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Summary
The work described in this document provides verification and validation of the transient capability
in the COBRA-SFS code by presenting a set of comparisons between code calculations and analytical
solutions for selected transient heat transfer and fluid flow problems, and between code calculations and
transient experimental data obtained in spent fuel storage cask tests. Comparison to analytical solutions
show that the conservation equations and mathematical models for heat transfer are correctly coded into
the software. The cases selected for these validation calculations include conduction in a plate with a
step change in boundary temperature, conduction in a plate with uniform internal heat generation,, and
conduction in a cylinder with a step change in boundary temperature. In these validation cases, the
temperatures calculated with the code are essentially identical to the analytical solution for the problem.
Cases of analytical solutions for transient conditions where the flow channel undergoes a step change
in the pressure gradient were selected for verification of the implementation of the momentum equation
in COBRA-SFS. The exact solution describes the evolution of the velocity profile over time in response
to the new pressure gradient. The velocity profiles calculated with the code using a zero-slip at the wall
boundary condition are in excellent agreement with the transient analytical solution and for the initial
steady-state profile. For the case of transient flow in a pipe, a lumped channel model using the empirical

friction factor correlation for laminar flow provides a reasonable approximation of the transient behavior,
and is in excellent agreement with the final steady-state conditions.
Validation of the transient capability in the code is obtained by comparing calculational results with
experimental data obtained in the TN24P cask and the PSN/VSC-17 cask. For the TN24P cask test
program, the selected transient consists of changing the backfill gas from helium to air. Only one change
was made to the input model originally developed for the steady-state analysis of the TN24P test
program. The emissivity of the basket supporting the fuel assemblies was changed from 0.8 to 0.6. This
results in a slightly conservative estimate of the initial conditions, with the calculated temperatures
approximately 4°C above the measured values in the hot assembly. The temperatures calculated in
COBRA-SFS are well within the measurement uncertainty all during the transient, and follow very
precisely the shape of the transient temperature curves.
For the PSN/VSC-17 cask test program, the final transient of the test series was selected for
comparison to COBRA-SFS calculations. In this transient, the backfill gas in the Multi-assembly Sealed
Basket (MSB) is helium and the vents on the air annulus between the MSB and the concrete outer shell
of the cask are changed from all vents closed to all vents open. The COBRA-SFS calculations were
performed with no changes to the input model developed for steady-state analysis of the PSN/VSC-17
data. The transient results obtained with the code are in excellent agreement with the measured

temperatures all through this transient, but the final steady state is slightly more conservative than the
test data. The difference is less than 7°C, however, and given the overall measurement uncertainty and
the unavoidable modeling uncertainties, these results constitute a very reasonable representation of the
transient heat transfer in the cask.
in

The validation calculations comparing code results to analytical solutions presented in this report
show that the conservation equations for mass, momentum, and energy are properly implemented in the
code. The verification calculations comparing code results to experimental data from spent fuel storage
casks show that the conservation equations in the code contain the appropriate physical models and
constitutive relations to allow reasonably accurate calculations of the flow and heat transfer behavior in
rod arrays, assemblies, and storage casks with complex designs. COBRA-SFS is fully applicable to
transient analysis of spent fuel assemblies and storage casks. However, specific applications of the code
should still be evaluated against experimental data where possible, and sensitivity studies should be
performed to determine that the model represents the system accurately enough to produce reliable
estimates of peak temperatures and other relevant performance measures.

IV

Glossary
A

channel cross-sectional area (ft2) in the axial direction

A

average cross-sectional area (ft2) over the subchannel control volume

A^

surface area of slab node (ft2)

cp

specific heat at constant pressure (Btu/lbm- °F)

Cf

turbulent momentum factor (dimensionless empirical parameter)

Dh

hydraulic diameter of subchannel, based on wetted perimeter (ft)

D &el

diameter of fuel (ft)

D rod

outside diameter of fuel rod (ft)

dk

diameter of kth conduction heat transfer node in fuel or cladding (ft)

Fnm

grey b°dy view factor from surface n to surface m for radiative heat transfer (dimensionless)

f

axial friction factor, Darcy formulation (dimensionless)

g

scalar gravitational acceleration constant, (ft/sec2)

ge

force/mass conversion constant for English engineering units, (32.2 lbm-ft/lbm-sec 2 )

Hgap

conductance across the fuel-cladding gap (Btu/sec-ft 2 - 0 ?)

Hjurf

surface heat transfer coefficient (Btu/sec-ft 2 - 0 ?)

h

enthalpy (Btu/lbm)

K

form drag for axial flow (dimensionless)

KQ-

form drag for lateral flow (dimensionless)

k

thermal conductivity (Btu/sec-ft-°F)

i.

centroid length for gap k (ft)

m

axial mass flow rate (lbm/sec)

P

pressure (psia)

Pw

wetted perimeter of subchannel control volume (ft)

q"

surface heat flux (Btu/sec-ft 2 )

q"'

volumetric heat generation rate (Btu/sec-ft 3 )

Re

Reynolds number (dimensionless)

r

internal heat generation rate per unit mass(Btu/lbm-sec)

S

width (ft) of gap k connecting channel ii to channel j j

T

temperature (F)

Tekd

cladding surface temperature (F)

T6

temperature of the fuel surface (F)

T;

fluid temperature in current node of subchannel i (F)

Tfluid

average fluid temperature seen b y rod n (F)

Tw

wall surface temperature (F)

Twaii

wall surface temperature (F)

U

scalar velocity (ft/sec) in the axial direction

Uj

average axial velocity at j for momentum cell (ft/sec)

U

composite thermal conductance (Btu/sec-F)

V

scalar velocity in the lateral direction (ft/sec)

Vk

average lateral velocity in gap k for momentum cell (ft/sec)

w

mass flow rate in the lateral direction, per unit length (lbm/sec-ft)

VI

w1

turbulent crossflow for momentum and enthalpy exchange between adjacent channels

(lbm/ft-sec)
Zfc

empirical shape factor for conduction length of gap k (dimensionless)

Greek Symbols
Pm

empirical mixing coefficient for turbulent crossflow model (dimensionless)

AX

axial node length (ft)

Ah

change in enthalpy (Btu/lbm)

Ar

radial increment in fuel noding (ft)

AU

axial velocity difference between adjacent channels for turbulent mixing m o m e n t u m exchange
(ft/see)

At

transient time increment (sec)

6

angle of channel axial orientation relative to vertical (degrees)

e

surface emissivity of a solid node (dimensionless)

et

eddy diffusivity for turbulence (ftVsec)

u

viscosity, (lbm/sec-ft2)

p

density (lbm/ft3)

a

Stefan-Boltzmann constant; 4.76(10"13) Btu/sec-ff-R4

(|>n

fraction of perimeter of rod n facing a given subchannel (dimensionless)

S
kei

summation on all gaps k connected to channel i

2
men

summation on all channels m facing rod n

2
nei

summation on all rods n with heat transfer surfaces facing channel i

Vll

s
nek

summation on all gaps n connected to gap k for lateral momentum transport

S
ne(N+l)

summation on all rod surface nodes n seen by cladding node N+1

S
me(N+l) summation on all slab nodes m seen by cladding node N+1
Subscripts
c

cladding material property

f

fuel material property

ii

lower-numbered channel of a pair connected by gap k

j

axial level index number

J

axial level index for lateral momentum transport, (i.e., J = j + 1/2)

jj

higher-numbered channel of a pair connected by gap k

k

gap index number

s

slab node property

w

wall

0

circumferential angle for radial fuel noding (radians)

Superscripts

n

previous time-step value

N

current time step value

'"

per unit cell quantity (ft3)

•

donor cell quantity
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1.0 Introduction
This report provides documentation of the verification and validation testing of the transient
capability in the COBRA-SFS code, and is organized into three main sections. The primary documentation of the code was published in September 1995, with the release of COBRA-SFS, Cycle 2. The
validation and verification supporting the release and licensing of COBRA-SFS was based solely on
steady-state applications, even though the appropriate transient terms have been included in the
conservation equations from the first cycle.
Section 2.0, COBRA-SFS Code Description, presents a capsule description of the code, and a
summary of the conservation equations solved to obtain the flow and temperature fields within a cask or
assembly model. This section repeats in abbreviated form the code description presented in the primary
documentation (Michener et al. 1995), and is meant to serve as a quick reference, rather than independent documentation of all code features and capabilities. Section 3.0, Transient Capability Verification,
presents a set of comparisons between code calculations and analytical solutions for selected heat
transfer and fluid flow problems. Section 4.0, Transient Capability Validation, presents comparisons
between code calculations and experimental data obtained in spent fuel storage cask tests.
Based on the comparisons presented in Sections 2.0 and 3.0, conclusions and recommendations for
application of COBRA-SFS to transient analysis are presented in Section 5.0.

1.1

2.0 COBRA-SFS Code Description
COBRA-SFS (Spent Fuel Storage), is a computer program for thermal-hydraulic analyses of multiassembly spent-fuel storage and transportation systems (Rector et al. 1986a, Lombardo et al. 1986a,
Rector and Michener 1989). The code uses a lumped parameter finite-difference approach to predict
flow and temperature distributions in spent fuel storage systems and fuel assemblies under forced and
natural convection heat transfer conditions in both steady-state and transients. It is derived from the
COBRA family of codes (Rowe 1973, Stewart et al. 1977, George et al. 1980, Khan et al. 1981), which
have been extensively evaluated against in-pile and out-of-pile data. COBRA-SFS retains all the important features of the COBRA codes for single-phase analysis, and extends the range of application to
problems with two-dimensional radiative and three-dimensional conductive heat transfer. With these
added capabilities, COBRA-SFS has been used to analyze various single- and multi-assembly spent fuel
storage systems containing intact and consolidated fuel with a variety of fill media.
COBRA-SFS solves the equations governing mass, momentum, and energy conservation for incompressible flows in finite-difference form. A subchannel approach is used, in which flow areas of rod
arrays, assemblies or storage systems are divided into discrete control volumes for which conservation of

mass, momentum, and energy is applied. The conservation equations are solved using an iterative
implicit method. The energy equations for the coolant, rod cladding, fuel, and structural members
(referred to as slabs) are solved implicitly by iteration in the axial direction and simultaneously in a
plane. Axial conduction in the structural members is included. Additionally, a nonparticipating media
gray body radiative heat transfer model allows two-dimensional radiant heat exchange between solid
materials. This model is iteratively coupled to the rod and wall energy equations.
The flow field can either be defined as a boundary condition or calculated internally as a function of
the gravitational and dynamic pressure losses. Heat loss from the boundary can vary circumferentially or
axially or both, and can include both radiative and convective heat transfer. Axial heat transfer from the
subchannel region to plenum regions (i.e., regions above and below the fuel assemblies) can also be
modeled. The COBRA-SFS modeling capabilities and the conservation equations are described briefly
in the following subsections. For a detailed description of the derivation of the conservation equations,
and the assumptions and approximations used in the code, refer to the primary documentation of Cycle 2
(Michener et al. 1995).

2.1 Modeling Capabilities
COBRA-SFS allows simulations of a wide range of dry storage systems. In addition to the multiassembly cask analysis described in this report, applications have included analyses of single-assembly
spent fuel storage systems with multiple orientations and fill media, multi-assembly systems with
unconsolidated spent fuel, and analyses of both single- and multi-assembly consolidated fuel storage
systems (Cuta et al. 1984, Lombardo et al. 1986b, Cuta and Creer 1986, Wiles et al. 1986, Rector et al.
1986b, Rector et al. 1986c, McKinnon et al. 1989, Wheeler et al. 1986). This is accomplished in
2.1

COBRA-SFS by formulating the governing equations for flow of a single-component mixture on an
arbitrary fixed Eulerian control volume (Slattery 1972). Integral balances for mass, energy, and linear
momentum are formed on the arbitrary Eulerian control volume, then applied to subchannel modeling
with appropriate definitions and simplifications, and converted to partial differential equations over the
subchannel control volume. The resulting system of subchannel equations is then expressed in finitedifference form, and can be solved numerically for the flow and temperature fields.
The basic Eulerian control volume in COBRA-SFS is the fluid subchannel in the rod array. Fluid
flow is constrained by the surfaces of the closely spaced fuel rods, and the fuel rods partition the flow
area into many subchannels that communicate laterally by crossflow through the narrow gaps between
the rods. This geometry is illustrated in Figure 2.1, which shows the subchannel in relation to the

assembly. This approach can also be generalized to apply to large regions of the flow field, wherein a
single channel can represent a large number of individual subchannels in a fuel rod array, or large open
regions that do not contain fuel rods within a storage cask (refer to Michener et al. 1995; specifically,
Part II—User Guide, for a more complete discussion).

An example of a subchannel control volume is shown in Figure 2.2, where A denotes the axial area
for flow, U denotes the velocity of flow in the axial direction, and V is the velocity of transverse flow
through the gaps between the fuel rods forming the subchannel. This subchannel has three gaps, each of
which with a transverse flow area given by SAX. Assuming linear variation in A over axial distance, (i.e.,

the distance along the main axis of the rod bundle), the volume, V, of the subchannel control volume is
given by
V = A AX
where

= Vi (A x + A x+ A x)

The total fluid surface F of the control volume consists of the axial flow area A at the top and bottom
of the control volume, plus the transverse flow areas of the gaps between the fuel rods, SkAX. The solid
surface W of the control volume is defined by the surfaces of the rods forming the subchannels. The
flow field is assumed to be space- and time-averaged in such a way that the quantities of interest, (p, pU, pV,
ph), have continuous derivatives, and the volume and surface averages are defined in terms of the volume
. and surface integrals.
Closure of the equation set is achieved by means of empirical relations for momentum exchange due
to wall friction, form drag, and turbulent mixing in the fluid flow equations for mass and momentum
continuity. In the energy equations, empirical heat transfer correlations are used to define heat transfer
between rods or walls and the fluid. Constitutive relations can also be specified for contact conductance
between solid nodes that are in physical contact. Radiative heat transfer is modeled by specifying
radiative exchange factors based on geometric view factors.

2.2

Storage System
Subchannel

Fuel rod

Control Volume

Fuel Assembly

Figure 2.1. Relation of Subchannel Control Volume to Storage System

Fuel Rod

Figure 2.2. Subchannel Control Volume

2.3

The code can be used for steady-state or transient calculations in geometries consisting of intact rod
arrays on square or triangular pitch. Consolidated rod arrays can also be modeled, as a special case of
triangular pitch with zero (or very small) gaps between the rods. The code can model mixed geometries;
that is, the same case can contain some assemblies modeled as subchannels and rods, others modeled as
lumped channels and rods, still others as open regions without rods. Axial variations in the geometry,
such as variable axial grid spacing, multiple non-uniform axial power distributions, and non-uniform fuel

material properties can be specified by input. Inter- and intra-assembly heat transfer is readily modeled,
including both convection and conduction heat transfer, and two fluid properties tables can be specified,
so that different assemblies can have different fluid properties.
Boundary conditions can be specified in a number of different ways, allowing great flexibility for
various applications of the code. These features include the following
• recirculating flows
• zero net flow solution
• multiple flow regions
• fluid conduction and turbulent mixing
• pressure drop model
• variable property rod model
• specified heat flux
• plenum heat flux (optional).
Radiation heat transfer is calculated in two dimensions assuming a nonparticipating media. The user
has the option of supplying black body view factors, in which case the code will calculate the corresponding grey-body view factors for the surfaces. For rod arrays, the user can specify the grey body view
factors using an additional input file, tapelO, created using the auxiliary code RADGEN.
The COBRA-SFS code contains control features and boundary condition options to enhance its
usability for the detailed and complicated calculations required for analysis of storage casks. These
include the following
• constant specified flow
• restart and post-processing data dump

2.4

• decoupled hydrodynamics (i.e., option to specify no buoyancy)
• pressure drop initialization scheme.
The main limiting assumptions in the code are that the fluid is undergoing incompressible flow and
that heat transfer at the boundary is in one direction only for a given node.

2.5

2.2 Conservation Equations in Finite Difference Form
The subchannel partial differential equations for mass continuity, fluid energy conservation, and
momentum conservation are approximated as finite difference equations for solution in the code. These
equations can be used to model any flow field that can be adequately represented as a set of parallel
channels with predominantly axial flow that communicate through transverse flow paths connecting the
channels. The only requirement is that the assumptions and simplifications of subchannel modeling are
not violated.
The finite difference equations are developed for a generalized control volume represented by the
computational cell shown in Figure 2.3, with the computational variables located as shown. The state
variables of density (p) and enthalpy (h) are defined at the cell center and are indexed by the node number.
The axial flow rate (m=p*UA), the pressure (P) and axial flow area (A) are defined at the upper and lower
cell boundaries, and are indexed by the corresponding axial levels, j and j - 1 . For a given gap k, the gap
width (Sk) and the crossfiow per unit length (w=p*VSk), are defined on the transverse cell boundary
midway between the axial levels, indexed by the gap number and axial level of the upper face (j) of the
cell.
The positive direction for the axial velocity (U) is the direction from the channel inlet to the exit,
along the main axis of the fuel rods. For conventional application to vertically oriented fuel bundles, this

is the upward flow direction. Negative axial velocities define flow in the opposite direction. The sign
convention on the transverse velocity does not have such a convenient reference as gravity, and is
defined by convention. The transverse velocity in gap k (Vk) is positive when flow is from the lowernumbered subchannel (denoted ii) of the pair forming the gap into the higher-numbered channel (denoted
jj) of the pair. The velocity is negative if flow is in the opposite direction. This convention is implemented by means of the unitary switch function, e^, which is applied as a multiplier on terms containing
the transverse velocity. It is defined for gap k such that
e^ = 1.0, if i =ii
e^ = -1.0, if i = jj
The finite difference equations are derived from the subchannel conservation equations in partial
differential form by approximating the time derivative with the time step At, and the spatial derivative
with the axial noding increment AX. The results of this procedure are shown for the conservation
equations in the following subsections.

2.6

p'Uj-iAj-1

Figure 2.3. Subchannel Computational Cell

2.7

2.2.1 Mass Continuity Equation
The assumptions made in the derivation of the continuity equation are that the channel area changes
linearly with distance over the length of the control volume, the fluid density is uniform throughout the
control volume, the axial and transverse velocities are uniform over the respective areas, and the transverse connection width is constant over the length of the control volume. The final form of the equation
for conservation of mass in the COBRA-SFS code is
_ AX.
A. —r-i (p - pn). + m. - m.
J

At

J

J

_
+ AX. 22 e. w. = 0

J"1

J tef

*

(2.1)

k

2.2.2 Fluid Energy Equation
The finite difference approximation of the subchannel equation for fluid energy can be written
directly from the subchannel equation using the definitions and assumptions noted above for the mass
conservation equation. The finite difference form of the energy equation is, therefore,
(ph - (ph)n)
A AX.
* + m.h
J

J

- m. h
J"1

J

At

ea w.h' = E P w 4 ) n A x . q / /

£e. s AX.k^lM

+

(2.2)

AX.£e. w'.(h..-h..).

kei

In the solution of the energy equation in COBRA-SFS, the mass continuity error is separated from
the energy error by multiplying the mass continuity equation by the flowing enthalpy and subtracting the
result from the energy equation. The final form of the finite difference equation for the fluid energy in
COBRA-SFS is therefore,
(ph - (ph)n)
i + m.(h - h . ) - m. ,(h - h . ,)

A. AX.
j

j

J

}

At

3~l

3-y

+ AX.Y) e. t w.(h*-h.) = ] T pw (j)n AX.q"
•its'
kei

^

J

y

r£

J

: — — — + AX.$%jw/.(h..-h..).
kei **

J

J

J

« /-.

2.8

kei

The heat flux through the solid surfaces of the control volume, denoted by q" in Equation (2.3), is the
surface-averaged convective heat flux over the given node. If the conduction model is not used, the heat
flux is simply a boundary condition specified by user input. When the conduction model is used, the

heat flux is a calculated quantity determined in the solution of the conduction equation for heat transfer
in the fuel rods or solid structure nodes, (as described in Section 2.2.5 or 2.2.6, below.) Heat transfer
between the fluid and a rod or wall is modeled using empirical heat transfer coefficients, such that

q = H . (T
v
^

surf

- T)

w

'

The surface temperature of the rod or slab node (Tw) is solved for in the solid conduction energy
equation. The sink temperature T for the heat flux calculation is the fluid temperature corresponding to
the enthalpy of the subchannel at that node.

2.2.3 Axial Momentum Equation
The time and space derivatives for the flow rates can be approximated for the momentum equations
in the same way as for the mass continuity equation. The derivative of the pressure is approximated by
assuming a linear pressure variation. Appropriate averaging across node boundaries must be defined for
the axial and transverse convection of axial momentum. For the axial convection of axial momentum,
the transporting velocity is the velocity at the cell center, which is defined as the average of the velocity
atj andj+1, such that

—(m. + m. ,)
2

u. =
J

J

J

1

"

1 _

.

This velocity convects either m.j or nij+i, depending on its direction, so that

U.m. if U. ;> 0
j

J

J

Urn* =
U.m. , if U. < 0

Similarly, for the transverse transport of axial momentum the transporting velocity is the transverse
velocity at the cell boundary. This is obtained by averaging the crossflows atj andj+1, such that

2.9

<,_h
—(p

+ Ptj + 1 )—(s k . + s k . +1 )

The average density at j and j+1 used in this relation is defined as

The average transverse velocity convects the axial momentum at j of either channel ii or jj,
depending on its sign. The AU term in the turbulent momentum exchange must also be defined, using
appropriate averaging to obtain the axial velocities at a given level. For channel i (which may be either ii

and jj) at level j , the average axial velocity is given by
m.

L
where

_
i
p. = —(p. + p. + )
>

2

i

j i

Using this definition, the turbulent crossflow exchange can be expressed as

The turbulent crossflow transports both momentum and energy from one channel to the other, but
produces no net mass exchange between adjacent channels.
When the above definitions and approximations are used in the subchannel equation for axial
momentum, the finite difference form of the axial momentum equation is
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In applications where fluid-fluid shear must be included in the axial momentum equation, the wall
shear stress term cannot be represented empirically. It is treated by specifying zero slip at the wall, and
the finite difference form in this case is expressed as follows
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2.2.4 Transverse Momentum Equation
As with the axial momentum equation, average velocities for momentum transport must be defined
in order to formulate the finite difference equation. In the axial convection of transverse momentum, the
transporting velocity is defined as

m..
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m..

j

The crossflow convected by this average velocity defines the transport term as
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if U. < 0
J

The final form of the finite difference equation for transverse momentum becomes
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In applications where fluid-fluid shear must be included in the transverse momentum equation, the
finite difference form must include the additional fluid shear stress terms,
F

= F
lateral terms

+F
axl
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The axial transport of transverse momentum, F ^ , is defined as
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The viscosities are calculated by averaging between the values of the adjacent channels connected by
the gap at the axial levels j and j - 1 , and at j and j+1.
The lateral transport of transverse momentum, FIat5 is defined as

S +S
lc

n

In the summation, n is the index of a gap connected to gap k by fluid-fluid shear. The average
viscosity is calculated at a given axial level as
i
= —[u... + u... + u.. + w.. 1
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iatou terms defined above are substituted into the transverse momentum equation for the case with
fluid-fluid shear. The finite difference form is therefore expressed as follows:

S.AX.

w.-w.
AX. I

M

J

J

At
w.

i

- S.« AX. p.g
sin6 - j
i'i"
•P'5
2

G

AX.
w.

'p.S
.S.

(2.7)
V.-V. ,
j-i

j

-Si!

V.-V.
+2flj

+AX.
AX.+AX.

"

j

J+l

J

AX.+
AX.+Ax.

J

2(V.k - Vn)'
v

s +s

nek

k

n

2.2.5 Rod Energy Equation
In steady state calculations, the heat generation in the fuel rods can be treated as a simple heat flux
boundary condition on the fluid, and it is not necessary to solve the conduction equation for the fuel rods.
Even in cases involving radiative heat transfer, where it is necessary to determine the surface
temperatures of the fuel rods, a simplified form of the rod energy equation can be used, in which the
conduction equation is solved for the cladding only, treating the heat generated in the fuel as a source
term at the inner boundary. In transient calculations, however, it is necessary to use the complete rod
energy equation, including the time-dependent terms in all nodes of the fuel rod. The conduction
equation for the cladding is
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The clad conduction equation is coupled to the fuel conduction equation through the gap heat
transfer coefficient (Hgap) and the temperature difference across the gap between the fuel pellet and the
clad. The gap heat transfer coefficient is an empirical parameter, defined by user input. In the clad node,
heat transfer is considered in the radial direction only. In the fuel pellet, the conduction equations are
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formulated to allow the option of considering azimuthal as well as radial noding. Nodes in the circumferential direction are counted with the variable N e , and in the radial direction with N in the following
equations. The fuel pellet node temperatures are identified as T^m where k is the radial location (1 to N),
and.m is the circumferential location (1 to N e ). The set of conduction equations in finite-difference form
for each of the N fuel nodes and the cladding node, N+l, can be written as shown in Equation (2.9)
through (2.12) below.
In this model, it is assumed that axial heat transfer is negligible, heat is generated uniformly
throughout the fuel pellet at a given axial location, and material properties of the fuel do not vary
significantly with the radial variation in temperature.
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2.2.6 Slab Energy Equation
The heat transfer model for the solid structure nodes is formulated for an arbitrary control volume
that can exchange energy with the fluid and with other solid structure nodes by conduction or radiative
heat transfer. A solid structure node (called a slab node to differentiate it from a fuel rod node) can also
exchange energy with the rods by radiative heat transfer. The axial noding of a slab corresponds to axial
noding of the subchannels. The cross-sectional area for axial heat transfer in a slab node is defined by
input. A slab control volume may have any number of surfaces connected to adjacent slab nodes or fluid
subchannels. These connections and their dimensions are defined by user input.
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In addition to conductive and convective heat transfer between the slab node and adjacent slab or
fluid nodes, the control volume can also exchange energy via thermal radiation with the surfaces of fuel
rods and other slabs. Given the above assumptions and definitions, the conduction equation for the slab
node can be written in finite difference form as
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As with the rod equation, radiation is assumed to occur only in a given axial plane. Conduction
between two slab nodes is modeled using a composite thennal conductance (U) which accounts for the
heat transfer area, the thermal conductivity of the slab materials, and any gap resistance or thermal
radiation at the slab interface. In the axial direction, composite thermal conductances through the top
and the bottom of the slab node are calculated, denoted as Uj and Uj.!, respectively. The actual values
used in a given problem are determined from user input of appropriate empirical conduction resistances
for the various node connections.
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3.0 Transient Capability Verification
Verification and validation testing is an essential part of any software development program. This is
especially important for computational fluid dynamics (CFD). codes, since they contain a wide variety of
mathematical and physical models. Verification is testing to ensure that the mathematical models are
correctly coded into the software. This is accomplished by comparing calculational results to analytical
solutions that exist in the literature. These problems are of necessity relatively simple, and are usually
much less challenging to a code than the "real world" applications for which it is intended. Therefore,
additional validation testing is necessary to show that the mathematical models in the code accurately
represent the physics of interest. This is accomplished by comparing calculational results with relevant
experimental data.
The validation and verification that was done to support the initial release and licensing of COBRASFS had been based solely on steady-state applications, even though the appropriate transient terms were
included in the original equations. Most applications of the code involve primarily steady-state calculations, but the transient capability is useful for a variety of analyses. Storage and transportation casks
will not generally be subjected to transients intentionally, but there are possible accidents to consider.
The safety evaluation of transportation casks may require including an analysis of various hypothetical
events, such as exposure to fire for a specified period of time. Analysis of any conditions, hypothetical
or real, in which the stored energy terms can be significant requires the ability to perform a transient
analysis for the cask.
Verification of the transient capability in COBRA-SFS is accomplished by comparing code calculations to analytical solutions to the conduction equation with various boundary conditions. These results
are presented in Section 3.1 below. In addition, comparisons with analytical flow solutions are presented
in Section 3.2. Validation calculations for the transient capability, consisting of comparisons with
storage cask experimental data, are presented in Section 4.

3.1 Transient Heat Transfer Solutions
COBRA-SFS solves equations for mass, momentum, and energy conservation, but from the standpoint of accurate cask analysis, the energy equations are perhaps the most important. Heat transfer in a
cask occurs by means of convection, conduction, and radiative exchange, and the models in the code
must properly capture the physical behavior in all three modes. Analytical solutions are readily available
only for the first two of these modes, convection and conduction. The cases selected for comparison to
COBRA-SFS calculations are conduction in a plate with a step change in boundary temperature, conduction in a plate with uniform internal heat generation, and conduction in a cylinder with a step change in
boundary temperature.

3.1

For the cases with conduction in a plate, the geometry is assumed to be a plate of infinite extent in
the y-direction, and of thickness 2L in the x-direction. The plate is at uniform temperature To, and at
time tFO is suddenly plunged into a constant temperature bath at T». The temperature in the plate as a
function of time and location is given by the conduction equation as

0 •4
The coefficient a is the thermal diffusivity, a = k/pcP. Analytical solutions to this partial differential
equation are given for different sets of boundary conditions in Sections 3.1.1,3.1.2, and 3.1.3. These are
compared with COBRA-SFS calculations using different modeling capabilities of the code.
For cases with conduction in a cylinder, the geometry is assumed to be a cylinder of radius R, having
infinite extent in the axial direction. As with the analytical solutions for the plate, the cylinder is at
uniform temperature To, and at time t=0 is suddenly plunged into a constant temperature bath at T... The
temperature in the cylinder as a function of time and radial position is given by the conduction equation
as

5T

a d 3T

***

(3 2)

-

An analytical solution to this partial differential equation is given for a step change in the boundary
temperature in Section 3.1.4. The analytical solution is compared with COBRA-SFS calculations using
both the slab conduction model and the rod conduction model.

3.1.1 Conduction in a Plate with Infinite Surface Heat Transfer Coefficient
A solution for Equation (3.1) can be obtained by separation of variables for the specified boundary
conditions of initial uniform temperature To with a step change at time t=0 to boundary temperature T_
(Arpaci 1966). Assuming an infinite heat transfer coefficient at the surface, the temperature profile in
the x-direction as a function of time is given by

T

:=-= »

2

E ^T"

e

" ^ «>•<**>

o"

The eigenvalues Xa of the solution given by Equation (3.3) are defined by the relation,
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(3-3)

(34)
For the COBRA-SFS calculations, the plate was assigned a thickness of 20 inches, and thermal
diffusivity, a, of 10 ffVhr. The initial uniform temperature To was assumed to be 200 °F. At time t=0, the
boundary temperature T_ was changed to 100°F. Two COBRA-SFS input models were constructed for
this problem. In the first case, the plate was modeled as 10 uniform slab nodes representing the width L
from the plate centerline to the boundary. The medium surrounding the plate was modeled as a large
channel with a very large surface heat transfer coefficient between the fluid and the surface of the first
slab node. The results obtained with this model are compared with the analytical solution in Figures 3.1
and 3.2.
Figure 3.1 shows the temperature profiles at selected time intervals in the transient, obtained in
COBRA-SFS using the slab model. The symbols on the plot represent the code results, and the lines
(solid, dotted, and variously dashed) represent the analytical solution. As can be seen from the figure,
the code results are essentially identical to the analytical solution for this problem. Figure 3.2 shows
similar excellent agreement between the code calculations and the analytical results for the centerline
temperature of the plate as a function of time.
The results obtained with the slab model show that the conduction equation for the slab nodes is
properly implemented in COBRA-SFS. However, the code also considers conduction in the fluid, as part
of the fluid energy equation, which is solved separately from the conduction equation in the solid nodes.
A second COBRA-SFS model was constructed for this problem, in which the plate was modeled as a row
of 10 fluid subchannels, rather than as 10 solid nodes. The results obtained with this model are
compared to the analytical solution in Figure 3.3. As with the results obtained with the slab model, the
calculated temperature profiles (represented by the symbols on the plot in Figure 3.3) are in excellent
agreement with the analytical results.
The results of the comparisons shown in Figures 3.1 through 3.3 show that the energy equation for
conduction is properly implemented in the COBRA-SFS code for the slab nodes and for the fluid in the
subchannels.
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3.1.2 Conduction in a Plate with Nominal Surface Heat Transfer Coefficient
A somewhat more realistic solution for Equation (3.1) can be obtained by assuming that the surface
heat transfer coefficient is some finite value, rather than effectively infinite (Arpaci 1966). For the same
boundary conditions of initial uniform temperature To with a step change at time t=0 to boundary
temperature T_, the temperature profile in the x-direction as a function of time is given by
T(x,t)-T.
T

o~T~

~
sin(AL)
_Ah
= 2 y. -r
:
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e ° cos(K x)
n
^ \ L + sin(AnL)cos(A.NL)
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The eigenvalues of the solution given by Equation (3.4) are defined by the relation
(X L)sin(A L) = Bi cos(A L)

The heat transfer coefficient is specified by means of the Biot number, Bi, as

Bi =

.

hL
k

For the COBRA-SFS calculations, the same geometry was used for this case as for the case with
infinite heat transfer coefficient. That is, the plate was assigned a thickness of 20 inches, and thermal
diffusivity, a, of 10 fWhr. The initial uniform temperature To was assumed to be 200 °F. At time t=0, the
boundary temperature T. was changed to 100°F. The plate was modeled as 10 uniform slab nodes
representing the width L, from the plate centerline to the boundary. The medium surrounding the plate
was modeled as a large channel, and the surface heat transfer coefficient was specified at 1.2 Btu/hr-fl? to
produce a Biot number of 1.0 the same value as that used in the exact solution.
Figure 3.4 shows the temperature profiles at selected time intervals in the transient obtained in
COBRA-SFS using the slab model. The symbols on the plot represent the code results, and the lines
(solid, dotted, and variously dashed) represent the analytical solution. As can be seen from the figure,
the code results are essentially identical to the analytical solution for this problem. The results of this
case show that the conduction equation for the slab nodes and convective heat transfer terms in the fluid
energy equation are properly represented in the code.
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3.1.3 Conduction in a Plate with Uniform Internal Heat Generation
This verification case is similar to the two cases described in Sections 3.1.1 and 3.1.2, except that the
basic conduction equation must include the heat generation term, denoted u1". The boundary temperature
for this case remains constant at 100°F, but at time t^O, the heat generation term changes from zero to a
constant positive value. The conduction equation for this case is given by

3T

?T

uu " '

The solution to this equation (Arpaci 1966) gives the temperature profile in the plate in the
x-direction as a function of time

u'"L 2 /k

2l

VJ

£

(3.6)

The eigenvalues of the solution given by Equation (3.6) are defined by the relation
AnL =(2n + l)7C/2
For the COBRA-SFS calculations, the same geometry was used for this case as for the cases in
Sections 3.1.1 and 3.1.2. That is, the plate was assigned a thickness of 20 inches, and thermal diffusivity,
a, of 10 ftVhr. The initial uniform temperature To was assumed to be 100°F. At time t=0, the heat generation rate in the slab nodes was specified as 100 Btu/hr-ft3. The plate was modeled as 10 uniform slab
nodes representing the width L, from the plate centerline to the boundary. The medium surrounding the
plate was modeled as a large channel, and the surface heat transfer coefficient was specified as an
essentially infinite value.
Figure 3.5 shows the temperature profiles at selected time intervals in the transient, for the analytical
solution and those obtained in COBRA-SFS using the slab model. The symbols on the plot represent the
code results, and the lines (solid, dotted, and variously dashed) represent the analytical solution. As can
be seen from the figure, the code results are essentially identical to the analytical solution for this
problem.
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3.1.4 Conduction in a Cylinder
The analytical solution for the case with conduction hi a cylinder is similar to those for the conduction in a plate. A solution for Equation (3.2) can also be obtained by separation of variables for the
specified boundary conditions of initial uniform temperature To with a step change at time t=0 to
boundary temperature T» (Arpaci 1966). Assuming an infinite heat transfer coefficient at the surface, the
temperature profile in the x-direction as a function of time is given by

(3,,

T

-T
o «

The eigenvalues of the solution are defined by

For the COBRA-SFS calculations, the cylinder was assumed to be one inch in diameter, with a
thermal diffusivity, a, of 0.01 ftVhr. The initial uniform temperature To was assumed to be 200 °F. At
time 1^0, the boundary temperature T» was changed to 100°F. Two COBRA-SFS input models were

constructed for this problem. In the first case, the cylinder was represented using 10 slab nodes, arranged
in concentric rings. In the second case, the cylinder was represented as a fuel rod with 10 internal nodes
and a zero-thickness cladding.
In both cases, the COBRA-SFS calculations are in excellent agreement with the analytical solution.
Figure 3.6 shows the temperature profiles at selected time intervals in the transient, obtained in COBRASFS using the slab model. Figure 3.7 shows the temperature profiles at the same time intervals obtained
using the fuel rod model. The symbols on the plot represent the code results, and the lines (solid, dotted,
and variously dashed) represent the analytical solution. As can be seen from the figures, the code results
are essentially identical to the analytical solution for this problem. These results show that the energy
equation for the slab nodes and that for the rod nodes both give a very good approximation of the
conduction equation.
An additional calculation was performed for the rod model, using a nominal heat transfer coefficient
of 24.0 Btu/hr-ft2-oF boundary condition on the rod surface. The results of this calculation are shown in
Figure 3.8, along with the analytical solution. As can be seen from the plot, the code calculations are in

excellent agreement with the exact solution, indicating that the terms for conduction and convection heat
transfer are properly incorporated in the energy equations in COBRA-SFS.
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3.2 Transient Flow Solutions
Analytical solutions for transient flow conditions are available only for very simple problems. The
cases selected for verification of the implementation of the momentum equation in COBRA-SFS are for
a flow channel undergoing a step change in the pressure gradient. In the first case, which is described in
Section 3.2.1, the flow field is an idealized two-dimensional flow between two parallel plates. In the
second case, described in Section 3.2.2, the flow is in a pipe of circular cross-section. In both cases, the
flow field is initially steady, with a constant pressure drop and flow. At time t=0, a step change in the
pressure gradient is imposed. The exact solution describes the evolution of the velocity profile over time
in response to the new pressure gradient.
In COBRA-SFS, the effects of wall shear on the fluid velocity can be modeled directly, by specifying zero slip at the wall as a boundary condition, or it can be modeled indirectly, by means of an
empirical friction factor correlation. Both modeling approaches are used in the code calculations for
comparison to the analytical solutions of the two validation cases presented below.

3.2.1 Transient Flow Between Two Parallel Plates
In this case, the flow field initially consists of steady laminar flow between two parallel plates,
spaced a distance 2h apart. For convenience, the coordinates are defined so that the x-direction is the
direction of flow, and the y-direction is perpendicular to the direction of flow, with the origin midway
between the two plates. For this system, the pressure gradient can be expressed as

K = -±f

(3.8)

The momentum equation for this geometry is simply
dP _

d2u

dx

dy 2

An analytical solution for the velocity profile as a function of time can be obtained by separation of
variables (Moore 1964), in the form
u(y,t) = us(y) - u t (y,t)
The steady-state velocity profile, us(y), is given by the expression
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(3.9)

u/y) = ^ ( h 2 - y 2 )

(3.10)

In these equations, p is the fluid density, u is the dynamic viscosity, and v is the kinematic viscosity, in
consistent units.
The transient component of the velocity in Equation (3.9) is given by

Eane

2 h

* cos0t(n--) J)

n=l

-^

"

The eigenvalues of the solution are given by

Kh2
a =
n

2v

For the COBRA-SFS calculations, the flow channel was specified with a total width of 20 inches,
and was assumed to be 10 ft. long. Taking advantage of axial symmetry, the model for the code
represented one half of the width of the channel with 20 subchannels, each 0.5-inch wide. The plate
forming the wall of the channel was modeled with a single slab. The properties of the fluid were
specified with density 62.4 Ibm/ft3 and kinematic viscosity 10"5 fYVsec. The laminar zero-slip boundary
condition was specified for the subchannel in contact with the slab node modeling the plate. The option
for fluid-fluid shear between adjacent subchannels was specified as active for the calculations in the
code.
The results obtained with COBRA-SFS for this case are shown in Figure 3.9, with velocity profiles
at four different times in the course of the transient. The symbols on the plot represent the code results,
and the lines (solid, dotted, and variously dashed) represent the analytical solution. As can be seen from
the figure, the code calculations are in excellent agreement with the analytical solution at all times during
the transient, and for the initial steady state profile at time zero.
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3.2.2 Transient Flow in a Pipe
In this case, the flow field is initially stagnant, with zero flow and a pressure gradient of zero. The
geometry is a cylindrical pipe with diameter D. At time t^O, a constant pressure drop of 0.001 psi is
imposed on the pipe. An analytical solution (Szymanski 1932) for the average axial velocity in the pipe
can be obtained from the expression

U
z

-0.366 f

- = i - = 1 -(0.963 e

-1.900 f

" +0.036 e

- + •••)

(3.11)

The complete solution contains an infinite series of exponential terms, but only the first two are
needed for an adequate representation of the profile. The dimensionless time © in Equation (3.11) is
defined as

0

t
D

The pipe was assumed to have an inside diameter of 1 inch and overall length of 10 ft. for the
COBRA-SFS calculations. The fluid was assumed to have density 62.4 lbm/ft3 and kinematic viscosity.
10"5 ffVsec. Two different models were used in COBRA-SFS to represent the flow field in the pipe.
In the first case, the laminar zero-slip boundary condition was specified for the subchannel in contact
with the slab node modeling the wall of the pipe. The flow field within the pipe was modeled with 10
concentric channels consisting of annular rings of equal thickness. The option for fluid-fluid shear
between adjacent subchannels was specified as active for the calculations in the code.
In the second case, the flow field within the pipe was modeled with a single channel, and the wall
shear was modeled using the empirical friction factor for laminar flow,

= 64 -°
In the COBRA-SFS calculations for both models, the initial pressure drop was specified as zero.
Then after time zero, the pressure drop was increased in one time step to 0.001 psi. The results obtained
with the code are compared to the exact solution in Figure 3.10.
As can be seen from the figure, the COBRA-SFS calculations for the detailed subchannel model with
fluid-fluid shear and zero slip at the wall give essentially the same results as the analytical solution.
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In addition, the results for the lumped channel model using the empirical friction factor correlation do
not follow the evolution of the average velocity exactly, but the calculation comes to essentially the same

result in steady state. This is expectable, since the empirical friction factor correlation is based on
steady-state flow behavior, and not transient conditions. The largest difference in the average velocity
between the 1-channel model results and the exact solution is only 0.061 ft/sec, however, and these
calculational results follow very nearly the same transient curve as the exact solution and come to the
same steady state solution. These results show that the zero slip at the wall boundary condition in the
COBRA-SFS code properly represents the physics of momentum transfer in the fluid, and the empirical
model can also give a reasonable approximation of this behavior, even for transient flow conditions.
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4.0 Transient Capability Validation
As noted in Section 3.0, the validation for COBRA-SFS, Cycle 2 consisted of comparisons of code
calculations with steady state experimental data only. These comparisons included data from three
single-assembly experiments^ and test results for two multiple-assembly storage casks. COBRA-SFS
calculations have been compared with data obtained in a large number of different storage and shipping
cask designs. The two cask designs included in the Cycle 2 validation were the TN24P cask with intact
fuel and the PSN concrete cask with consolidated fuel. For the Cycle 2 validation, only conditions that
could be considered as steady state were selected from the experimental data obtained in test programs
with the storage casks. These test programs, however, were in fact long term experiments that included a
number of transients, as test conditions were changed to evaluate the effects of fill media, cask
orientation, and external boundary conditions on peak temperatures.
These transients included changing the fill gas from helium to nitrogen, from nitrogen to vacuum,
from vacuum to helium. For the TN24P cask, the orientation was changed from vertical to horizontal
approximately a third of the way through the test program. In the PSN cask, cooling vents were opened,
closed, and partially blocked at different times during the program, and with the different fill gases in
place. These changes in test conditions generally resulted in a relatively rapid change in cask internal
temperatures, which could be modeled in COBRA-SFS as a transient between the essentially steady state
conditions that obtained before and after the change. Section 4.1 presents the results of the transient
calculations for the TN24P cask temperatures, and Section 4.2 gives the results obtained for comparison
to the PSN cask data.

4.1 TN24P(b) Cask Transient
The TN24P spent fuel storage cask was designed to hold up to 24 spent fuel assemblies and dissipate
heat loads of up to 24 kW. A cut-away diagram of the cask is shown in Figure 4.1. The cask body is of
forged steel surrounded by a resin layer for neutron shielding and has a steel outer shell. The overall

(a) Electrically heated bundles modeling intact PWR fuel in a square canister; refer to the Cycle 2
release document (Michener et al. 1995, specifically, Part III—Programmer's Manual), for complete
documentation and references for these tests and other COBRA-SFS validation calculations.
(b) The TN24P spent fuel storage cask was constructed by Transnuclear, Inc. under a cooperative
program between Virginia Power and the U.S. Department of Energy. Testing was conducted jointly
by Virginia Power, the Pacific Northwest Laboratory (currently named the Pacific Northwest
National Laboratory, operated for DOE by Battelle), and the Idaho National Engineering Laboratory
(at the time of this work, INEL was operated for DOE by EG&G, Inc.; it is currently named the
Idaho Engineering Environmental Laboratory, operated by Lockheed-Martin). The Electric Power
Research Institute also participated, through a separate.agreement with Virginia Power. The
program is fully documented elsewhere (McKinnon et al. 1989).
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cask length is 16 ft (5.0 m), with an outer diameter of 7.5 ft (2.3 m). When loaded with unconsolidated
spent fuel, it weighs approximately 100 tons.
Figure 4.2 shows a cross-section through the center of the cask. The spent fuel basket consists of
stacked interlocking plates of aluminum and boron. For the 'hot' tests, the cask was loaded with spent
fuel from the Surry nuclear plant. This fuel was standard Westinghouse 15x15 PWR fuel with nominal
rod diameter of 0.420 in. (1.067 cm) in a square array with 0.563 in. (1.430 cm) pitch. Nominal fuel
column length was 144 in. (365.8 cm), and fuel burnup was approximately 30 GWd/MTU for each
assembly.
Decay heat rates in the fuel rods for the duration of the tests were calculated using ORIGEN2 (Croff
1980). The average power per assembly was approximately 850 kW, and the predicted power at the start
of testing was 20.6 kW. At the end of testing, the predicted power was 20.3 kW, which is close enough

to the initial power to justify the assumption of a constant power generation rate used in the COBRASFS calculations. Six tests were performed to assess the thermal response of the TN24P cask; three with
the cask oriented vertically and three with the cask horizontal. In each orientation, tests were run with
three different back-fills; helium, air, and vacuum (i.e., air at approx. 0.5 mbar). Table 4.1 contains a
summary of the test matrix.
Table 4.1. TN24P Cask Test Matrix

Approximate
Start Time of
Transient

Approximate
Time New
Steady State
Obtained

1

Initial cask
loading

1/12/89
12:00:00

2

1/14/86
06:00:00

1/14/86
16:00:00

10 hours

20°C

Replace helium backfill with
air; cask vertical

3

1/17/86
13:00:02

1/19/86
12:00:02

47 hours

49°C

Air backfill reduced to
vacuum (approx. 0.5 mbar);
cask vertical

4

1/21/86
12:00:02

1/24/86
20:00:02

80 hours

-75°C

Air at approx. 0.5 mbar
replaced with helium
backfill at approx. 1.5 bar,
cask orientation changed
from vertical to horizontal

5

1/27/86
15:00:02

1/28/86
14:00:02

23 hours

41 °C

Replace helium backfill with
air; cask horizontal

6

2/03/86
13:00:02

2/04/86
14:00:02

25 hours

24°C

Air backfill reduced to
vacuum (approx. 0.5 mbar);
cask horizontal

Run
Number

Approximate
Duration of
Transient

Net Change in
Estimated Peak
Clad Temperature

Description of Transient
Program start-up; cask
vertical with helium backfill
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Steady-state COBRA-SFS calculations were performed for all six cask configurations, and are
documented elsewhere (Creer et al. 1987). For the validation of the transient capability in COBRA-SFS,
the transient associated with Run #5 was selected for comparison with code calculations. The transients

in this test program were very similar foreach run, consisting mainly of pumping new backfill gases in
and out of the system, and any one of the tests could be simulated in the code as a transient. Run #5 was
selected because there is a relatively large change in peak clad temperature over a relatively short time
interval (+41 °C over 23 hours), and the time histories of the various instrumentation thermocouples
show a reasonably constant steady state before and after the transient.
The results of the COBRA-SFS calculations for this transient are compared to the experimental data
in Figure 4.3. The experimental data included in the plot consists of temperature traces from the thermocouple lance in the hot assembly of the cask (identified as Dl-5). The uncertainty in the thermocouple
measurements has been estimated as ±4°C. As can be seen from the plot, the temperatures calculated in
COBRA-SFS at this location are well within the measurement uncertainty from first to last during the
transient, and follow very precisely the shape of the transient temperature curves.
These results were obtained using the COBRA-SFS input files originally developed for the steadystate analyses of Runs 1 through 6 of the TN24P test program. Only one change was made to the input
files; for radiative heat transfer, the emissivity of the basket supporting the fuel assemblies was changed
from 0.8 to 0.6. The effect of this change is to reduce slightly the rate at which heat could be removed
from the rods by means of radiative heat transfer between the rods and the walls of the enclosing basket

supporting the assembly. In the initial steady state, this change in wall emissivity from 0.8 to 0.6 results
in an increase of 4.5 °C in the calculated temperature at the location corresponding to thermocouple lance
Dl-5 at Z = 2.317 m. The calculated temperature at this location changes from 215.1 °C to 219.6°C.
The measured temperature at this location is 214.3 °C, which indicates that the initial steady state gives a
slightly conservative estimate of the conditions. Similarly, for the location corresponding t o Z = 3.117m
on Dl-5, changing the wall emissivity from 0.8 to 0.6 results in an increase of 4.1 °C in the calculated
temperature, from 199.7°C to 203.8 °C. The measured temperature at this location is 200.3 °C.
Given the overall measurement uncertainty, the uncertainties in the boundary conditions, heat transfer modeling uncertainties, and the approximations required by the geometry model selected for this
large cask, the calculated initial steady state constitutes a very reasonable estimate of the beginning state
for the transient. The fact that the calculational results so faithfully follow the temperature history of the
data trace indicates that the COBRA-SFS code correctly accounts for the transient terms in the solution
of the energy equation, for both the solid material nodes and the fluid nodes.
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Figure 4.3. TN24P Transient: Backfill Changed from Helium to Air-Comparison of COBRA-SFS
Calculations to Measurements from TC Lance Dl-5
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4.2 PSN/VSC-17 Cask Transient
The PSN spent fuel storage cask was constructed by Pacific Sierra Nuclear Associates(a) for longterm storage of consolidated spent fuel from pressurized water reactors. Performance testing was
conducted for the U. S. Department of Energy and PSN by the Pacific Northwest Laboratory and the
Idaho National Engineering Laboratory. The Electric Power Research Institute also participated in the
program, as part of a cooperative program involving EPRI, DOE, PSN, and Wisconsin Electric Power
Company, to evaluate horizontal modular storage systems for spent fuel. Testing was conducted at

INEL's Test Area North (TAN) cask testing facility. The pretest preparations, performance testing, and
post-test activities are fully documented elsewhere (McKinnon et al. 1992).
The PSN/VSC-17 spent fuel storage system is a passive container for storing up to 17 assemblies or
canisters of irradiated nuclear fuel. The system consists of a Ventilated Concrete Cask (VCC), and a
Multi-Assembly Sealed Basket (MSB). Diagrams of the cask structure are shown in Figure 4.4, with
vertical and horizontal cross-sections. The concrete shell is a one-piece cylinder 20 in. (50 cm) thick
with a steel inner liner. The shell provides structural support, radiation shielding, and an annular path for
natural convection cooling of the basket assembly, The concrete bottom of the cask is an integral part of
the cask shell, as shown.in Figure 4.4. It consists of a concrete slab 22 in. (56 cm) thick, with a steel
plate on the inner surface that forms the bottom of the internal cavity. The cask lid consists of a steel
weather cover capping the concrete annulus. The steel plate is bolted to the top of thesteel liner over a
sheet rubber seal. The lower side of the cask lid is formed by the lid of the basket assembly, which
consists of two steel plates with neutron shielding material sandwiched between them.
The basket assembly is of pressure vessel grade steel, and consists of an outer shell, the shield lid,
and the fuel guide sleeve assembly, as shown in Figure 4.4. There is sufficient clearance between the
outer shell of the basket and the storage sleeve assembly to ensure that differential thermal expansion
during operation will not result in load transfer between the two structures. Interior structural support for
the basket is provided by three steel shells wrapped around the framework of the fuel guide sleeves at the
top, bottom, and middle of the assembly. These basket support structures are welded to the outer edges
of the framework of the fuel guide sleeves and to the inner surface of the basket outer shell.
The basket lid is sealed with two o-rings, one of steel and one of elastomer, to provide a gas-tight
seal to hold a backfill of helium, nitrogen, or vacuum. The depth of the cask cavity is sufficient to
accommodate BWR fuel, and therefore an MSB support assembly is required when the cask is loaded
with PWR fuel. This support assembly allows free circulation of air from the vented annulus along the
underside of the basket assembly within the cask cavity.

(a) Pacific Sierra Nuclear Associates became Sierra Nuclear Corporation; in some of the documentation
of the cask design and testing, SNC is used interchangeably with PSN in reference to the cask
manufacturer.
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Decay heat generated in the spent fuel is transmitted through the basket wall to the air in the annulus
between the basket and the concrete shell. Natural circulation can bring air in through the bottom vents
and exhaust it to the environment through the top vents. The inlet and outlet vents are steel-lined

penetrations arranged in a cruciform pattern, with the flow path constrained by a stepped structure to
minimize radiation streaming, as illustrated in the cross-sectional diagram in Figure 4.4. The cask was
loaded with Westinghouse 15x15 PWR spent fuel from the Surry 2 and Turkey Point plants. The fuel
had been removed from the normal 15 x 15 rod array and consolidated, with the rods from two fuel
assemblies in each canister. The canisters were of stainless steel, and consisted of a base and top locking
cover. Each canister was loaded with 408 fuel rods, stacked on a triangular pitch. The top and bottom
plates of the canister did not provide a gas-tight seal, but nevertheless severely limited the gas flow rate
into or out of the canister.
Decay heat rates for the fuel were calculated from measured properties of the fuel using the
ORIGEN2 computer code (Croff 1980). Decay heat from the individual canisters ranged from 700 to
1050 watts, with an average of about 877 W per canister. The canister placement was selected to
produce l/8th symmetry in heat generation within the basket, andto produce the maximum fuel
temperature in the center of the MSB. The ORIGEN2 code was also used to predict the axial decay heat
profiles, which are required for the COBRA-SFS model.
Performance testing of the PSN cask consisted of six test runs with three internal environments and
four cask venting configurations, ranging from vents fully open to vents closed. In all tests, the cask was
oriented vertically. Table 4.2 below summarizes the test conditions.
Steady-state COBRA-SFS calculations were performed for all six tests, both pre- and post-test, and
are fully documented elsewhere (McKinnon et al. 1992). For the transient validation,however, it was
difficult to determine an appropriate test for comparison to COBRA-SFS calculations. The beginning
and end points of the transients were in most cases difficult to define, because of test procedures that
effected changes in boundary conditions without allowing the system to reach a steady state for the
previous set of changes. The conditions defined as "steady state" for Runs 1,2,3 and 6 in the steadystate validation only approximate steady state before the test procedures induce the next transient. The
only conditions that were allowed to reach an unambiguous steady state were Run 5 (air backfill, vents
open) and the transition from all vents closed to all vents open with helium backfill.
For Run 5, the test data show that the conditions in the cask at the point when the helium backfill is
replaced by nitrogen are clearly not at steady state. This makes the resulting transient unsuitable as a
transient validation case for COBRA-SFS, since it is not possible to determine the initial conditions
accurately enough. It would, of course, be possible to begin the transient at the last approximately
steady-state condition, which in this case would be the conditions for Run 3. This would require a
transient calculation spanning something like 220 hours (9 days), which is not an impossible feat, but is
rather long, even for COBRA-SFS. Closer inspection of the "steady-state" conditions for Run 3 shows
that the steady state is not all that steady, however, and it would probably be necessary to go back to the
"steady state" of Run 2, which would require a transient calculation spanning nearly 400 hours (16 days).
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Table 4.2. PSN/VSC-17 Cask Test Matrix

Steady
State Run
Number

Approximate
Start Time of
Transient

NA

initial cask
loading

1

10/09/90

2

10/17/90

3

10/24/90

NA

10/30/90

Approximate
Time New
Steady State
Obtained

Approximate
Duration of
Transient

Net Change in
Estimated Peak
Clad Temperature

Conditions do not reach steady
state before new changes
initiated on 10/09/90
10/12/90

Description of Transient
Program start-up; all
vents open, vacuum, dry

96 hours

40°C

Replace air (vacuum)
backfill with helium; all
vents open

Very slow mild transient; end
point (on 10/23/90) treated as
steady state condition

13°C

Maintain helium backfill;
2 inlet vents blocked

44°C

Maintain helium backfill;
all inlet vents blocked

10/30/90

144 hours

Conditions do not quite reach
steady state before new change

Maintain helium backfill;
all vents open

initiated on 11/05/90
5

11/05/90

11/07/90

24 hours

30°C

6

11/13/90

11/15/90

48 hours

21°C

NA

11/15/90

Initial rapid temperature decrease, followed by slow
gradual increase; conditions do not reach steady state
before new changes initiated on 11/27/90

Replace air (vacuum)
backfill with helium; all
inlet vents blocked

4

11/27/90

Very slow mild transient, temperatures gradually
increasing; conditions at end point (on 11/29/90)
essentially steady state

Maintain helium backfill;
all vents blocked

NA

11/29/90

12/04/90

96 hours

53 °C

Replace helium backfill
with air; all vents remain
open
.

Evacuate air to vacuum;
all vents remain open

Maintain helium backfill;
all vents open

The final transient of the test series, in which the change from all vents closed to all vents open was
the only change in the test conditions, was initiated from a relatively steady "steady state" (Run 4), and
reached nearly steady state conditions after only about 96 hours. The change in peak measured
temperature for this transient was approximately 53 °C, which was the largest change in this parameter
observed in all the tests with this cask. In addition, this transient offered an excellent opportunity to test
the effect of the unique feature of this cask design; the outer annulus that allows natural convection air .
cooling of the MSB within the concrete shell of the cask. For these reasons, the final transient was
selected as the case to evaluate for the transient validation calculations with COBRA-SFS for the PSN
cask.
4.8

The calculated results for this transient are compared to the test data in Figure 4.5. As can be seen
from the plot, the COBRA-SFS results are in excellent agreement with the measured temperatures. The
code results appear to be heading for a slightly more conservative steady state than the test data, but the
difference is less than 7°C. Given the overall measurement uncertainty and the unavoidable modeling
uncertainties, particularly the geometric approximations required to represent the inlet and outlet vents
for the annulus, and the difficulty in determining the appropriate surface heat transfer coefficient for the
natural circulation flow in the annulus, these results constitute a very reasonable representation of the
transient heat transfer in the cask. This comparison provides further evidence that COBRA-SFS
correctly accounts for the transient terms in the solution of the energy equation, for both the solid
material nodes and the fluid nodes.
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5.0 Conclusions and Recommendations
The results presented in Section 3.0 showing comparisons of COBRA-SFS calculations to analytical
solutions for flow and heat transfer conditions verify that the conservation equations for mass, momentum, and energy are properly implemented in the code. This does not, of course, mean that the code is
entirely free of errors, but it does show that the results can probably be trusted, so long as they seem
reasonable for a given problem. The results presented in Section 4.0 showing comparisons of COBRASFS calculations to transient tests in storage casks loaded with spent fuel validate the applicability of the
code to the heat transfer and flow conditions encountered in such systems. The conservation equations in
the code contain the appropriate physical models and constitutive relations to allow reasonably accurate
calculations of the flow and heat transfer behavior in rod arrays, assemblies, and storage casks with
complex designs.
Within the range of applicability of the models used in the code, the accuracy of a given COBRASFS calculation depends primarily on the accuracy of the representation of the system as it is presented
to the code by means of the input. As with all computer codes, COBRA-SFS operates on the gigo law
(garbage in, garbage out). The user must take care to represent the geometry with sufficient detail to
capture the important material structures and flow paths within the system, select constitutive models
(for wall friction, form drag, and heat transfer) that correctly represent the flow and heat transfer
conditions in the cask, and specify material properties accurately for the fluid and solid structures that

constitute the cask. This last item is particularly important in transient calculations, since the specific
heat of many commercial materials (such as sealants, concrete, and metal alloys) is not always well
characterized as a function of temperature, and in many cases will not be constant with temperature.
Inaccuracies in these quantities will translate into inaccuracies in the energy storage terms for the energy
equations, and will affect the ability of the code to follow the overall behavior of the transient.
The verification and validation calculations presented in this report show that COBRA-SFS is fully
applicable to transient analysis of spent fuel assemblies and storage casks. However, specific applications of the code should still be evaluated against experimental data where possible, and sensitivity
studies should be performed to determine that the model constructed represents the system accurately
enough to produce reliable estimates of peak temperatures and other relevant performance measures.
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