D6 (DCMN cal-

culation), RELAP5/M0DI-DCMN (DCMN calculation, fine nodalization), RELAP5/M0D2

(INEL calculation) and TRAC (LANL calculation), are compared with experimental da-

ta.

From the above analysis an overall better behaviour of the first generation

code (RELAP4/MOD6) with respect to the advanced ones (RELAPS/'fODl, M0D2 and TRAC),

can be observed at least with reference to 'integral' quantities (e.g. PS pres-

sure and mass inventory). The comparison among 'local' quantities, like density,

is not so direct, because of the nodes dimensions in the R4 model: a* an example,

the HL in Fig. 6 comprises both the horizontal and the vertical parts of the faci-

lity pipes, while the measurement (density in this case) is taken only in the hori-
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Fig. 20 - PS residual mass. Comparison between measured and calculated trends

by 'first generation' and 'advanced' codes



-946-

zontal part. Proper analysis is required to interpret the calculated data: the

high value of density in BL seal (Fig. 10), makes sure that no loop seal clearing

is predicted by the R4; a lower value of density in the same node would have re-

quired further checks (on junctions quality, etc.) to verify the occurrence of

that phenomenon.

In the A2-81 test, several thermodynamic and mechanic non equilibrium pheno-

mena occurred like stratification, reflux condensing, mixing of steam and cold

water, etc. The good performance of R4 code (equilibrium model) can be explained

by the observation that non equilibrium phenomena are of 'local' type and 'self-

regulating': i.e. they do not determine the transient evolution. Two examples may

clarify the above statement:

- an overprediction of break flowrate (and of exiting energy), with respect to

reference experimental data, leads reasonably to underprediction of pressure; thi

causes a decrease of break flowrate and a subsequent reduction of the depressu-

rization rate; within certain limits, this is a 'self-regulating' phenomenon and

(partially) explains the good prediction of critical flowrate value from a strati

fied node in the A2-81 test;

- reflux condensing is a non equilibrium phenomenon where steam and water flow coun

tercurrently in the HL, at core outlet and at SGs inlet; assuming all other condi

tions well predicted, R4 'sees' steam flowing up (direct core flow) which conden-

ses in SGs tubes and goes back LO core (reverse core flow), causing flowrate osci

lations around the zero value; the phenomenology may be strongly different from

the reality, but the overall effect oir transferring energy from core to SGs is th

same.

The above discussion shows that the capability to describe local phenomena,re

quiring reasonable CPU time, is the most important improvement of advanced codes

over R4. In this context it must be mentioned however, that all the 26 predictions

of ISP 18 show saturation temperature in the LP, while the experimental data preset!

up to 30 °K of subcooling due to the imperfect mixing of HPIS water.

7. CONCLUSIONS

The present study relates to a SBLOCA experiment where no core DNB situation

has been measured. The fluid mass distribution inside the primary loop of a PWR

simulator and the heat exchange mechanisms in the U-tubes SGs, are the dominant a-

spects of the transient.

A favourable situation made possible the outline of the state of the art in

the assessment of system codes:

- the comprehensive data base obtained in the test A2-81 performed in L0BI-M0D2 fa

cility;

- the wide participation of code users in ISP 18;

- the effort of DCMN in executing pre- and post-test calculations by advanced and

first generation codes.

Four general considerations must be emphasized:

a) the availability of too many options makes the code results user dependent even

with reference to advanced codes: it has been shown that the analysis by R5 code

using two different nodalizations, produces substantially different data;

b) the uncertainties in input data: the errors in defining boundary conditions and
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the user choices affect the results in a similar way;

c) the continous release of new versions of the same code and the development of

'improved' versions: generally updated versions are not applied to all problems

run with the original one; in some cases, when this has been done, they produce

worse results. In the case of R5,the modifications of the code models took the

place of changing dials provided in the R4 input data set;

d) the lack of a coordinated effort: the experiences of various users cannot add each

other, due to the above reasons.

Concerning the behaviour of a 'first generation1 code (RELAP4/MOD6) and of an

advanced code (RELAP5/M0D1), the following conclusions can be drawn:

- having been recognized the limitations of the basic thennohydraulic model in R4,

and not requiring the prediction of local phenomena, no substantial deficiency

can be found from the application of this code: experience in its use and enginee-

ring judgement about the transient evolution need to get reasonable predictions

(as in the present case);

- in principle a better performance of R5 with respect to R4 has to be expected,

particularly concerning the prediction of local phenomena; actually, this does

not result from the present analysis. The code areas, where future development

should be addressed are:

. break flowrate when stratification occurs in the upstream node;

. liquid mass distribution at high values of PS void fraction: errors presumably

due to incorrect interfacial friction models;

. condensation of steam on cold surfaces or in cold liquid;

. mixing and tracking of HPIS water.

Almost all the above four items also apply to other advanced codes : neve_r

thelesr., it should be clear that the identified deficiencies interact among each

other and the removal of any of them may be extremely troublesome, if the basic

structure of the code is affected.
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