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INSTRUMENTATION AND ASSESSMENT OF STRUCTURAL BEHAVIOUR OF NAPP-I

CONTAINMENT DURING PRESSURE TESTS

* *# **
B.K. GOYAL M.M. TILAK U.S.P. VERMA

Nuclear Power Corporation (NPC), Bombay proposed a Nuclear 'Reac-

tor Plant of 235 MW capacity at Narora. The containment as shown

in Fig. 1 has two concrete walls. The primary containment wall

(ICW) is in prestressed concrete and is 610 mm thick, and the

secondary containment wall (OCW) is in reinforced concrete of 610

mm thickness. The annular space between the two walls is 2000

mm. The containment slab which supports the boilers spans across

the ICW. The dome which forms the secondary containment boundary

is spanning across QCW.

The Reactor has been designed for Design Based Accident (DBA)

pressure of 1.25 kg/cm2. Since this was the first Reactor of its

kind, it was decided to instrument it extensively to measure the

deflections and strains at critical points. Radial deflections

of the containment were measured at four azimuths and five eleva-

tions, and vertical deflection was measured at one elevation.

Vertical movement of the slab was measured by optical technique

at five locations. Strains were measured at the junction of ICW

and base raft, at the junction of ICW and containment slab, at

the centre of the containment slab and at locations nearer to the

Main Air Lock Barrel.

* Structural Engineering Research Centre, Ghaziabad (INDIA)

»• Nuclear Power Corporation, Bombay (INDIA)



120 mm long Electric Strain Gauges were used to measure the

strains and deflection transducers (Strain Gauges type) were

used to measure the deflections.

The reactor was pressurized by injecting air under pressure till

the desired pressure was obtained. This pressure was held for

half an hour and then the deflection and strain readings were

recorded. Typical deflection and strain results are showin in

Fig. (2 & 3 ) . Fig (2) shows the vertical deflection/pressure at

elevations 117.6. Fig (3) shows the strains/pressure at the

junction of ICW and base raft. The structure was also analysed

£1} for uniform loading by discreetising the structure into clyn-

drical and circular plate elements.

The Paper Reports the details of the instrumentation and experi-

mental results obtained during pressure tests. Experimental

values have been compared against the theoretical investigations.

References :
1. Sharma SP, Goyal BK, and Ahmed J. "Elastic analysis of thin
walled rotationally symmetric structures " World Congress on
Space enclosures, CANADA 1976.
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NONLINEAR TRANSIENT DYNAMIC ANALYSIS OF INDIAN PHWR REINFORCED
CONCRETE CONTAINMENTS UNDER AIRCRAFT IMPACT LOADING

C.M.Madasamy, R.K.Singh, H.S.Kushwaha, S.C.Mahajan
A.Kakodkar

Reactor Engineering Division
Bhabha Atomic Research Centre, Bombay, India

ABSTRACT

In Indian PHWRs, containment has been designed to protect

the reactor system and environment for loss of coolant accident,

main steam-line break and earthquake induced loads. However the

containment design has to be demonstrative in terms of safety to

the public for severe beyond the design basis accidents such as

blast load on account of hydrogen detonation and aircraft impact

to prove that even in such severe accident load cases the con-

tainment is able to exhibit desired performance. In addition to

this, as a result of steadily expanding nuclear power plant

safety standards and licensing requirements as well as rapid

developments in the field of computer technology and computer

codes, nonlinear dynamic analysis soon moved away from the use of

simple models to that of detailed two- and three-dimensional

ones. Therefore, in this work, a computer software is developed

for the nonlinear transient dynamic analysis of reinforced con-

crete containments in order to study behavior of Indian PHWRs

under aircraft impact.

The Indian PHWRs have double containment system with inner pre-

stressed concrete containment and outer reinforced concrete

containment. Contrast to seismic loadings, the aircraft impact is

a unidirectional, high magnitude, short duration impulsive load-



ing with frequencies extending into the higher frequency range.

In addition, in the local impacted area the response is highly

nonlinear due to the high amplitude of aircraft loading function,

while the remainder of the overall structure may remain in the

linear rangeCGupta.et.al(1978 ) 3. A survey of aircraft impact

loading functions proposed by various investigators presented by

Kamil.et.al(1979) are studied.

In this work, the 8- and 20-noded isoparametric solid elements

are used with standard interpolation functions. The use of a

standard three dimensional approach for the analysis avoids the

complexities associated with shell formulations, allows for a

wider range of applications, and is free from the simplifying

assumptions. In the idealization of the reinforcement concrete

structures, the steel reinforcement is incorporated in the con-

crete brick element by assuming perfect bond. Reinforcement bars

are modeled as a smeared layer having equivalent thickness. A

strain-rate sensitive elasto/viscoplastic constitutive model is

adopted for concrete with a variable strength limit surface to

monitor the damage caused by viscoplastic flow. Tensile cracking

is considered using the smeared crack approach and constant

fracture energy release conceptCHinton(19B8)3 which has been used

for most structural engineering applications. A classical elas-

to-viscoplastic model is adopted for reinforcing steel which is

assumed to have uniaxial properties in the direction of bars.



The solution of the semi-discrete equilibrium equations uses

the predictor-corrector form of implicit Newmark method

CHuQhes.et.al(1979)D which is most suitable for nonlinear tran-

sient analysis. The nonlinear dynamic responses at critical

locations under aircraft impact are studied. Crack patterns at

different times for concrete are observed. The influence of

material non1inearitles is found to be more important in the

vicinity of the impact zone. The studies presented are capable to

prove the effectiveness of containment design and are demonstra-

tive to public in a convincing manner for such low probable

severe accidents.
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it-explicit finite elements in nonlinear transient analysis',
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PLAN ON TEST TO FAILURE OF A STEEL, A PRE-STRESSED CONCRETE
AND A REINFORCED CONCRETE CONTAINMENT VESSEL MODEL

Y. Kobayashi, K. Takumi, M. Fujii , S. Nakajima **
K. Saito *2 , M. Karaki*3 , M. Goto'4

J. F. Costello ' 5

W. A. von Riesemann, M. B. Parks, M. F. Hessheiirer, V. K. Luk *•

ABSTRACT

This paper describes the plan for t e s t s to fa i lu re of various ( i . e . , s t e e l , pre-
stressed concrete, and reinforced concrete) containment vessel models. The s teel
containment vessel (SCV) model represents some features of an improved BWR Mark-II
containment vessel , while the pre-stressed/reinforced concrete containment vessel
(PCCV/RCCV) models represent the PCCV/RCCV in ac tual PWR/BWR p lan t s . One of the
objectives of these t e s t s i s t o experimentally invest igate the ultimate structural
behavior of the containment vessel models by slowly increasing the internal pressure,
a t ambient temperature, unt i l failure occurs. Also, pre- and post- tes t analyses will
be performed to predict and evaluate the t e s t resul ts , and to validate the analytical
methods t h a t w i l l be used t o evalua te the s t r u c t u r a l behavior of t h e ac tua l
containment vessels under severe accident condit ions. The t e s t s are included in a
joint research program involving the Nuclear Power Engineering Corporation (NUPEC) of
Tokyo, Japan, the U.S. Nuclear Regulatory Commission (NRC) in Washington, DC, and
Sandia National Laboratories (SNL) in Albuquerque, New Mexico, U.S.A.

"* Nuclear Power Engineering Corporation, Tokyo, Japan
'' Hitachi, Ltd., Hitachi, Japan
"' Mitsubishi Heavy Industries, Yokohama, Japan
•' Toshiba Corporation, Yokohama, Japan
•5 U.S. Nuclear Regulatory Commission, Washington, D.C., U.S.A.
•* Sandia National Laboratories, Albuquerque, New Mexico, U.S.A.

This work is jointly sponsored by Nuclear Power Engineering Corporation and the US
Nuclear Regulatory Commission. Sandia National Laboratories is operated by the U.S.
Department of Energy under contract number DE-AC04-94AL85000. The work of Nuclear
Power Engineering Corporation is performed under the auspices of the Ministry of
International Trade and Industry, Japan.
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J . F. Costello
W. A. von Riesemann, M. B. Parks, M. F. Hessheimer, V. K. Luk

1 . INTRODUCTION

Light-water-reactor (LWR) containment buildings, which are constructed frcm s tee l ,
reinforced concrete, or prestressed concrete, are the l a s t engineered bar r ie r to
prevent the release of radioactive materials to the environment.

In t h i s regard, the Nuclear Power Engineering Corporation (NUPEC), the United States
Nuclear Regulatory Commission (NRC), and Sandia National Laboratories (SNL) have been
involved in a cooperat ive research program on s t r u c t u r a l i n t e g r i t y of various
containments (Takumi, e t a l . , 1992a and 1992b). The program wi l l include pressure
t e s t s on scaled containment vessels of three d i f ferent types; s t e e l containment
vessel (SCV), prestressed concrete containment vessel (PCCV), and reinforced concrete
containment ve s se l (RCCV). Throughout t h e program, NUPEC w i l l t a k e primary
responsibili t ies for model design and construction, while SNL will mainly conduct s i t e
work, instrumentation, and tes t ing.

During the t e s t s , the models wil l be slowly pressurized internal ly un t i l fai lure of
the containment pressure boundary occurs. The objectives of these t e s t s are to measure
the fa i lure pressure, t o observe the mode of fa i lure , and to record the containment
s t ruc tura l response up to fa i lu re . Pre- and post tes t analyses wil l be performed to
predict and evaluate the t e s t r e su l t s , and to val idate the analyt ical methods that
wi l l be used t o evaluate the s t ruc tura l behavior of the actual containments under
severe accident conditions.

Tables 1 and 2 summarize the uniqueness of our proposed t e s t program comparing to the
t e s t s performed in the past in the united States and in the United Kingdan.

Regarding the proposed SCV model, the main difference from the l :8 - sca le SCV model
tes ted a t SNL (von Riesemann, e t a l . , 1985, and Blejwas, 1985) i s the configuration
of the model. Our proposed model, which represents the containment in the ijnproved
BWR Mark-II in Japan, consists of numerous geometric features such as a drywell top
head, a reverse-curvature knuckle, spherical/conical drywell walls, a part of wetwell
cyl inder wal l , and a 'bottom head1 for f ix tu r ing purpose, while the SCV a t SNL
consisted of a cylindrical wall with a hemispherical done, as used in some PWR ice-
condensor and BWR Mark-III containments in U.S. Another unique feature of the proposed
SCV t e s t i s tha t i t will provide information on contact of the SCV with a surrounding
shield structure in an actual building. Consideration of contact i s important for BWR
Mark-I and Mark-II containments since the gap between the containment and shield
building i s re la t ively small (50-90mm) and would l ikely be closed due t o increasing
internal pressure and temperature due t o a severe accident well before s t ructura l
f a i l u r e of the SCV. The gap for PWR and BWR Mark-III containments i s much larger
(approximately 1500mm).

Regarding the PCCV program, a scale of 1:4 i s used for the model tha t represents a
typ ica l two bu t t r e s s PCCV in Japan. This se lec t ion of scale allows the model to
include the carbon steel l iner , while the l:10-scale Sizewell 'B' PCCV tested in the
United Kingdan did not include a steel l iner (Smith, 1988).



The proposed RCCV test model will represent some features of a typical advanced BWR in
Japan. The configuration of the model will be considerably different from that of the
l:6-scale RCCV tested at SNL (Horschel, et al., 1986). The proposed model will
include the containment pressure boundary consisting of a top slab, a cylinder wall, a
basemat, and a liner on the inner surface of concrete.

2. STEEL CONTAINMENT VESSEL TEST

2.1 SCV Test Objectives

At the beginning of the SCV test program, the focus of the test was the ultimate
structural behavior of a free-standing SCV. In other words, the purpose of the test
was, without consideration of contact with a surrounding shield structure (SSS), to
provide experimental data useful for the evaluation of the SCV. The experimental data
were also to be used for checking the predictive capabilities of analytical methods
of a free-standing SCV beyond elastic range (Takumi, et al., 1992b).

Later on, the purpose of the test was extended so that the test should also provide
experimental data on the SCV behavior after contact with a SSS. In pursuit of the
objective, specific features to be examined include: closure of gap, progression of
contact, load sharing, etc., between the containment and shield building.

2.2 SCV Test Model

The SCV test specimen is a scale model representing some features of an improved EWR
Mark-II containment vessel in Japan (Figure 1). A scale of 1:10 is used for the
overall geometry of the model with l:4-scaling of the wall thickness. This selection
of scales allows the model to be small enough for transportation from Japan to SNL
while being thick enough to ensure quality construction.

Preliminary analysis results (Takumi, et al., 1992b) of a typical BWR Mark-II indicate
that high strains during over-pressurization will concentrate mainly in the drywell
region of the SCV. Therefore, the complete wetwell is not included in the model. The
model (Figure 2) includes a drywell top head, a reverse-curvature knuckle,
spherical/conical drywell walls, and an upper portion of the wetwell cylindrical
wall. The lower portion of the actual wetwell wall is replaced in the model with a
hemispherical 'bottom head', which is considerably thicker than the walls above the
wetwell region, so that deformations of the bottom head will be minimal. An access
hatch, a pressurization port, and 45 instrumentation ports will be included in the
bottom head. The model also includes a large equipment hatch sleeve and a ring that
represents the drywell top head flange, in order to take account of the stiffening
effects of these portions on the model behavior. The bolted flange connections are not
modeled here, but a full-scale hatch model with gasket will be tested as a separate
NUPEC test program (see section 2.5). Table 3 shows the wall thicknesses of the SCV
model.

At the time of writing this paper, the model fabrication is under way at Hitachi
Works, Hitachi, Ltd., in Japan. The model fabrication will be completed in 1994, and
the model will be transported to SNL by the end of 1994.

2.3 Tentative Instrumentation Plan for SCV Test

Described below is the tentative instrumentation plan for the SCV program. Details for
the number or the locations of instruments are being discussed. Instruments under



consideration mainly include:

more than 500 strain gages attached on inner and outer surfaces of the SCV model
to measure local strains of the model,
approximately 40 displacement transducers installed on a column constructed
along the axis of the model to measure the displacements from inside,
thermocouples and resistance temperature devices to measure the temperature on
the surface of, or inside the model,
and pressure transducers.

Also, the possibility of using a laser shearographic device (Hung, 1989) is being
discussed to obtain 'whole-field' strain data around a discontinuity.

2.4 SCV Test Sequence

2.4.1 Two Phase Test Option

A test sequence consisting of two phases has been considered. In Phase 1, the response
of the free-standing SCV beyond elastic range will be examined. The Phase 1 testing
will follow hydrostatic tests, which will be performed at Hitachi Works, Hitachi,
Ltd., before shipping the model to SNL in 1994.

The over-pressurization for Phase 1, which is planed to be conducted pneumatically at
SNL in 1996, will be terminated when the outward displacement of the conical portion
of the model becomes approximately equal to the scaled gap between the actual SCV and
the shield building.

After completing the Phase 1 test, the model will be de-pressurized and a surrogate of
a shield building ('Unstiffened Steel Surrogate (USS)') will be placed over the SCV
model. The SCV model will then be pressurized up to failure. The test setup for Phase
2 is shown in Figure 3 (compared with the setup for the one single test discussed in
the section below). The following steps will be taken to prepare for the Phase 2 test;
(1) compressive material, whose thickness represents the scaled gap between SCV and
SSS, will be attached all around the SCV model except for the top head region, (2)
the USS will be installed over the SCV model, and (3) concrete filler will be cast
into the space between the steel shell and the SCV surface covered with the
compressive material. The fabrication of the USS will take place in 1996 after
finalizing Phase 1 test. Phase 2 test will be performed late in 1997.

2.4.2 One Single Continuous Test Option

Recently, an alternative for the test sequence was proposed to combine the above two
phases into one single continuous test. This proposal is intended to simplify the
program for budgetary/technical reasons. Though the details are still being
discussed, the concept of the single test is described below.

In the single continuous test, any pressurization activities that will be conducted in
Japan will remain the same. The difference will focus on the activities at SNL. The
contact structure (CS) (Figure 3), which takes account of the contact effect of the
shield building around the SCV in the actual plant, will be installed over the SCV
model before the Phase I test. Then, one continuous over-pressurization test will be
conducted without de-pressurization, which would be inevitable when pursuing the two
phase test option, but is not desirable in view of analysis simplicity. The gap
between the CS and the SCV model will approximately be doubled comparing to the
current Phase 2 test setup, in order to fulfill the purpose of the current Phase 1
test by allowing the SCV model to experience deformation well beyond the elastic



range, but without contact with the CS.

2.5 Hatch Model Test

As a separate NUPEC test program, a full-scale equipment hatch model with gasket
(Figure 4) in the BWR Mark-II will be tested in 1995, in order to investigate the
structural behavior of the hatch during over-pressurization. The tes t will be
conducted hydrostatically until leakage occurs.

Some preliminary analyses have been carried out using an axi-symmetric FEM model to
predict stresses, strains, and deformations of the model, and to determine the
locations of instruments. Figure 5 provides the relationship between inner pressure
and relat ive displacement of flange ring as well as the equivalent stress
distribution around the flange ring at the pressure of 15.0 kgf/cm' .

Instruments under consideration include:

50 strain gages attached on inner and outer surfaces of the hatch model to
measure local strains of the model,
17 displacement transducers to measure the displacements of the spherical cover,
the supporting ring, and the sleeve,
16 clip gages to measure the relative displacement between the sleeve and the
supporting ring,
and pressure transducers.

3. PRE-STRESSED CONCRETE CONTAINMENT VESSEL TEST

3.1 Design Rules for PCCV Model

The PCCV model will be a scaled representation of an actual PCCV in Japan, which was
designed in accordance with the Japanese Concrete Containment Vessel Design Code. The
actual PCCV consists of a hemispherical dome, a cylindrical wall, and a basemat. Two
buttresses are used to anchor the horizontal or 'hoop1 tendons. In the vertical
direction, a 'hairpin' tendon layout is employed. The vertical tendons extend from the
basemat up through the cylinder wall, over the dome, and back to the basemat on the
opposite side of the containment. They are anchored in a tendon gallery that is
inside the basemat. A liner plate, which is made of carbon steel, is placed on the
inner surface of the concrete wall, dome, and basemat and forms the containment
pressure boundary in these areas.

Design of the model started in 1991 in accordance with the following basic rules:

1. The test model will have the same general configuration as the actual containment.
In other words, it will consist of the dome, cylinder, basemat, two buttresses, a
steel liner, the larger penetrations (such as an equipment hatch and personnel
airlocks), and several penetration sleeves.

2. The liner plate shall be attached to the concrete using the same type of liner
anchorage system as used in the actual containment, although the spacing of liner
anchors will be increased in regions away from major discontinuities.

3. The reinforcing ratios for reinforcing bars and prestressing tendons, which
primarily determine the structural behavior of the containment, shall be
equivalent to those in the actual containment.

4. There will be a 'one-to-one' replacement of tendons in the model. That is, for
every tendon in the actual containment, there will be a tendon at the same
relative location in the model. The area of the model tendons will be scaled.



5. The material characteristics of the steel elements and the concrete shall be the
same, or as close as possible, to the respective materials in the actual
structure.

At the earlier stage of design, a scale of 1:6 was considered to be adequate for the
overall containment geometry, while l:3-scaling was being considered for the steel
liner in view of ease of liner construction (Takumi, et al., 1992a). However, the
scale distortion between the liner and the concrete portion raised questions related
to the dimensions of the interface between the liner/concrete portions (e.g., the
insert plates around penetration, the liner anchorage, etc.). Uncertainties regarding
the local details around the steel/concrete interface may cause a failure mode that
is not representative of the actual structure. Finally, a uniform scale of 1:4 was
adopted for the overall containment dimensions including the liner/anchorage system.

As shown in Figure 6, the PCCV model consists of a hemispherical dome, a cylindrical
wall, and a basemat. As scaled from a typical containment, the thickness of the dome
is 275mm, while the cylinder wall is 325mn thick. A thickness of 3.5m was selected for
the basemat based on the analysis result comparison between the model and the actual
PCCV. The model includes an equipment hatch (E/H), one of the two personnel airlocks
(A/L), and main steam (M/S) and feed water (F/W) piping penetrations.

3.2 Current Status of PCCV Program: Model Design

The basic design of the PCCV model has almost been finalized at the time of writing
this paper. Construction drawings will be prepared soon for construction activities at
SNL that are scheduled for 1995-1997. Instrumentation of the model will be conducted
in 1997-1998, partly in parallel with the on-site model construction. Testing of the
PCCV model will then take place late in 1998. Some topics from the current status of
model design are described below.

3.2.1 Liner

A liner is located on the inner surface of the concrete. The scaled thickness of the
liner is 1.6mm except for the areas around the penetrations, where l:4-scale
thickened insert plates will be attached.

The liner on the inner surface of the cylindrical wall will be attached to concrete
using a scaled anchorage system, which consists of T-sections in the vertical
direction and rectangular sections in the horizontal direction. l:4-scale is also
employed for the spacing between vertical liner anchors in the vicinities of the liner
discontinuities (e.g., penetrations or cylinder/basemat junction), where liner
tearing is most likely to occur, while larger spacing is used for the vertical anchors
in free-field areas. The liner on the dome will be bonded to concrete by studs
attached to the liner.

Figure 7 provides the arrangement for the liner/anchor system. The liner will be
constructed in sections at Kobe Shipyard & Machinery Works, Mitsubishi Heavy
Industries, Ltd., Kobe, Japan. The liner blocks, together with liner jigs, will be
shipped frcm Japan to SNL late in 1995.

3.2.2 Tendon System

Based on one of the above basic design rules, the prestressing system has been modeled
by a 'one-to-one' replacement of tendons. Table 4 provides the design rules specific
to the prestressing system layout. Layout conditions in length (e.g., spacing between
sheaths, minimum radius of curved sheath, etc.) were selected for the model based on



l:4-scaling. As an example, Figure 8 shows the tendon layout for the cylinder wall
around E/H and A/L penetrations.

Table 5 provides the model tendon specifications. In the actual structure, a tendon is
composed of 55 strands whose diameter is 12.7mm, while the model tendon consists of 3
(custom-made) 13.7mm strands. Thus, the ratio of the area of a model tendon to that
of an actual tendon becomes exactly 1:16th, which is consistent with the length scale
of 1:4 for the PCCV model. Trial manufacturing of the model prestressing system
(including 'custom-made' strands, anchorheads, wedges, etc.) was finalized, and the
system has been subjected to a series of tests (ranging from tensile, fatigue, and
relaxation tests of a single strand, to tensile tests of the prestressing system) to
check the model tendon system equivalence to the actual system. Figure 9 provides
preliminary drawings on the current prestressing system.

Table 6 shows the. tendon prestressing loads of the PCCV model estimated on the
conditions below:

1. Prestressing loads of the model, at the time of 1.5 years after model
prestressing, shall be equivalent to those of the actual containment at the time
of 40 years.

2. Prestressing losses, due to elastic or creep deformation of concrete, shrinkage of
concrete, and relaxation of tendon, are calculated using the empirical equations
on which actual containment designs are based.

3. Regarding hoop tendons, the average prestressing load along tendon length shall be
equivalent to that of the actual tendon. The prestressing load of the 'hairpin'
tendon shall be equivalent to that of the actual hairpin tendon at the anchor.

An alternative prestressing plan under consideration is to apply additional
prestressing loads on the vertical tendons in order to compensate for the loss of
gravity load, at a certain height of cylinder wall, due to the l:4-scale weight of the
portions above.

3.2.3 Rebar

In parallel with the design of the liner/anchorage and the prestressing systems,
rebars have been modeled on the following basis:

1. Smaller number of thicker rebars will be used comparing to the rebar arrangement
in the actual PCCV, mainly in view of ease of rebar construction. In other words,
rebars are not modeled by a 'one-to-one' replacement of actual rebars. However,
the reinforcement rat io for rebars shall be equivalent to that in the actual
containment.

2. The mechanical characteristics of the model rebars shall be the same as, or as
close as possible to, those of the actual containment. Rebars that meet the JIS
specifications shall be used for the model.

Figure 10 provides the arrangement of s t ruc tu ra l elements such as rebars,
hoop/vertical tendons, and liner anchors, in the model cylinder wall above the M/S
penetration.

3.3 Preliminary Instrumentation Plan for PCCV Test

Instruments under consideration for the PCCV tes t covers: internal pressure load,
temperature, displacements, and strains or stresses of liner/anchorage, rebars,
tendons, and concrete. Locations of instruments such as displacement transducers or
strain gages on rebars/concrete will be determined considering the SIT activities on a



typical POCV structure in Japan and areas of interest determined by pretest analyses.
Regarding the tendon instrumentation, load cells will be installed at both ends of
about one third of the whole tendons. Also, strain instrumentation along tendons is
currently under consideration in order to obtain data on the variation of tendon load
between anchor points. The candidate devices for this purpose include; electrical
resistance strain gages (attached directly on strands or installed in a 'spreader
sleeve1) and electromagnetic transducers.

4. REINFORCED CONCRETE CONTAINMENT VESSEL TEST

4.1 RCCV Model Concept

The proposed RCCV test model will represent same features of a typical advanced BWR in
Japan (Figure 11). It will include the containment pressure boundary consisting of a
top slab, a cylinder wall and a basemat, which are all made of reinforced concrete,
and a liner on the inner surface of concrete. The model also includes some larger
penetrations and related sleeves such as access tunnels or equipment hatches. A
uniform scale of 1:4 is selected for the dimensions of the liner and the concrete
portion. Confining effects, from the concrete floor slabs or the spent fuel pool
girder of the reactor building, on the RCCV will be modeled.

4.2 Issues for RCCV Model Design

Confining effects of the structural elements, which surround the RCCV, will be modeled
using surrogate structures attached to the RCCV model. Some finite element analyses
will be conducted in order to investigate those effects and determine how, and to
what extent, the surrounding structures should be included into the model.

The liner on the lower cylinder is made of stainless steel in the actual building.
However, construction of thin stainless steel liner is known to be very difficult.
Therefore, another focus of the model design will be the constructability of the
liner.

5. SUMMARY

Plans have been provided for the pressurization test to failure of three different
types of containment vessels: SCV, PCCV, and RCCV. The SCV model, which represents
some features of an improved BWR Mark-II in Japan, is now being fabricated. The model
will be tested in 1996-1997. Basic design of the PCCV model has aljnost been finalized.
The PCCV model testing will take place in 1998. The concept for the RCCV model, which
will be tested in 2001, is also being developed.
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Table 1 Unique Features of Proposed SCV Model

reference structure

model scale

confining effect

by outer-structure

design specification

for actual structure

design pressure

for actual structure

l:8-scale SCV Model at SNL

SCV
in FWR Ice Condenser
or in BWR Mark-Ill

l:8-scale

(not existing)

ASME Section III

0.268 MPa
40 psig

2.81 kgf/cm1

Proposed SCV Model

SCV

in improved BWR Mark-II

l:10-scale (length)

1:4-scale (thickness)

Data will be obtained by
installing a surrogate

structure over the SCV model

Japanese Design Code

0.310 MPa
45 psig

3.16 kgf/cm1



Table 2a Unique Features of Proposed CCV Models

reference structure

model scale

steel liner

design specification

for actual structure

design pressure

Sizewell-B POCV Model

PCCV
in Dry PWR

1Sizewell-B1

l:10-scale

not included

Sizewell Rules including

ASME Section III

0.345 MPa
50 psig

3.51 kgf/atf

Proposed PCCV Model

PCCV

in Dry PWR

uniform l:4-scale

included

Japanese CCV Design Code

0.392 MPa
57 psig

4.00 kgf/an1

Table 2b Unique Features of Proposed CCV Models (cent.)

reference structure

model scale

steel liner

design specification

for actual structure

design pressure

l:6-scale RCCV Tested at SNL

RCCV in Typical US IWR

uniform l:6-scale

included

ASME Section III

0.317 MPa
46 psig

3.23 kgf/arf

Proposed RCCV Model

RCCV

in Advanced BWR

uniform l-.4-scale

included

MITI Notification 452

0.310 MPa
45 psig

3.16 kgf/cm»



Table 3 SCV Wall Thicknesses (in nm)

location

Drywell Region

Wetwell Region

Top Head
Reverse-Curvature Knuckle

Spherical Wall

Conical Wall
upper portion
middle portion
lower portion

Upper Portion of Cylinder

Hemispherical Shell 'Bottan Head1

Actual SCV

24.0
66.0
32.0

30.0
34.0
36.0

36.0

SCV Model

6.0
16.5
' 8.0

7.5
8.5
9.0

9.0

38.0

Table 4 Rules for Tendon

layout conditions

outer diameter of sheath

number/general spacing for hairpin tendons

number/general spacing for cylinder hoop tendons

number/general spacing for dome hoop tendons

minijnum spacing between parallel sheaths

minimum distance between sheath center and
outer surface of penetration sleeves;

E/H, A/L, M/S

minimum radius of curved sheath

maximum inclination of sheath

Layout

PCCV Model

38 mm

45 x 2 / 2.0 degree

45 x 2 /112.5mm

9 x 2 / 2.5 degree

greater than or
equal to
7.5 cm

greater than or
equal to

15, 12.5, 7.5 cm

2.5 m

20.0 degrees

Table 5 Model

Tendon Specifications

strand number for a tendon

diameter of a strand

area of a strand

area of a tendon

Tendon Specifications

PCCV Model

3

13.7

1.131

3.393

nm

cm2

cm2



Table 6 Prestressing Leads for PCCV Model

Hoop Cylinder Tendon Vertical Dome Tendon PS Load (unit : kg/mm2)

T3
O

01

97.7

0.18rad 90: 90

Betore Anchonnq
After Anchoring

(unit : kg/mm2) - . - : The PS Load = 97.2
(Average of Group I and

117.5^127.0 I
Top Level of the Tendon Gallery " (unit : kg/mm2)

Portions

Hoop
Cylinder
Tendon

Vertical
Dome
Tendons

Cylinder

Dome
Top

Spring
Line

Cylinder
Center

Anchored
Portion

The PS
Load

The
Tendon
Losses

97.2

100.3

118.9

118.2

117.5

12

11

11

11

11

The PS
Load
atler
1.5 years)

85.2

89.3

107.9

107.2

106.5





Current Phase II Setup Proposed Single Test Setup

Gap Material

Concrete Filler
Material

SCV
Model

USS

Gap > 18 mm

CS Without Filler
Material

Gap = Min. 18 mm

supporting ring

sleeve

spherical cover

Figure 3 Setups for Phase 2/Single Tests Figure 4 Hatch Model
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Figure 7 Arrangement of Liner/Anchorage System for PCCV Model
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ABSTRACT

A series of seismic proving tests of nuclear facilities has been carried out by the Nuclear Power

Engineering Corporation(NUPEC), using the large-scale, high-performance shaking table at the

Tadotsu Engineering Laboratory. The tests were sponsored by the Ministry of International Trade and

Industry(MlTI) of Japan.

As part of this overall program, NUPEC is planning to conduct seismic proving tests for a PWR

Prestressed Concrete Containment Vessel(PCCV), and a BWR Reinforced Concrete Containment

Vessel(RCCV).

The tests are to prove the structural and functional integrity of a PCCV and a RCCV for the design

earthquake SI combined with design pressure, and for the design earthquake S2 unpressurized.

In addition, the ultimate capacities of a PCCV and a RCCV to withstand earthquakes will be

investigated.

This paper describes the basic plan and the schedule of the tests primarily for a PCCV.



PLAN FOR THE SEISMIC PROVING TEST OF
CONCRETE CONTAINMENT VESSELS

1. Introduction

Since reactor containment vessels are the final barrier for preventing the release of radioactive

materials to the surroundings, the containment boundary should be strictly preserved and maintain

reliability for safety if a LOCA (loss of coolant accident) should occur. Therefore, the seismic

proving test of concrete containment vessels, using the large-scale, high-performance shaking table

at Tadotsu, JAPAN has been planned to prove the structural and functional integrity against seismic

force, and also its combination with accidental force. Furthermore, the test will provide an

understanding of the ultimate behaviors of concrete containment vessels.

The test of a PCCV will be conducted in 1996 and that of a RCCV in 1997.

This paper focuses mainly on the test for a PCCV in accordance with the study schedule.

2. CCV Descriptions

There are two types of the concrete containment vessels. One is a prestressed concrete containment

vessel (PCCV) adopted in PWR nuclear power plants. The other is a reinforced concrete

containment vessel(RCCV)adopted in BWR nuclear power plants. The structures of a PCCV and a

RCCV are shown respectively in Fig.l and Fig.2.

The concrete portion is designated to resist seismic forces and pressure, while a steel liner plate on

the inside surface of the concrete portion is to preserve the leak tightness. A cutaway view of a

PCCV cylinder is shown in Fig.3.

3. Objectives of The Tests

Concrete containment vessels play a very important role in case of an accident caused by

earthquakes. But prior to this project, there had been no large-scale seismic proving test. The

followings are the main objectives to be confirmed.

1) to prove the structural soundness and leak tightness of the CCV for current seismic design.

2) to verify the suitability of the seismic analysis and design method for the CCV.

3) to grasp the seismic margin of the CCV by leading the test model to a failure state.

4. Test Method

In order to attain the purpose of the project ,the following tests are going to be carried out.

1) Preliminary Test

In order to accomplish the test safely and smoothly, a preliminary vibrating test is performed at a

low level acceleration and the characteristics of vibration and response are also roughly investigated.



2) Verification Test on Design Analysis Method

In order to ensure the suitability of the method for the seismic design analysis of an actual

containment vessel, a verification test is performed. The test consists of a sinusoidal vibrating test

and a seismic vibrating test to check for basic damping and response characteristics.

3) Strength and Functional Proving Test

The structural integrity test of the CCV is carried out for SI and S2 design earthquake, and SI

combined with the internal design pressure. In addition, before and after the structural integrity tests,

leak rate tests are conducted.

4) Seismic Margin Test

After surveying the above proving test, the focus is on acquiring the seismic margin of the CCV

subjected to beyond S2 motion which leads the CCV to failure or near failure.

In order to attain the failure state, input acceleration is increased and the time pitch of the original

input motion may be modified.

5. PCCV Test Plan

5.1 Model design policies

The test model will be designed in accordance with the following design policies.

a) The model is a scaled model of an actual PCCV with 2 buttresses which has been adopted for a

l.lOOMWe PWR plant in Japan.

b) The model is to be as large as the capability of the shaking table which has a size of 15mxl5m,

and the liner plate and the containment wall are properly fabricated.

c) The model includes the critical portions of the PCCV for the seismic load. It also includes the

liner plate on the inner surface of the critical portions in order to investigate the functional

integrity(leak tightness) before and after the vibrating tests.

5.2 Modeling Considerations

Since the seismic load becomes a maximum at the bottom of the containment wall, the critical

portion of the PCCV for the seismic load is the lower portion of the cylinder wall. In addition

portions such as penetrations for the main steam and feed water lines, and large openings such as

the equipment hatch and personnel air locks might be critical, because stress concentration is

anticipated in these areas. Therefore the above penetrations and openings shall be included in the

model.

The steel liner plate, using the same type of anchorage system as used in the actual PCCV, is

attached to the inner surface of the containment wall between the base and a level slightly higher



than the openings. On the other inside surface of the model, a steel plate which does not represent

the actual steel liner plate is attached so that a leak rate test can be carried out before and after the

vibrating tests.

The portions which are not critical for the seismic load can be simplified as long as these changes do

not affect the evaluation of those portions which are critical for the seismic load.

5.3 Modeling of the dome

The seismic load at the dome is relatively small compared to the cylinder wall. Therefore it is not

necessary to prove directly its seismic capacity. Also, the additional lead masses, which are needed

to lower the natural frequency of the model and to compensate for the seismic load reduction which

is caused by using a scaled model, cannot be placed on the dome of the model. For the above

reasons, the dome is omitted and it is therefore replaced by a flat concrete slab which can carry the

additional lead masses.

As a result of omitting the dome, the inverted U-shaped tendons, which are used for the actual

PCCV, cannot be adopted for the model and are replaced by once-through vertical tendons.

From a previously conducted study, it can be said that omitting the tendons in the dome does not

affect the seismic behavior on the lower portion of the cylinder.

5.4 Design Conditions of the Test Model

a) Seismic input motion

The SI and S2 seismic input motions for the test model will be the responses at the actual PCCV

basemat surface which are derived from the seismic response analyses. However, due to the scale

effects some modifications are needed.

For the seismic margin test, the input motions are still under investigation.

b) Pressure

The design pressure for the test model is 4.0kg/cm2, which is the same as that of the actual PCCV.

5.5 Modeling of the concrete portion

One of the objectives of this program is to investigate the ultimate capacity of a PCCV to withstand

earthquakes. For this objective, it is necessary that the shear force produced by the shaking table is

sufficient to cause the failure of the model.

For this purpose, the scale was investigated considering the capability of the shaking table, and the

scale of the model was determined to be 1/8 .

Further studies of the upper portion of the model were also carried out to ensure the model could

be tested to failure. The model options are shown in Fig.4. Case 1-a is a model with a concrete

filled dome and additional lead masses attached to the upper portion of the cylinder. Case 2-a is a



model with a flat concrete slab at the top of the cylinder and additional lead masses are attached

above and below the slab. In these cases the models have centers of gravity at an elevation

equivalent to that of the actual PCCV.

Each has an option identified by the suffix -b. Case 1 -b is a model with a cylindrical steel mass

beneath the concrete slab which replaces half of the lead mass on the concrete cylinder of case 1 -a.

Case 2-b is a model with reduced mass compared to case 2-a.

Shear stresses calculated in the study are shown in Fig. 5. The shear stresses of Case 1-a, and

Case2-a are nearly the same, and those are slightly lower than the ultimate shear stress 60kg/cm2

at which shear failure is expected to occur from the previous tests. Case2-b, which has reduced mass

of Case2-a, gives a higher shear stress than other options. If Case2-a does not fail, it can be

modified to Case2-b. From the above study and the viewpoint of the fabrication of the options,

Case2-a was selected for the test model.

The general arrangement of the test model is shown in Fig.6. The outside diameter is 5.7m and the

height is approximately 6.4m including the basemat. However the dimensions of the test model have

not yet been finalized.

5.6 Modeling of the liner plate

The thickness of an actual liner plate is 6.4mm. At a scale of 1/8 the thickness of the model liner

becomes 0.8mm. However a trial fabrication of the liner system showed that the minimum liner

thickness which can be fabricated with proper tolerances is 1.6mm. Therefore it was decided that

the scale of the liner thickness should be 1/4, while the scale of the concrete portion is 1/8.

The scale of the pitch of the liner anchors should be the same as that of the liner plate thickness in

order to match the stiffness between the liner plate and liner anchor to that of an actual PCCV.

Concerning the depth of the liner anchor, the thickness of an actual PCCV is 129mm. The scale of

the depth should be the same as the scale of the liner plate thickness provided that the model can be

fabricated properly. However the 1/4 scale liner anchor, with a depth of 32mm, makes it

impossible to locate rebars and tendons in the 163mm thick concrete wall. So the scale of the

depth of the liner anchor was decided to be 1/8. The section of the cylinder of the model is shown in

Figure 7. The scales of the test model are summarized in Table 1.

The distorted scales might change the behavior of the liner system from that of an actual PCCV, so

auxiliary tests using a curved PCCV wall model approximately 2mx2m including a liner plate system

are being planned.
Table 1 Scale of The Test Model

Scale

Concrete

1/8

Liner
Plate

Thickness
1/4

Anchor
Pitch

1/4

Anchor
Depth

1/8
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ABSTRACT

In the design of reinforced concrete(RC) vessels, we have to deal with many combinations of load
cases such as internal pressure, transient temperature distribution and earthquake loading. It
seems to be impracticable to confirm the structural safety under each loading condition only by
experiments, especially the experiments under high temperature scarcely have been reported. It is
important to establish a method to simulate the behavior of the structures up to failure subjected to
mechanical and thermal loads simultaneously. The purposes of this study are; 1) to evaluate the
elasto-plastic analysis method for RC members under high temperature by the simulation analyses
of RC beams exposed to high temperature, 2) to examine the validity of the nonlinear analysis for
actual RC structures under high temperatures by the analysis of typical openings of reinforced
concrete vessel due to internal pressure, thermal loads and their combined loads using 3-D solid
model. In both analyses, computations are done taking into account of nonlinear characteristics of
concrete and steel with temperature dependency. From the obtained results, not only qualitative
but also quantitative agreement was found between the test results and computed results in the RC
beam analyses many cases with respect to thermal deformations, reduction of rigidities and load
carrying capacities. The validity of nonlinear analysis of RC members under very high
temperatures are proven. From the results of the analyses of opening by 3-D model, the validity
of the nonlinear analysis for actual RC structures under high temperatures are also shown and the
unresolved issues are discussed.

aShimizu Corporation
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1. INTRODUCTION

Recently, the tests to examine the structural behavior of RC members subjected to an elevated
surface temperature were done(Saito et al.[l]). In the tests, beam specimens are heated up to
800'C. There exist few studies which deal with reinforced concrete members subjected to high
temperature and external loads simultaneously. In general, material properties of concrete and
steel are affected by increasing temperature, therefore it is important to take into account of the
temperature dependent material properties to simulate the nonlinear behavior of these specimens.

Concerning the material properties of concrete and steel under high temperature, many
investigations have been reported. Recently, material properties of concrete and steel bars at
elevated temperatures were tested up to 800*C and the results were summarized with concise form
in order to utilize in the nonlinear analysis(Takeuchi et al.[2]).

This paper presents the results of the simulation analysis of the beam tests exposed to high
temperature. Computations are done taking into account of nonlinear characteristics of concrete
and steel with temperature dependency. The analysis were performed with 2-dimensional finite
element models[3].

A nonlinear analyses of typical openings of reinforced concrete vessel due to internal pressure,
thermal loads and their combined loads were performed using 3-D solid model to examine the
validity of the nonlinear analysis for actual RC structures under high temperatures.

2. STUDY ON RC BEAMS

2.1 Outline of the Simulation Object

RC beam specimens subjected to high temperature distributions and external loads were
simulated. In the experiment, eight specimens were tested in total and the ultimate strength were
experimentally examined. The configuration and the cross section of the specimens are shown in
Fig. 1. Parameters of the experiment are shear span ratio, reinforcing ratio, temperature level and
heating surfaces as shown in Table 1.

In the experiment, first the surface temperature was controlled with constant rate (10*C/hr or
13*C/hr) by electric panel heaters and then external load was applied.



Table 1 Specimens and testing conditions

Test
Series

F

SC

ST

Specimen

F00
F3C
F8C

soo
sac
sec

S3T
S6T

Concrete

Compressive
Strength
(kgl/cm2)

303

288

287

Young's
Modulus
(kgf/cm2)

2.53X1 05

2.61X10*

2.81X101

Tension
Reinforcement
Arrangement

10-D22

12-D25

Shear
Span
Ratio

2.0

0.75

Surface
Temperature

CC)

Room Temp.
300
800

Room Temp.
300
800

300
600

Heated
Surface

Compression
Side

Tension
Side
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2.2 Analysis Models

2.2.1 FE Models

In this study, DIANA code(release 5.1) was used in both temperature distribution and nonlinear
stress analyses. In the calculation, a half of the specimen was modeled taking into account of
symmetry of the specimen and two-dimensional finite element models as shown in Fig. 2 were
used. In the FE-models, a total of 324 elements for concrete and a total of 2 or 3 elements for
supporting steel plates were used.



2.2.2 Modeling in Temperature Distribution Analysis

Assumed boundary conditions in the computations are illustrated in Fig. 3. In the computation,
the heat conductivity and the specific heat of concrete were assumed as temperature dependent

In the case of concrete members exposed to high temperature over 100'C, temperature
distributions are affected by the water content in the concrete. Stagnation of temperature was
found in the evaporation zone(Kikuchi et al.[4]). This phenomenon is assumed to be caused by
the latent heat of free water in concrete. The purpose of the temperature analysis is to simulate the
temperature distribution, therefore effect of evaporation of free water in the concrete is treated as
the equivalent latent heat and the complicated phenomena such as vapor transport is not taken into
account in the present analysis. The effect of temperature dependent latent heat was considered as
equivalent specific heat in the analysis. In the computation, weight loss of concrete between
100'C and 200°C is assumed to be 5 % .

2.2.3 Modeling in Nonlinear Stress Analysis

In the nonlinear stress analysis, reinforcements were modeled as equivalent straight bars in the
concrete(embedded reinforcements) as shown in Fig. 2. The assumption in the stress analysis is
summarized in Table 2.

In the analysis, tension stiffening property was modeled to take into account of the bond effect
and the shear stiffness along the crack plane was reduced after cracking. In the computations by
DIANA, multi-directional crack model was used and arbitrary threshold angle between cracks can
be modeled.

The material properties of concrete and steel bars were assumed to vary depending on
temperature according to the results of material tests as written in the next section.
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Table 2 Assumption in the nonlinear analysis
element

reinforcement

cracking of concrete

bond effect

constitutive law

shear transfer

8-noded isoparametric, quadratic, plane stress
reduced integration (2X2)

embedded reinlorcement

smeared crack model (multi-directional model)
(f,-i/2le^)

tension-stiffening (linear)

a n=0 at c n«15 t c r (around rebars)

a n -0 at e n - 4 c c r (others)

elaslo-pertectly plastic model (Drucker-Prager)

shear retention lacior(0 1) after cracking

2.3 Temperature Dependent Material Properties

Many investigations on high temperature behavior of concrete have been reported(ex.
Schneider[5],[6], Seeberger[7], Callahan[8]). The reported results are not easy to compare
quantitatively with each other because of the differences in materials used and test conditions. In
addition, information on high temperature behavior of reinforcing bars is limited[9]. Recendy, a
data base of material properties of concrete and steel bars at elevated temperatures were
established[2]. In the tests, physical properties and mechanical properties were measured. The
outline of the test results and the modeling in the numerical analysis are summarized below.

2.3.1 Concrete

In the tests, ordinary Portland cement concrete were used(identical with beam specimens).
Testing conditions are shown in Table 3. The mix proportions of concrete used were designed to
have 330 kgf/cm2 compressive strength at the age of 91 days(Table 4) and mechanical properties
of concrete were shown in Table 5. All the test results are the average value of 3 specimens.

Table 3 Testing conditions for mechanical properties of concrete
Curing conditions

Aging

Surface of specimen

Heating temperature

Heating and cooling rate

Hold time
at maximum temperature

Temperature at testing

Moist as cast curing (20"C) (5 weeks ~ )
Air dry curing (2QX, 65%R.H.) (5 weeks ~ )

13 — 17 weeks (1 ~ 4 weeks: water curing)

Unseal

R.T. (room temperature). 65, 120, 200, 300.
400. 500, 600, 700. 800 r

60"C/hr (natural cooling below 300"C)

3 ~ 5 hr

Hot and after cooling (800'C only)

Table 4 The mix conditions of concrete Table 5 Concrete properties at R.T.
Max. size of aggregates

Water, cement, fly ash

Fine aggregate (natural sand)

Coarse aggregate (gravel)

25 mm

145, 242, 60 kg/m1

707 kg/m3

1204 kg/mJ

"—-^—^^^^ cu ring

Compressive strength

Young's modulus

Tensile strength

moist as cast

443 kg/cm*

412000

34.0

ar dry

409

346000

27.1



Thermal conductivity, specific heat and density of concrete with moist as cast curing are
shown in Figs. 4 and 5. Thermal conductivity of concrete decreases with increase in temperature.

Young's moduli of concrete at elevated temperatures are shown in Fig. 6. Young's modulus
decreases with increase in temperature. The uniaxial compressive strength of concrete at elevated
temperatures are shown in Fig. 7. After first decreases with rise in temperature(R.T.~120*C), the
uniaxial compressive strength of concrete increases around 200*C and then decreases with the
following increase of temperature. This phenomenon is not analyzed and not modeled in the
computation.

Coefficient of thermal expansion of concrete at elevated temperatures are shown in Fig. 8.
Temperature dependency of thermal expansion coefficient of concrete within 200*C is small,
however, rapidly increases with temperature around 600* C due to the quartz included in the
aggregate used(known as the a-P transformation of quartz at about 573*C).

Stress-strain diagrams of concrete at elevated temperatures are shown in Fig. 9. The
temperature dependency of stress-strain relation is monotonous over a temperature range in this
test. Compressive strain at peak stress rapidly increases beyond 700*C because of the
decomposition of calcium silicate hydrate. In the analysis, elasto-perfectly plastic model was
adopted because of the simplicity and keeping the stability in the nonlinear analysis.
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The uniaxial tensile strength of concrete at elevated temperatures decrease with increasing
temperature. Temperature dependent tensile strength cannot be taken into account in the current
computer code and is treated as constant.

2.3.2 Reinforcing Bars

Testing conditions are shown in Table 6. In the tests, reinforcing bars of 3500 kgf/cm2 specified
minimum yield strengths with 51mm diameter were used.

Yield strength fgy(0.2% proof stress) and ultimate tensile strength are shown in Fig. 10. With
temperatures under 300*C, there is little temperature dependency of yield and ultimate strengths,
however, with temperatures over 300*C, strength decreases linearly. In the analysis, Young's
modulus is defined as fsy / 0.002.

The differential thermal expansion coefficient with temperature of steel bars at elevated
temperatures are shown in Fig. 11. The thermal expansion coefficient increases with increasing
temperature(R.T.~400*C), and stays constant up to about 700*C and then decreases to around
zero with temperatures about 800*C.

Stress-strain relationships of reinforcing bars at elevated temperatures are shown in Fig. 12.
In the analysis, elasto-perfectly plastic model was adopted because of the simplicity.

Table 6 Testing conditions for mechanical
properties of reinforcing bars

Heating temperature

Hold lime
at maximum
temperature

Strain rate

Temperature at
testing

R.T.. 100, 200. 300, 400,
500, 600, 700. 800 C

15 min.

0.3 %/min (before yielding)

Hot, after cooling
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Fig. 10 Yield strength of reinforcing bars
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2.4 Analysis Results

2.4.1 Temperature Distribution Analysis

Fig. 13 shows the calculated temperature distribution of F8C specimen with the test result by
isothermal lines at the beginning of external loading. In the vicinity of the loading point, the heat
dissipation around the loading apparatus can be shown. From the obtained results, temperature
distribution can be estimated with adequate accuracy.

hMtnulalnginiMitaJ

<Test> < Simulated >

Fig. 13 Temperature distribution of F8C specimen

2.4.2 Elasto-Plastic Analysis

In the calculations, standard Newton-Raphson iteration scheme and arc length method with
selected displacements(indirect displacement control) using initial stiffness were adopted for
heating and external loading steps, respectively. The estimated ultimate loads are compared with
the experimental results in Table 7.



Table 7 Estimated ultimate strength of each specimen

\ Ultimate
\ Strength

Specimen \

F00

F3C

F8C

SOO

S3C

S8C

S3T

S6T

67.5 • 74.0

69.8 75.0

59.4 70.0

231.4 270.0

226.7 270.0

177.0 243.0

209.0 225.0

180.3 185.0

s u -

*r
1.10

1.07

1.18

1.17

1.19

1.37

1.08

1.03

(B/A)

(1.00)

0.98

1.08

(1.00)

1.02

1.18

0.92

0.88

(A)

S m

S^VoOorSOO)

(1.00)

1.03

0.88

(1.00)

0.98

0.76

0.90

0.78

(B)

Sy^CFOOwSOO)

(1.00)

1.01

0.95

(1.00)

1.00

0.90

0.83

0.69

Fig. 14 shows the load-deflection relationships
for F series specimens. From the experimental
results, the rigidity of the beams decreases with
increase in surface temperatures and the ultimate
strength of the F8C was reduced to 90% of the F00.
From the simulated results, thermal deformations
and the reduction of rigidity caused by temperature
can be simulated well by the use of the smaller
threshold angle(Td) in the multi directional crack
model. The calculation overestimates ultimate
strength slightly compared with the experimental
value but the
temperature dependent reduction of the
strength can be evaluated by the analysis.
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Fig. 14 The load-deflection relationships for F series specimens



Fig. 15 shows the crack patterns of F-
series obtained by the analysis. From the
experimental results, developments of
flexural and shear cracks and the failure
caused by the extension of shear crack are
observed[l].
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Fig. 15 Crack patterns of F-series specimens

Fig. 16 shows the load-deflection relationships
for S series specimens. From the experimental
results, S8C and S6T specimens represented
remarkable reductions in the ultimate strength.
From the simulated results, magnitudes of the
thermal deformations and the reduction of rigidity
caused by temperature can be simulated well. The
calculation overestimates ultimate strength compared
with the experimental value in the SC specimens
especially.
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Concerning the SC series specimens,
temperature dependent reduction of the
strength can not be estimated successfully in
this calculation.

Fig. 17 shows the crack patterns of S-
series obtained by the analysis. From the
analysis results, developments of flexural
and shear cracks can be shown.
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Fig. 17 Crack patterns of S-series specimens

3. STUDY ON OPENING OF RC VESSEL

From the obtained results of the simulation analyses of RC beams, a validity of nonlinear analysis
of RC beams under very high temperatures was proven with respect to thermal deformations,
reduction of rigidities and load carrying capacities.

In this section, the results of nonlinear analyses of typical openings of RC vessel due to
internal pressure, thermal loads and their combined loads using 3-D solid model were presented
to examine the validity of the present analysis methods for actual RC structures.

Opening of the cylindrical walls is one of the important portion of the RC vessel and is desired
to be modeled considering 3-dimensional geometry in a FE-analysis because of its complicated
distributions of stress and temperature. The validity of 3-D solid approach in nonlinear analysis
of RC structures are reported for normal temperatures[10].



3.1 Analysis Model

The simulation object is illustrated in Fig. 18 and the reinforcements in the cylinder are shown in
Fig. 19. In the calculation, a quarter of the object was modeled taking into account the symmetric
nature. The finite element used for concrete and reinforcing bars is illustrated in Fig. 20. A total
of 348 elements(20-noded isoparametric quadratic solid elements with 2x2 reduced integration)
and 1719 nodes are used for concrete(Fig. 21). The reinforcements are modeled as equivalent
embedded surfaces and bars in the concrete elements.

In the temperature distribution analysis, a hypothetical temperature transient on die inner
surface of the wall and opening edge was assumed(Fig. 22). Nodal temperatures with time
history were applied in the heating surfaces and heat convection boundary was assumed for outer
surface of the wall(a=2 kcal/m2 h *C). In the computation, the heat conductivity, specific heat
and effect of latent heat of concrete were assumed as temperature dependent as described in 2.2.2.

In the nonlinear stress analysis, the identical assumption was adopted as shown in 2.2.3, and
the temperature dependent material properties of concrete and steel bars were also identical with
describe in 2.3. In this model, uniaxial compressive strength of concrete and yield strength of
reinforcing bars are assumed as 330 and 4000 kgf/cm2. respectively.

Parameters of the analyses are applied load combinations as shown in Table 8. The assumed
combination of the temperature and pressure of Case-C is shown in Fig. 23.

rebar grid
rAr-r^- /vertical

cylinder
(initial stress:
<Tz=-20kgf/cm2)

opening
( 0 ° 8

1500 200

Fig. 18 Geometry of Analysis Object
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(a) inside the cylinder
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- L

[cm]

(b) around opening
Fig. 19 Reinforcements



Table 8 Loading and Analyses Cases

Case-P

Case-TP

Case-C

Loadings

internal pressure is applied
(up to 10 kgf/cm2)
heated up to 200*0 (Fig. 22)
and then pressure is applied
combination of heating
and pressurization(Fig. 23)
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Fig. 22 Assumed Temperature Transient
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Fig. 23 Combination of Loads (Case-C)

3.2 Analysis Results

Ref. [3]

Fig. 20 Geometry of Elements Used

20-nodes quadratic isoparametric quadratic
a total of 348 elements and 1719 nodes

Fig. 21 FE-Model in the Computation

Fig.24 shows the calculated temperature distribution around the opening portion by isothermal
lines at the final step(T=200 hr.). Fig. 25 shows the load-deflection relationships concerning the
change of radius for each case. Deformed shapes at the final step are shown in Fig.
26(displacements is enlarged by 50 times).

In the comparison of Case-P and TP, the rigidity reduction ratio for the pressure load of Case-
TP to Case-P was estimated about 60%. The reduction can be considered to cause by thermal
cracks. In the comparison of Case-TP and C, no major differences can be found in the



deflections and deformed shapes at the final step(pressure P=10 kgf/cm2). The dependency of
the sequence of thermal and external loads on the results is small in this nonlinear analysis.

Initial yield of the hoop bars was found at the inner reinforcement for Case-P(P=8.25
kgf/cm2) and at the outer reinforcement for Case TP and C due to thermal gradient. The pressure
level causing initial yield of reinforcements are greatly influenced by temperature. It can be said,
Case-TP can provide the lowest pressure level of rebar yielding for any combinations of heating
and pressure time history.

In addition, circles on the Case-Cs P-delta curve in Fig. 25 denotes the results of taking into
account of the transient creep effects(creep factor=2.35 for concrete). The existence of transient
creep may reduce the rebar yielding loads a little in such a tensile stress field problem.
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initial yield of hoop
O(with transient

creep etiect)
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Deflection (cm)

Fig. 24 Temperature Distribution(t=200 hr.) Fig. 25 Estimated Load-Deflection Curves

Fig. 26 (a) Case-P(P=10 kgf/cm2) (b) Case-TP(only thermal load)



(c) Case-TP(P=10 kgf/cm2) (d) Case-C(P=10 kgf/cm2)

Fig. 26 Deformed Geometry (scale of deformation; x 50)

4. CONCLUSIONS

The results of the simulation analysis of the beam tests exposed to high temperature were
presented and the evaluated method was applied to the analyses of cylindrical wall openings using
3-D solid models. Analysis were performed taking into account of nonlinear characteristics of
concrete and steel with temperature dependency.

Not only qualitative but also quantitative agreement was found between the test results and
computed results in many cases with respect to thermal deformations, reduction of rigidities and
load carrying capacities for RC beams. From the obtained results of opening models, reductions
of rigidities, dependencies of load sequences and effect of transient creep are analyzed.

The validity of nonlinear analysis of RC members under very high temperatures are proven by
these analyses but there remain some unresolved issues as follows:

1) to adopt more refined constitutive model in high temperature concrete
2) to consider the effects of stresses caused by pore pressure and effects of shrinkage
3) to treat high temperature creep effect in case of long term heating/loading problems

It is important to improve the analytical models in near future.
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SEISMIC ISOLATION OF CONTAINMENT

Authors: J. K. Biswas and D. R. Pendergast

ABSTRACT

Seismic isolation is a remarkable invention in the field of earthquake engineering. It can
be used to drastically reduce seismic loads on nuclear power plants and other structures
located specifically in highly seismic areas. Seismic isolation of buildings and structures
started in the sixties but became more widely used in the eighties. Extensive research
and development work in the last decade has made the use of seismic isolation a reality.
Today, through out the world, about 80 buildings, many bridges and heavy equipment are
built with seismic isolation devices. Isolators are used to a limited extent for nuclear
power plants. The use of seismic isolation is an attractive option for CANDU nuclear
power plants located in regions having high to moderate seismicity.

In conventionally constructed structures and nuclear power plants, seismic motions are
transmitted in to the structure through the foundation. Generally, the structure amplifies
the ground motions resulting in large earthquake forces. This creates a high demand on
the design to provide adequate strengthening. In today's nuclear power plants, robust
concrete walls, hefty steel structure and substantial supports for equipment and systems
are used to satisfy this demand. As an alternative to strengthening, the use of seismic
isolation is an attractive option which can be used to reduces seismic loads. The
isolators are designed to attenuate seismic motion reaching the structure. For nuclear
power plants, reduction of seismic loads create a lower demand on seismic design
resulting in reduction of cost. Additionally, these isolators are known to increases
reliability and the potential siting of nuclear power reactors.

Seismic isolation also allows standardization of many reactor safety and licensing issues
involving seismicity. It reduces seismic licensing issues for replicated plants to
demonstrating the effectiveness and safety of the seismic isolation system and the
interfaces with non-isolated parts of the plant.

The present paper deals with considerations that are required in developing designs of
nuclear power plants with seismic isolation. It elaborates on the beneficial effects on the
structural and seismic design.
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ABSTRACT
The Third International Conference on Containment Design and Operation continues
the trend of rapidly extending the state of the art in containment methodology, joining
other conferences, OECD-sponsored International Standard Problem exercises, and
vendor licensing submittals. Methodology developed for use on plants with passive
features is under increasing scrutiny for advanced designs, since the passive features
are often the only deviation from existing operating base of the past 30 years of
commercial nuclear power. This session, "Containment Passive Safety Systems -
Design and Operation," offers papers on a wide range of topics, with authors from six
organizations from around the world, dealing with general passive containments,
Westinghouse AP600, large (>1400 MWe) passive plants, and the AECL advanced
CANDU reactor. This level and variety of participation underscores the high interest
and accelerated methods development associated with advanced passive containment
heat removal. The papers presented in this session demonstrate that significant
contributions are being made to the advancement of technology necessary for building
a new generation of safer, more economical nuclear plants.

Westinghouse Nuclear Technology Division
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Pittsburgh, PA. 15230
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ADVANCES IN PASSIVE COOLING DESIGN AND PERFORMANCE ANALYSIS

J. Woodcock

INTRODUCTION
Objectives for advanced new generation of nuclear power plants include enhanced
safety, reliability, and economy. Designs have been proposed by vendors that meet
these objectives through approaches based on simplified safety systems that are
passive, making use of natural forces of buoyancy in gravity-driven flows. Passive
containment cooling features generally rely on internal natural convection driven flows
to transfer heat to large structures and may also passively transfer heat to the ultimate
heat sink. Such designs make limited use of active components, reducing or
eliminating pumps, fans, diesel electric generators, or operator actions to accomplish
their safety functions. This leads to a reduction in the number of safety grade
components, systems, and structures as compared to currently operating nuclear plant
designs. The application of such systems satisfies the goals of system simplification,
reduced operator actions, high reliability, minimum maintenance, and reduced plant
size and cost, and in most cases is within the bounds of proven technology.

ANALYTICAL REQUIREMENTS
Reliance on natural convection stretches the limits of available test databases and
calculational tools. Without the relatively huge driving forces developed through active
systems, closely coupled interactions between flow fields and heat and mass transfer
rates in a natural convection system add significant complexity to analytical models.
Thorough validation of models is necessary to demonstrate with confidence that
performance goals are met.

Because natural processes are governed by non-dimensional parameters such as the
Grashof number which contains a length-cubed term, the effects of scale are more
pronounced for such systems. Thus there is a need to carefully examine the test
database used for code and model development to assure that all important
phenomena are correctly captured. In many cases new tests need to be run to
address the effects of test scale.

Performance quantification tools, such as computer codes for design and safety
analysis, must be able to account for all relevant effects over the entire range of
interest. For example, inside a large containment volume, phenomena include
buoyant plumes and jets from postulated breaks, stratified atmospheres, entrainment
into wall boundary layers, and resulting condensation. Since there is a high degree of
non-linearity in the systems of equations, computations which consider a high level of
detail can be expensive. It is therefore necessary to understand the details involved
well enough to develop simplified tools that can be effectively used for design and
parametric safety studies.



Some phenomena, such as detailed hydrogen distributions in stratified fluids, may limit
the amount of simplification possible, so that a clear understanding of the underlying
physical processes is necessary to assure that safety issues are adequately
addressed without large numbers of calculations. For designs which rely on passive
heat rejection to the ultimate heat sink, such as natural convection over the external
containment surface, the effects of environmental influences on boundary conditions
must be determined.

Finally, for presentation to regulatory authorities, it is necessary to develop and qualify
Safety Evaluation Models. This qualification requires assessment of uncertainties and
demonstration that margins in design are sufficient to offset those uncertainties.

ADVANCED PLANT REGULATORY PROCESS
To reduce economic risks for utilities, regulatory authorities are developing new
licensing processes for advanced plants. For example, the US Nuclear Regulatory
Agency provides for a one-step licensing via Design Certification. This process gives
a single construction and operating license at one time with sufficient opportunity for
public hearings early in the process, greatly reducing the uncertainty associated with
purchasing, building, and starting a new nuclear power plant. This process is very
demanding for analysts since it requires resolution of all significant technical issues
prior to receiving Design Certification. Thus, as result of economic concerns, the time
is greatly reduced over which significant advances in methods must be made.

ADVANCES IN METHODS DEVELOPMENT
Presentations in this session demonstrate advances in methods development. They
include a scaling approach which demonstrates the usefulness of a zonal estimation
concept in reducing the total number of parameters to be considered. Wind tunnel
tests provide external boundary conditions caused by high wind speeds and
turbulence from nearby buildings. Both the GASFLOW and WGOTHIC computer
codes, enhanced with more accurate models for passive containment cooling, are
compared to tests. Design alternatives for a large passive nuclear steam supply
system are quantified and discussed. Comparisons are also made between the
GOTHIC code and the PHOENICS code as part of a validation program.

CONCLUSIONS
The Third International Conference on Containment Design and Operation continues
the trend of rapidly extending the state of the art in containment methodology, joining
other conferences, OECD-sponsored International Standard Problem exercises, and
vendor licensing submittals. Methodology developed for use on plants with passive
features is under increasing scrutiny for advanced designs, since the passive features
are often the only deviation from existing operating base of the past 30 years of
commercial nuclear power. This session, "Containment Passive Safety Systems -
Design and Operation," offers papers on a wide range of topics, with authors from six
organizations from around the world, dealing with general passive containments,
Westinghouse AP600, large (>1400 MWe) passive plants, and the AECL advanced
CANDU reactor. This level and variety of participation underscores the high interest



and accelerated methods development associated with advanced passive containment
heat removal. The papers presented in this session demonstrate that significant
contributions are being made to the advancement of technology necessary for building
a new generation of safer, more economical nuclear plants.
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ABSTRACT

The passive containment cooling capa-
bility provides an ultimate heat sink in
accident situations. Among various pro-
posed design concepts, the most commonly
adopted is the concept of buoyancy driven
air flow for passive cooling.

The governing parameters, which can
be used either in experimental facility
design or constitutive relation development,
are derived by applying the zonal esti-
mation concept, which treats the boundary
layer and core region separately. In this
work, the steady state governing equa-
tions, which incorporate the effects of
turbulence, are employed and the estima-
tions of physical quantities related in this
problem are made and verified. The relative
importances among governing parameters
are carefully investigated, and the balances
of the physical quantities in the system are
evaluated. Through this procedure, the
number of governing parameters is re-
duced. The estimated magnitude of each
governing parameter is verified through
predicting the boundary layer thickness.

The results of this study show that the
most important parameters are found to be
Grashof and Reynolds numbers in the
heated region and Reynolds number and
length ratio in the core region.

INTRODUCTION

The mitigation of the severe accident conse-

quences, the reduction of the severe accident
occurrence probability, and the acquisition of
public acceptance have long been the hot
potatoes in the nuclear industry. These issues
are closely related to a single topic, that is an
added safety in the nuclear reactor design. In
these efforts to increase safety, the advanced
reactor concepts rise. In relation to containment
design, the advanced reactor concept requires the
passive cooling capability as an ultimate heat
sink in accident situations.

Many research organizations suggest their
own conceptual designs using the PCCS concept.
The common feature of these conceptual designs
is the adoption of buoyancy driven air flow heat
transfer mechanism in passive containment cool-
ing since it is a proven technology in view
of the variety of uses in the fields of che-
mical and mechanical engineering.

But prior to apply these PCCS concepts to
practical reactor design, the effectiveness of each
design concept, especially on its cooling capa-
bility, must be examined by either analytical or
experimental activities. In the aspects of practical
use, much remains unknown about the details on
this phenomena. In case of turbulent natural
convection flow analyses, the theory fails in
explaining the experimental results since many
turbulent flow correlations are borrowed from
forced convections in spite of the phenome-
nological differences between forced and natural
convection. Hence the main issue on the PCCS
phenomena is the turbulent boundary layer be-
havior.

In most experimental study, the scaling
problems are inevitable in test facility designs.



The scaling problems are directly related to the
derivation of the governing parameters for the
specific system. The governing parameters in the
PCCS, buoyancy driven air flow cooling system,
are derived using the zonal estimation concept.

BACKGROUND ON SCALING CONCEPT

Scaling analysis is a field in the fractional
analysis. The fractional analysis is the
complement of the numerical analysis. The
purpose of a fractional analysis is to obtain as
much information as possible even though the
complete and exact solution is not found.tl] The
scaling procedures means the derivation of
governing parameters in a system or modelling
problem between two systems(replicas).[2] If the
information on the governing equations and
boundary conditions is available, the scaling
procedures are summarized as follows; the proper
definitions of nondimensional variables, their
substitutions to governing equations and bounda-
ry conditions, and the examination of the math-
ematical equivalence in the expressions of each
transformed equation.

In the entire scaling procedure, it is of great
importance whether the definitions of nondimen-
sional variables are proper or not. It is not
sufficient to make the governing equations non-
dimensional in arbitrary way. If the maximum
information is to be obtained, both form and
magnitude of variables must be studied carefully.
Unless the magnitudes of the variables as well
as the parameters are considered, misleading
information is usually obtained in certain classes
of problems.[1] Generally system scales or
boundary conditions are useful information in
transforming the variables to nondimensional
form. But it is doubtful whether these system
scales or the boundary conditions reveal the
physical reality of the phenomena all the time. If
the scales of the phenomena are much smaller
than the system scales or the boundary con-
ditions do not penetrate deep into the main do-
main of the problem, the nondimensional trans-
formation of the variables must be done with
other scales.

Scaling is to derive the governing pa-
rameters in a phenomenon. If the governing
parameters in both model and prototype are pre-

served, the two systems are similar. But pre-
serving all the governing parameters frequently
results in the same system in scale. Thus to get
practical information readily applicable to a test
facility design, scaling procedure must be ac-
companied by an appropriate approximation theo-
ry. With the help of approximation theory, the
relative importance of each governing parameter
is to be identified or the justification for the
neglection of one or more governing parameters
can be made.

The governing parameters in a system char-
acterize the system. These parameters reflect the
ratios or the balances of the properties, forces, or
energies in the specific system. Thus if the gov-
erning parameters are preserved in two systems,
all the quantity ratios in two systems are in the
same balances and in this situation the similar
physical behaviors are expected. The form of a
governing parameter shows the related quantities
in the parameter - inertia and viscous force in
Reynolds number. Also the magnitude of the
governing parameter denotes in what balance
between each quantity the system is char-
acterized - the value of Reynolds number is a
quantitative index of each related force balance
in a system. Thus both forms and magnitudes of
the governing parameters are valuable informa-
tion.

In this context, the 'appropriateness' of a
scaling procedure are to be measured by how
much the magnitude of nondimen sionalized pa-
rameters keep the original information on the
balances of the physical quantities in the system.

In transforming the variables to nondimen-
sional forms, the system scales and/or the
boundary conditions provide the necessary esti-
mates of the independent variables so that their
nondimensional magnitudes run from 0 to 1, or
order 1. In the case of the dependent variable,
the situation is completely different. In order to
derive the appropriate governing parameters, the
necessary estimates of the dependent variables
must be provided so that they might also be
order 1. However, the very information on the
dependent variables is exactly what is sought in
the whole analysis. Mathematics on the system
do not provide the necessary estimates for the
dependent variables. We should rely on our
understanding on the physics of the system.



Thus the estimation procedure is to include the
physical understanding of the phenomena to the
nondimensionalization procedure.

ZONAL ESTIMATION CONCEPT

In case the boundary condition do not
penetrate deep into the domain of the problem or
the system scales do not represent the
phenomena scales in the system, the nondimen-
sional transformations of the variables with these
scales are meaningless, that is, they do not
preserve the original information on the balances
of the physical quantities in the system that their
magnitudes arc no more sources of information
on the system.

The boundary layer equation can be an
example for the description of this concept. The
central idea on this concept is that the
significant variations in velocity and temperature
occur in a slender region near the solid wall i.e.
the boundary condition in this problem do not
penetrate into the whole domain but into the
narrow region called boundary ]ayer.[3] In this
problem, to obtain the information on the
magnitude of each term, the appropriate scale to
nondimesionalize the variable, y must be the
unknown width,8. This is the typical problem of
nonuniform behavior or the bad estimation
problem.

The strategy to avoid the nonuniform
behavior, 'zonal estimation concept', must be
developed. This concept can be summarized as
follows; We seek estimates of the derivative
terms which hold only for prespecified ranges of
the parameters and in certain zones of the flow.
We then attempt to find solutions which apply to
each zone for a given range of the parameters
and match the solution at the edge of the two
regions. [1]

ESTIMATION OF THE PHENOMENA AND
GOVERNING EQUATIONS

The annulus space of the PCCS, which is
the domain of the natural convection heat trans-
fer, can be reduced to 2 dimensional rectangular
flow channel by neglecting the curvature effect.
This approximation can be verified by the
following criterion with the reference data.[9]

35
Gn 1/4 (1)

Then PCCS geometry becomes a natural
convection flow duct. The bulk temperature of
air increases as it moves upward so that the
buoyancy forces are different according to the
elevations. But in duct flow situation, the mass
flow rate at all elevations should be the same.
Thus except for the buoyancy effect, the
chimney effect, which is very similar to the
forced convection phenomena, is expected. Thus
duct height can be divided by the prevailing
mechanisms - chimney effect dominant region
and natural convection effect dominant region.
As the chimney effect dominant height can be a
scale, the minimum requirement for the exper-
imental facility height can be formulated by
comparing the forced and natural convection
boundary layer expressions.

L > (2)

Since the velocity and temperature profiles
are the dependent variables to get information on
heat removal rate, the absolute profiles are to be
obtained by quantitative investigations. For scal-
ing purpose, the profiles which just show the
trends in momentum and heat transfer are
sufficient and easily estimated by the literature
works[5,6,7]. Figure 1 shows the assumed veloc-
ity and temperature profiles. The steep knees in
velocity profile at each wall show the high
turbulent intensity which is easily shown by the
high Grashof number in this system. In view of
the similar scales of the thermal and momentum
boundary layer thickness, one can assume the
approximate correspondence between the horizon-
tal distance of velocity peak and that of inflec-
tion point in temperature profile. It also
represents that the horizontal temperature gra-
dient is negligible in most of the region except
for the slender region near the heated wall.[6]

In the derivation of governing equations, the
flow is assumed to be two dimensional, steady,
fully-developed, and turbulent. Also Boussinesq
approximation is adopted and horizontal velocity
gradient is considered to be much greater than
vertical velocity gradient. The governing equa-



Figure 1. Assumed velocity and temperature
profiles.

tions and boundary conditions are

v d'u + gb(T-T~) * -4—( - ~ ) = 0,(3)

equations and boundary conditions to nondimen-
sional forms, nondimensional variables are de-
fined and substituted into the governing equa-
tions and boundary conditions for each region.

Among the governing parameters derived in
the previous analysis, the n's concerning the
turbulent momentum and energy dissipations, are
related to the turbulent intensity in the system
and by the adoption of eddy viscosity model,
these are to be transformed to more controllable
forms in order to be applicable in the laboratory
situation.[4] In order to appreciate the physical
meanings of the it's, famous nondimensional
numbers are adopted. In Table 1, it's are
summarized in terms of these numbers.
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at x = 0 . u = uo(>). T = Too
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(5)

For scaling purpose, the domain is divided
into 3 regions and allows the horizontal distance
between velocity peak and temperature inflection
point so that this estimate is to be applied in
most of the vertical domain. Also it can be noted
that in PCCS, most of the physically important
phenomena occur in the narrow region near the
heated wall.

NONDIMENSIONAL TRANSFORMATION OF
INFORMATION

In order to transform the governing

ORDER OF MAGNITUDE STUDY

The governing parameters derived in this
analysis can have practical meanings, if they are
subject to a suitable approximation theory. The
information contained in the maginitude of each
parameter can resolve this problem. If the scaling
procedures are appropriate, the magnitudes of the
governing parameters reveal the particular
balances of each related quantity so that the
magnitudes of them are themselves to be the
relative importances. Table 2 represents the
reference data used in the analysis.

Prior to seeking the magnitude of each
parameter, the characteristic value of zonal
separation point, £i must be estimated. The value
of £2 is not considered because in region 3 there
is just one parameter and also region 3 is
generated by the turbulent effects. The axial
value of the velocity peak, £1 is determined by
the buoyancy effect and turbulent momentum
transport. In region 1, due to the high air
temperature, relatively large buoyancy effect is
expected and the momentum driven by the



buoyance force is transported to the region 2. In
region 2, due to the reduced buoyancy effect, the
flow is driven by the transported momentum. By
zonal estimation concept these two
nondimensional quantities should be in balance.

buovance force
viscous jbrce

turbulent momentum transport
viscous jbrce

(7)

- 2 t _ L 2 =

Re Le c, Re09 • Le (9)

= L- Le' = ex
Gr

L = 5.71 cm (10)

Thus Ei is estimate to be few centimeter
order. It is in good agreement with the result of
Kulkarni and Chou, which describes the axial
value of the velosity peak as follows; [7]

T| = Gr 0.1 (11)

The calculated value of Ei with equation (11) and
Table 2 is 4.85 cm. This means that the
reference scales adopted in this analysis contain
the proper information on magnitudes. Also it is
less probable that the adiabatic wall significantly
affects the boundary layer in view of the
slenderness of the boundary layer.

With these data the magnitude of each
parameter is calculated and presented.
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to the same spatial profiles. In the nonlinear
problem, the parameters are not independent one
another because the reference values of the
dependent variables do not cancel out as in linear
problem. Thus the independent parameters are
always fewer than the derived. By the selection
of independent parameters and parameter
absorption procedure, the following parameters
are derived;

Jti = Gr , Ji2 = Re for region I . (12)

13 = Re , 714 = Le for region II . (13)

CONCLUSIONS

The governing parameters in the PCCS,
buoyancy driven air flow cooling system, are
derived using the zonal estimation concept. Based
on the analysis, Grashof number and Reynolds
number in the heated region and Reynolds
number and length ratio in the core region are
derived to be essential. It is verified that the
parameters derived in the analysis contain the
information on the original balances of physical
quantities. From the physical estimation of the
phenomena, it is found that the duct height is
composed of two regions according to the
prevailing phenomena and as the chimney effect
dominant height has 1 m length scale, the test
facility should be larger than this length scale.
Also the existence of the adiabatic wall does not
significantly affect the thermal boundary layer
behavior. These results can be applied to any
types of PCCS and be used in test facility
design and correlation development. The
application of zonal estimation method in scaling
is proved to be useful in bad estimation
problems.
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Table 2. Reference & inferred data for prototype dimensions.

Containment Height

Gap Width

Viscosity of air

Thermal diffusivity of air

Volumetric expansion coefficient of air

Gravitational acceleration

Temperature differences

Approximate velocities

Prandtl numbers

L =

b =

v *

a *

3 *

g =

Twall

Twall

U, =

Pr =

25.03 m

0.4 m

0.17 x 10-4

0.25 x 10-4

1/T =1/310

9.8 m/s2

- T» = 110

- T, = 110

3 m/s , U2

f = OS8

m2/s,

m2/s

- 25 = 85°K

- 35 = 75°K

= 1 m/s ( = -»- U i )

, Prt = 1 for air
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WIND TUNNEL TESTING OF THE WESTINGHOUSE AP600
PASSIVE CONTAINMENT COOLING SYSTEM

D. Surry\ G.R. Lythe1 and S. Fanto2

ABSTRACT

The Westinghouse AP600's passive containment cooling system utilizes convective
flows through an internal annulus. Several phases of wind tunnel tests have been
carried out with the objectives of:
1) developing the geometry of the intakes and exhausts to ensure wind-induced

pressure differences assist rather than resist thermally-driven convective
flows.

2) determining design loads on internal components; in particular, the baffle
that separates the outer down-flowing shield-building annulus from the
inner up-flowing containment annulus.

3) determining the sensitivity of wind-induced pressure differences between
inlet and outlet (and hence internal pressure loads) to a variety of parameter
changes including:
a) Reynold's number, a primary flow scaling parameter
b) terrain roughness
c) variations in site topography
d) variations in site layout, including multiple cooling towers.

All of the design data have been developed using electronically-scanned pressure
transducer arrays that allow all of the pressure tapping points to be surveyed,
essentially simultaneously, several hundred times per second. All pressure time
histories are stored. This allows, for example, the determination of the true peak
loads that occur across the internal baffle; or, if desired, the true loading patterns
can be combined directly with the structural analysis to determine true peak design
stresses.

The paper reviews the scope of the test program, and highlights the methodology
and its potential. Some illustrative results are presented and some general
conclusions are given.

'Boundary Layer Wind Tunnel Laboratory
The University of Western Ontario
London, Ontario, Canada N6A 5B9

^estinghouse Electric Corporation
4350 Northern Pike

Monroeville, PA
U.S.A. 15146-2886
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Wind Tunnel resting of the Westinghouse AP600 Passive Containment
Cooling System

D. Surry, G.R. Lythe and S. Fanto

1.0 INTRODUCTION

The AP600 plant development effort includes testing of various plant features to
establish their feasibility and to provide information to support the safety analysis
and component and plant design. The AP600 test program has emphasized testing
associated with components unique to the AP600 plant. The Passive Containment
Cooling System (PCS) testing focused on the performance/operation of this system
as an essential part of the passive safety concept on which the AP600 plant is
based.

The function of the PCS is to provide the safety grade ultimate heat sink for the
removal of the Reactor Coolant System sensible and core decay heat. In performing
this function, the PCS has the capability to remove sufficient energy from the
reactor containment structure to prevent the containment from exceeding its design
pressure and to reduce containment pressure following design basis events. As
illustrated in Figure 1, the PCS includes and makes use of the steel reactor
containment structure and the concrete shield building surrounding the
containment. It consists of a tank which is incorporated into the shield building
structure above the containment, an air path formed within the shield building by a
dividing wall, an air inlet, an air/steam exhaust structure and associated
instrumentation, piping and valves. The path for natural circulation of air upward
along the outside walls of the containment structure is always open.

Heat removal by the PCS is initiated automatically in response to a high
containment pressure signal, or manually from the main control room or the remote
shutdown work station. PCS actuation initiates water flow by gravity from the
water tank contained in the shield building. Heat is removed from within the
containment, utilizing the steel containment structure as the heat transfer surface,
combining conductive heat transfer from the film to the air baffle, and mass
transfer (evaporation) of the water film into the air. As the air heats up and water
evaporates into the air, it becomes less dense than the cold air in the air inlet
annulus. This differential causes an increase in the natural circulation of air
upward along the containment surface, with heated air/water vapor exiting the
top/center of the shield building.

As part of the evolution of the final PCS design concept, wind tunnel testing was
undertaken to investigate the effects of wind and of the geometry itself on the
wind-induced pressures that would act to aid or retard the convective flows, and on
the wind-induced loads. Several phases of wind tunnel testing were undertaken
and are listed in Table 1 with an outline of their scope.



In simple terms, Phase 1 was a sensitivity study, examining the roles of the
geometry of the chimney, inlets and surrounding buildings on the pressures at the
inlet and chimney, and on the important difference in these two pressures which
provides the external driving forces on the convection annulus. In Phase 2, the
additional complexity of modelling the internal passageways was added, but the
geometrical effects were limited to two different reactor building tops. In Phase 4
(Phase 3 was not carried out), residual scaling effects were investigated, using a
very large wind tunnel, and the detailed effects of cooling towers and variations in
siting were explored. In all phases, the temporal and spatial variations of the
pressures were significant.

This paper focuses primarily on the methodology and its potential, using the AP600
tests as a case study. To do this, the model, including the internal annulus is
described, along with its instrumentation and the wind tunnels used. Results are
presented which show the nature of the wind-induced pressures, both at specific
locations and when acting over significant areas. The effects of cooling towers and
site variations on these pressures are also illustrated.

2.0 METHODOLOGY

2.1 Modelling the Wind

Much of the methodology used has been developed as part of the relatively-new
field of wind engineering (see references 1 and 2). This field makes use of wind
tunnel simulations of the lower part of the planetary boundary layer, a layer of the
order of 500m deep whose flow properties are largely governed by the upstream
surface roughness. The most important characteristics of atmospheric boundary
layer flow are the variations of mean speed with height (as illustrated for the two
wind tunnel simulations and the target atmospheric properties in Figure 2) and the
associated turbulence properties. Of the latter, the intensity of the longitudinal
component of turbulence is the most important, and is also illustrated in Figure 2.
Gusts will commonly occur with magnitudes of about 3.5 rms values from the mean.
In this context, a mean refers to a value averaged over a period of 10 minutes to an
hour in full scale.

The wind tunnels used were BLWT II at The University of Western Ontario (UWO)
and the 9m x 9m tunnel at the National Research Council of Canada's Institute for
Aerospace Research (NRCC) in Ottawa, Canada, shown in Figure 3. BLWT II is a
closed circuit tunnel with a test section 39m long, 3.4m wide and 2.5m high, and
provides speeds up to 100 km/h. Its long length allows an excellent simulation of
the atmospheric boundary layer to be achieved at scales from 1:100 to 1:500. The
NRCC tunnel has a 9m x 9m test section with a length of 24m. Its relatively short
length requires more attention to devices placed at the beginning of the test section
which are used to produce the required flow field. Simulations were successfully



generated both at 1:100 and 1:30. Its top speed of about 200 km/h together with its
larger scale capability allowed an increase in Reynolds number (see Section 2.2
below) of about a factor of 6 over the UWO facility. Its large size also
accommodated an upstream cooling tower model at 1:100 scaling without
significant blockage to the tunnel, which was not possible in the UWO facility. Cost
limited its use to procedures not possible in the UWO facility.

A few tests were also done in smooth uniform flow to approximate tornado flows.
The knowledge and simulation of such flows are incomplete, and this approach
simply provides a conservative boundary value for ultimate load design
considerations.

2.2 Modelling the AP600

The model scaling begins with the length scale capabilities of the atmospheric
simulation. In this case, a value of about 1:100 was adopted (1:96.67 exactly) for
the tests in the UWO facility. A picture of the model and a cross-section indicating
where pressure taps were installed are provided in Figure 4. For this type of rigid
pressure model, beyond the atmospheric properties themselves, dimensional
analysis suggests that pressure and force coefficients are dependent only on they
Reynolds number and a reduced frequency. The Reynolds number f ̂ - j , where
p = fluid density, u = fluid viscosity, V = a characteristic speed and D - a
characteristic length, is the ratio of inertial to viscous fluid forces and is important
where flow separation occurs on curved surfaces - ie where separation is not
predetermined by sharp edges. Hence it was of concern here and led to Phase 4, in
which a much larger model (1:30) in a larger, higher speed facility was tested. In
the end, it turned out that the combination of the highly 3-D geometry and the 3-D
flow combined to overpower the effects of the curved wall geometry, so that the
external pressures and forces measured were largely independent of Reynolds
number. The reduced frequency, fD/V, where f = frequency = lit, where t= time,
implies that events occur at higher frequency for the reduced model scale. Given
the model length scale, and a design wind speed, then the model test speed
determines the resulting time scaling.

The modelling of the internal annulus was also dependent on Reynolds number. In
this case, the differences in pressure losses between full scale and model Reynolds
number had to be compensated for by using an "equivalent pipe" concept. That is,
for the same non-dimensional pressure difference across the annulus, the same
non-dimensional volume flows should be produced in model and full scale. This
required enlarging the model annular dimensions. In fact, the size and roughness
were tuned to match the distribution of loss coefficients previously measured by
Westinghouse on a 1/6 scale segment of the annulus.



Not all tests used the model with interior annulus modelled. For many cases,
including the Reynolds number and siting variation tests, it was deemed sufficient
to use simplified models in which the inlet-chimney pressure difference was the
parameter that was monitored.

2.3 Measuring Pressures

For all of the final design information, obtained in Phase 4, an electronic pressure
scanning system was utilized. In these recently-developed systems, each pressure
tap is connected to its own miniaturized pressure transducer, contained in modular
blocks (of 16 in this case) whose outputs are electronically scanned to provide
essentially simultaneous readings at all pressure taps hundreds of times per second
in model scale, equivalent typically to tens of times per second in full scale. The
advantage of this is that it provides a continuous picture of the entire pressure
field, which allows relevant spatial but time-varying averages to be calculated for
larger areas, or provides true time histories of spatially-varying pressures for
subsequent structural or internal flow calculations.

In order to investigate a variety of siting layouts and terrains, some tests were done
at smaller scale (1:800) in the UWO facility, primarily of a comparative nature - ie
comparing inlet/chimney pressure differences for a variety of cases including the
base case. In fact, even at these reduced model sizes, the effects of Reynolds
number were not overly significant.

3.0 SOME ILLUSTRATIVE RESULTS

Figure 5 shows typical pressure traces (normalized by the dynamic pressure at the
top of the chimney) plotted versus full scale time for the design mean wind speed of
96 m/s at the top of the building (63.1m). These are pressures from single pressure
taps near the inlet, chosen on the windward side (positive mean pressure) and near
the most negative pressure region at about 90° to the wind. These traces show the
significant unsteady content of the pressure signals.

For the AP600, the primary concern centred on the net pressure difference between
the inlet and chimney, and the pressures on the baffle wall separating the
down-flowing shield building annulus from the up-flowing containment annulus.
For the same configuration, Figure 6 shows the spatially-averaged chimney and
inlet pressure time histories (using 8 taps and 16 taps respectively) and their
instantaneous difference. As more pressures are involved in the averaging process,
higher frequency fluctuations tend to be reduced, as can be seen by comparing
figures 6 and 5.

These pressure differences were formed for all wind angles, and their average
values and extreme excursions were documented as illustrated in Figure 7, which



also shows the effect of the presence of an upstream cooling tower, and of different
site variations. Figure 7a shows the effects of adding a second cooling tower to the
Base Case configuration which already includes a single cooling tower. Figure 7b
shows the effects of a large mountain to the east and an escarpment to the west.
The cooling tower and mountains tend to decrease the mean pressures, but increase
the unsteady pressures.

4.0 CONCLUDING REMARKS

The extensive test series carried out for the AP600 system has shown the wind
tunnel to be a useful design tool for exploring a variety of permutations on the
aerodynamic behaviour of the system.

The aerodynamic pressures have been found to be strongly varying both in time
and in space, even for constant storm conditions.

Reynolds number effects were not very significant, being overwhelmed by
three-dimensional geometric and flow effects.

The presence of large upstream obstructions, in the form of cooling towers or hills,
led to a reduction in mean pressures but an increase in unsteady pressures.
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TABLE 1 - DESCRIPTION OF TESTING PHASES

PHASE

I

II

IVa

IVb

PURPOSE

Examine the effects of changes in the
geometry of the containment
building and other plant buildings oh
the pressure driving the
wind-induced flows through the
building. Internal flow passages were
not modelled.

Examine loads on internal structures
which form the internal flow path; in
particular, the baffle wall separating
the two annuli.

• Check for sensitivity to Reynold's
number

• Provide final design data for the
baffle wall and lateral loads on the
containment vessel

• Determine the effects of the
cooling tower

• Examine potential tornado loads
• Provide data for modelling the

cooling tower in Phase IVb

Examine the effects of severe terrain

TESTS

• Three inlet designs
• Three chimney heights
• Three turbine building heights
• Roof modification to turbine building

Model was modified to include the
internal flow path. Tests done:
• Two designs of the containment

building top

Tests were done on two models in two
wind tunnels:
1) UWO wind tunnel, 1:96 scale model
• Chimney open and closed
• With and without surroundings
• Tornado loading case
2) NRCC wind tunnel, 1:96 scale model,

3 speeds
• Chimney open and closed
• With and without surroundings
• With cooling tower modelled
3) NRCC wind tunnel, 1:30 scale model,

5 speeds

A new 1:800 scale model was built.
Tests done:
• Base case, including single cooling

tower
• With two cooling towers
• With a nearby escarpment
• With an escarpment and a mountain
• In a river valley
• In a river valley with two cooling

towers
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ABSTRACT

Westinghouse-GOTHIC is a thermal-hydraulics code well suited to analyzing passively cooled containments which
depend on heat removal primarily through the containment shell. The code includes boundary layer heat and mass
transfer correlations. A liquid film convective energy transport model has been added to the Westinghouse-GOTHIC
code to account for the sensible heat change of the applied exterior water. The objective of this paper is to compare
the code's predictions of the AP600 large scale test facility with and without the liquid film convective energy
transport model. The predicted vessel pressure and integrated heat rate with and without the film convective energy
transport model will be compared to the measured data.
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WESTINGHOUSE-GOTHIC COMPARISONS TO AP600
PASSIVE CONTAINMENT COOLING TESTS

M.D. Kennedy, J. Woodcock, J.A. Gresham

1.0 INTRODUCTION

The large scale test facility (LST) is part of the AP600 Passive Containment Cooling System (PCCS) Test Analysis
Program1" and was constructed to evaluate the phenomena which occur in a passive cooled containment system and
to validate the Westinghouse-GOTHIC (WGOTHIC) code. WGOTHIC is a thermal-hydraulics code well suited to
analyzing passively cooled containments which depend on heat removal primarily through the containment shell in
lieu of active systems such as fan coolers and containment sprays. The code includes boundary layer heat and mass
transfer correlations, which together with appropriate noding can accurately model significant mechanisms for heat
transfer within containment and through the shell. Several scale tests have been used to validate WGOTHIC,
including separate effect tests1", test data in the open literature121, and integral tests"'3'*1. Further study of these tests
has led to improved heat and mass transfer correlations. The most recent improvement is a liquid film convective
energy transport model to account for the sensible heat change due to the initial heating of applied water on the
outside of a vessel. The objective of this paper is to demonstrate the difference between the WGOTHIC LST
predictions with and without using the liquid convective energy transport model. The predicted vessel pressure and
integrated heat rate distribution with and without the liquid film convective energy transport model will be compared
to the measured data. The significance of liquid film enthalpy transport terms in the energy equation is therefore
confirmed under the conditions of these tests.

2.0 TEST FACILITY DESCRIPTION AND TEST DATA

The test facility"1 includes a steel pressure vessel (cross section shown in Figure 1), 20 feet high by 15 feet in
diameter. The vessel initially contains air at one atmosphere. It is designed for internal pressures up to 100 psig
while operating at temperatures up to 350 F. The vessel is surrounded by an acrylic cylinder which forms a 3
inch air cooling annulus.

Superheated steam from a boiler is throttled to a variable but controlled pressure and is supplied to the center of
the vessel through a 3 inch pipe as shown in Figure 1. An axial fan at the top of the annular shell provides the
ability to run tests at higher air velocities than can be achieved during natural convection. The tests discussed in
this paper were run with the fan operating. Air flow up the annulus cools the vessel surface, resulting in
condensation of the steam inside the vessel.

The tests discussed in this paper are from the initial AP600 large scale test series which has no representation of the
full scale plant internals. The vessel only contains an operating deck grating approximately 57 inches from the
bottom of the vessel.

The tests are constant pressure tests, i.e., a pressure is specified and the steam flow is adjusted to achieve that
pressure. All test results given in this report are at steady state conditions at ambient atmospheric conditions.

To establish the total heat transfer from the test vessel, measurements are recorded for steam inlet pressure,
temperature, and condensate flow and temperature from the vessel. Eighty thermocouples located on both the outer
and inner surfaces of the vessel wall indicate the temperature distribution over the height and circumference of the
vessel. Thermocouples placed approximately 1 inch inside the pressure vessel provide a measurement of the vessel
bulk steam temperature as a function of position.



The tests have water applied to the outside of the vessel. In this initial test series the water coverage varied from
approximately 2/3 to full coverage. Even at the very high heat fluxes typical of the high pressure wet tests, the
wetted areas are steady, extending from the visible region of the dome straight down to the gutter as a wet stripe.
The excess external water is removed from the vessel by the vessel gutter (Figure 1) and measured.

Two tests are discussed in this paper, test numbers 201.1 and 207.1. The nominal test conditions for the tests are
given in Table 1. These tests cover a range of external water coverage and applied temperatures which should
challenge the subcooling model.

3.0 PCCS HEAT AND MASS TRANSFER EQUATIONS

The mechanistic heat and mass transfer correlations in WGOTHIC are summarized below. Wall-to-wall radiant heat
transfer is also included in the WGOTHIC model.

For internal and external free convective heat transfer, the McAdams '" turbulent free convection heat transfer
correlation is used:

hfr«> = 0 . 1 3 ( G r ^ r ) 1 / 3 ( 1 )

For internal forced convective heat transfer, a flat plate161 turbulent forced convection heat transfer correlation is used:

hf0IC = 0 .0296JJe* /5Pr1/3 < 2 )

For external forced convective heat transfer, the Colburn'71 turbulent forced convection heat transfer correlation is
used:

htOTC

The entrance effect model in WGOTHIC accounts for an increase in the forced convection external heat transfer
component which exists at the entrance to a heated channel or plate, like at the entrance to the LST air annulus gap.
In the AP600, entrance effects have a small overall effect. During evaluation of one of the AP600 separate effect
tests, the heated flat plate test1'1, where a larger fraction of the heat transfer surface is in the entrance region, the
increase in heat transfer coefficient at the entrance can have a significant effect. The correlation used to account
for the entrance effect is1*1:

(4 )
tore

When free and forced convection are both non-negligible, a combination of the free and forced convection heat
transfer was used191 for the mixed convection regime. This correlation accounts for the dip in convective heat transfer
in the transition from free to forced convection described by Churchill. For opposed free and forced convection:

(5)



and for assisting free and forced convection, Nuc the largest of the following:

Assisting convection is assumed when the bulk velocity in the adjacent node is in the same direction as the induced
velocity resulting from the density difference across the boundary layer, such as upward cool flow in a hot pipe.
Opposing convection occurs when the bulk velocity is in the opposite direction as the boundary layer density induced
velocity component, such as upward hot flow in a cool pipe.

In order to determine the mass transfer, the following correlation1101 is derived from the heat transfer correlation
using the heat and mass transfer analogy:

Sh-Nu{S£)1/3 (7)
\P

where the Sherwood Number is defined as:

Sh = ^ ( 8 )
V

The heat transfer through a liquid film is calculated using the Nusselt condensation heat transfer correlation as
modified by Chun and Seban1"1 to account for wavy laminar flow. The film Nusselt number is defined as:

Nu = 0 .822 Re'22 ( 9 )

where

Nu * -r^s\ M , 13 and Re = *L. (10)
3 2£T s inB

The model which has most recently been added to WGOTHIC is a liquid film convective energy transport model
(also known as the subcooling model). Cool water is applied to the LST at a temperature below the vessel surface
temperature. The initial heating of the subcooled water has a sensible heat change that previously was not modelled
in the Nusselt one dimensional mass transfer model"21 originally incorporated in the WGOTHIC code. The liquid
film convective energy transport model was incorporated into the code to account for heating of the PCCS water.
The subcooling model solves the transient energy equation at a point at the center of the liquid film:

( 1 1 )

where x is normal to the surface and z is parallel to the surface. The energy equation is coupled to the wall and the
liquid film surface equations by:

dTfilm I (12)
x \vall v "

and



4.0 CONSERVATION EQUATIONS

WGOTHIC solves mass, momentum and energy balances for vapor, liquids, and drops. Two formulations can be
used to model tbe thermal-hydraulic behavior of containment atmospheres: the lumped parameter and tbe distributed
(subdivided) parameter formulation. Tbe lumped parameter formulation is used for tbe tests presented herein. In
tbe lumped parameter formulation the momentum, mass and energy equations are simplified. However this
formulation is more than adequate for design basis analysis and for the purposes of this paper.

5.0 DISCUSSION AND RESULTS

The effect of the subcooled film in the AP600 is small because the subcooling only occurs over a small portion of
the dome surface area. However, the amount of heat removed from the LST vessel by the sensible heat of the
subcooled film can be more significant In a relatively low heat flux test, like test 201.1, tbe sensible heat change
can be as large as the beat removed by evaporation. In order to properly validate the wall beat and mass transfer
correlations with tbe LST, it was desirable to account for tbe effect of subcooling in our models. Therefore, the
liquid film convective energy model was incorporated into the code.

Large scale tests 201.1 and 207.1 have been modelled using the heat and mass transfer correlations sbown in
equations 1-10 both with the liquid film convective energy model (equations 11,12, and 13) and without the liquid
film convective energy model. For the cases without tbe film convective energy model, the Nusselt one dimensional
solution was used"21.

Table 2 sbows tbe predicted to measured pressure ratio (predicted pressure divided by measured pressure) for both
tests with and without using the liquid film convective energy model. All the vessel pressure predictions are
conservative. When the subcooling is modelled the vessel pressure is slightly overpredicted. Tbe vessel pressure
is further overpredicted for the test without tbe liquid convective energy transport Based on tbe relatively cool
water temperature and the high percentage of azimutbal water coverage for the tests, a larger overprediction is
expected for tbe cases in which tbe subcooling was not modelled. The integrated heat rate results explain why the
total vessel pressure is still within 16% even without modelling subcooling.

Figures 2 and 3 show tbe integrated wall beat rate (beat rate is zero at the vessel bottom, total vessel wall heat rate
is sbown at the top of tbe vessel) as a function of vessel integrated surface area (where 0 is the bottom of tbe vessel)
for tests 201.1 and 207.1. Figure 3 includes tbe beat rate through both tbe wet and dry portions of the vessel. The
beat rate is calculated using tbe following relationship:

iTioaai-Toutar) ( 1 4 )

The axial distribution of beat rate predicted wben the subcooling was modelled matches tbe trends of tbe measured
beat rate better than when the subcooling is not modelled.



Table 3 shows the predicted to measured heat rate over the top portion of the dome (upper 15% of vessel surface
area) where a majority of the subcooling occurs. The heat rate results show the tests without the film corrective
energy transport correlation significantly underpredict the heat transfer through the vessel wall in the dome. They
tend to overpredict the heat transfer through the side walls of the vessel (this is more evident in Figure 2 than Figure
3 since test 201.1 is 100% wet) so that the total heat rate through the vessel walls is not severely underpredicted.
When subcooling is not modelled, a portion of the heat that is in reality removed by the external water sensible heat

change, heats the vessel walls so that the predicted wall temperature is hotter than the measured wall temperature
and thus evaporates more of the external water. This emphasizes the inherent (self compensating) nature of the
passive heat removal mechanisms, wherein suppressing heat transfer over part of the vessel drives more evaporation
elsewhere, providing a robust pressure suppression function.

6.0 CONCLUSIONS

Modelling subcooling with the liquid convective energy transport model matches the measured axial heat rate
distribution and vessel pressure very well, and as expected predicts the measured test data better than when
subcooling is not taken into account. However, in the absence of the liquid convective energy transport model,
additional heat is transferred through the side walls. This results in an overprediction of vessel pressure and an
underprediction of the total heat rate through the vessel walls, however the error in predictions is less than the
amount of heat removed by the heating of the subcooled film. This is because when the heat is not removed by
subcooling, the vessel walls reach a higher temperature and evaporate more external water. This tends to decrease
the error in vessel pressure and total heat rate predictions that would be expected when subcooled film heat removal
is neglected.

Including the liquid convective energy transport model in the code has improved the LST predictions. The vessel
pressure and axial heat rate predictions are nearly the same as the measurements, yet still conservative. The code
is more accurately modelling the phenomena which occurs in the facility and improves the validation of the heat and
mass transfer correlations. WGOTHIC now has sufficiently complete analytical models and accurately represents
phenomena important for PCCS heat removal predictions for integral tests as well as separate effects tests for code
validation.
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8.0 NOMENCLATURE

d = hydraulic diameter
Gr = Grashof Number
h^^ = the mean or length average external heat transfer coefficient over length L
F, = constant based on the entrance geometry
L = length (for the LST calculation of entrance effect it is the total length traveled by the air in the annulus)
h f l k D = film heat transfer coefficient
h,,^ = free convection heat transfer coefficient
hforc = forced convection heat transfer coefficient
hn = mass transfer coefficient
k = thermal conductivity o f wall
kfi,,,, = film thermal conductivity
N u = Nusselt Number
Pr = Prandtl Number
Re = Reynolds Number
Sc = Schmidt Number
Sh = Sherwood Number
p = film density
H = absolute viscosity
Dv = air-water vapor diffusion coefficient
g = gravitational acceleration
F = mass flow rate per unit width of wall
sin 6 = sine of the line tangent to the surface (accounts for inclined surfaces)
AXiraii = vessel wall thickness
Time = inside vessel wall temperature
To,,*, = outside vessel wall temperature
T g t o = film temperature
T^,, = wall temperature
A = vessel surface area
t = time
Cp = film specific heat
q^, = heat flux due to radiation

= convect ive heat flux
= heat flux due to mass transfer

Q = vessel wall heat rate
w = film velocity
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Table 1 Large Scale Test Nominal Conditions

Ambient Temperature (F)

Ambient Pressure (psia)

Ambient Relative Humidity(%)

Vessel Internal Pressure (psia)

External Water Coverage (%)

Applied External Water Temperature (F)

Annulus Velocity (ft/s)

Test # 201.1

49

14.1

83

24

100

50

9

Test #207.1

53

14.1

66

44

70

86

9

Table 2 Predicted to Measured Vessel Pressure Ratio

With Liquid Convective Energy
Transport Model

Without Liquid Convective
Energy Transport Model

Test # 201.1

1.03

1.16

Test # 207.1

1.02

1.12

Table 3 Predicted to Measured Heat Rate Ratio

Test # 201.1

With Liquid Convective Energy Transport Model

Without Liquid Convective Energy Transport Model

Test # 207.1

With Liquid Convective Energy Transport Model

Without Liquid Convective Energy Transport Model

QP/M for upper 15%of
surface area

0.99

0.41

0.96

0.57
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GOTHIC CODE EVALUATION OF
ALTERNATIVE PASSIVE CONTAINMENT COOLING FEATURES

Mirela Gavrilas, Pavel Hejzlar, Neil E. Todreas, Michael J. Driscoll

ABSTRACT

The GOTHIC code was employed to assess the effectiveness of several original heat
rejection features that make it possible to cool large rating containments. The code was first
verified and modified for specific containment cooling applications; optimal mesh sizes,
computational time steps, and applicable heat transfer correlations were examined. The
effect of the break location on circulation patterns that develop inside the containment was
also evaluated.
GOTHIC was then used to obtain preformance predictions for two containment concepts: a
1200 MWe new pressure tube light water reactor, and a 1300 MWC pressurized water
reactor. The effectiveness of various containment configurations that include specific
pressure-limiting features have been predicted. For the 1200 MWe pressure tube light
water reactor, the evaluated pressure-limiting features are: a large water pool connected to
the calandria, large containment free volume and an air-convection annulus. For the 1300
MW e pressurized water reactor, an external moat, an internal water pool, and an air-
convection annulus were evaluated. The performance of the proposed containment
configurations is dependent on the extent of thermal stratification inside the containment.
The best-performance configurations/worst-case-accident scenarios that were examined
yielded peak pressures of less than 0.30 MPa for the 1200 MWe pressure tube light water
reactor, and less than 0.45 MPa for the 1300 MWe pressurized water reactor. The low
peak pressure predicted for the 1200 MWe pressure tube light water reactor can be in part

attributed to its relatively large free volume, while the relatively high peak pressure
predicted for the 1300 MWe pressurized water reactor can be attributed to its relatively
small free volume (i.e., the size used was that of a pressurized water reactor containment
designed with active heat removal features).

Department of Nuclear Engineering
Massachusetts Institute of Technology, Cambridge, MA 02139, USA



GOTHIC CODE EVALUATION OF
ALTERNATIVE PASSIVE CONTAINMENT COOLING FEATURES

Mirela Gavrilas, Pavel Hejzlar, Neil E. Todreas, Michael J. Driscoll

Nomenclature:
Dh — hydraulic diameter (m),
h-mix -- heat transfer coefficient for duct convection (W/m^K),

" radiative heat transfer contribution to annulus heat transfer (W/m^K),
-- effective radiative heat transfer coefficient (W/m^K),

Re - Reynolds number,
Pr - Prandl number,
^mix ~ conductivity of the air-steam mixture (W/mK),
T w o - wall temperature (K),
Tjujx - air-steam mixture temperature (K),
L ~ distance from inlet (m),
S — gap width (m),
e ~ wall emissivity, and

a ~ Stefan-Bolzman constant (W/m2K4).

1. INTRODUCTION

The reactor containment is defined as the controlled leakage enclosure that surrounds the
nuclear steam supply system (NSSS), and which includes any associated systems that
enable this enclosure to maintain its leak tightness. Its purpose is to mitigate the
consequences of an accident by preventing the release of radiation to the environment. The
preservation of this ultimate barrier against the release of radioactive materials to the
environment has become a very important research objective within the last decade. The
current goals for containment design are to achieve entirely passive cooling in case of any
postulated accident, including those that are classified as beyond design bases.

Several reactors are already being offered that include passively cooled containments; a
series of other passively cooled containment designs are currently being developed. The
most notable passively cooled containments are those designed by Westinghouse for the
Advanced Plant 600 MWe (AP600) and by General Electric for the Simplified Boiling
Water Reactor (SBWR). Entirely passive heat rejection from both these reactors can only
be attained because of their small power rating.

To maintain consistency of passive decay heat removal throughout the overall plant design,
it is highly desirable that the containment shell cooling in the accidents leading to
containment pressurization can be achieved by natural phenomena only. The thick
prestressed-concrete containments can be readily excluded from further consideration
because of the inherently low thermal conductivity of the concrete and their large wall



thickness (around 1 m). These lead to marginal heat transport rates through the wall. A
free standing cylindrical steel containment was thus chosen for both the pressure tube light
water reactor (PTLWR)1 and the large rating pressurized water reactor (PWR). A concrete
shield building was also included in both these containment designs. Its main purpose is to
protect the primary steel shell from external events, e.g., tornado or aircraft impact. It also
provides radiation shielding if fission products are released into the containment. An
important advantage of this design is that there is experience with currently operating
reactors that have a free standing cylindrical steel shell containment surrounded by a
concrete shield building. The principle difference is that the shield building proposed for
the current designs has to allow for natural circulation of air, and thus the annulus between
the steel shell and the shield building has to be equipped with air intakes and air outlets to
permit flow of ambient air. Furthermore, the large rating PWR containment design
includes an external water pool that floods the lower portion of the annulus.

An important consideration associated with passive cooling is stratification of the
containment atmosphere. The in-containment layout should provide pathways promoting
natural circulation of the hot containment atmosphere to the air-cooled containment walls.
The current analysis identifies accident scenarios that lead to the development of a thermally
stratified containment atmosphere and means of breaking the stratification.

The purpose of both the PTLWR and the large rating PWR analyses is to show that the
containment pressures in the limiting accidents remain below the design limits using only
passive cooling. Note that active systems such as containment sprays and fans may be
available, but no credit for the functioning of these systems is taken.

2. GOTHIC CODE VERIFICATION AND CHANGES

The computational tools currently available for the study of containment atmosphere
behavior under accident conditions employ mainly lumped parameter models. GOTHIC
[Ref. 1] is a subdivided volume code and is thus one of the available computational tools
that is suitable for predicting thermal stratification and, consequently, properly evaluating
the heat rejection capability of containment cooling features and systems. Since the
principle use in the industry of the code version available at M.I.T. has been limited to
specific in-containment analyses and lumped-model short term heat rejection analyses, a
series of verification steps were necessary before the GOTHIC code was used for the
required heat rejection analyses of subdivided volumes during long term transients.

2a. GOTHIC Input Variables and Run Parameters

Several early runs were made to determine the necessary run parameters. The principle
reason for making these runs was to optimize prediction accuracy and code run time. In
each case a PWR containment model was used and a large break LOCA transient was
simulated. It is important to note that the size and compartmentalization of the PWR
containment that was used in all these runs is that of the Waterford 3 containment, which is
a steel shell surrounded by a concrete shield building. Since Waterford 3 was designed
with active systems for post-accident heat removal, its size is significantly smaller than that

'The PTLWR is an innovative passive pressure tube LWR concept proposed by Hejzlar, eL al. (see P.
Hejzlar, N.E. Todreas and M J. Driscoil, "Conceptual Design of a Large, Passive Pressure-tube Light Water
Reactor", DOE/ER^757854, June 1994))



foreseen for passively cooled large rating LWRs. This results in large peak pressure
predictions from all these runs.

Optimizing Computational Time Steps

The most important of these preliminary runs were those related to the computational time-
steps. The predictions obtained from the GOTHIC runs are highly sensitive to
computational time steps. The importance of proper time step choice is especially clear in
transients that involve blowdowns. Once a proper series of time intervals and
corresponding time steps was selected for a specific configuration and transient, the validity
of the prediction can be verified by halving the time steps in a subsequent run. It is
important to note that during the current work this was found to be an absolutely necessary
verification.

Exploiting Geometric Symmetry

One of the most significant limitations of the GOTHIC code is the run time. A typical large
break LOCA transient requires a three day real-time simulation. Depending on the
nodalization of the containment such a transient can take more than six days run time on a
486 DX2 machine. GOTHIC run times were reduced by modeling only a pie sector of the
containment; the quarter and eighth pie sector models yielded results very close to a full
containment model. Run times were significantly reduced (by more than 30% in most
cases) by using the eighth containment model for routine runs. Figure 1 shows the meshed
full- and eighth-containment models used for input into GOTHIC. The pressure histories
for the central lower containment cell for the full-containment lumped model (i.e., the
reference model) and the full-containment meshed model (3x3x3 nodalization of the lower
and upper containment subvolumes), and the eighth-containment lumped model are shown
in Figure 2. The close overlap of all the curves indicates that the eighth-containment
lumped model can be used reliably.

Choosing the Subvolume Nodalization

Figure 3 shows the effect of changing the nodalization of the eighth-containment model on
the prediction of in-containment behavior. The predicted pressure histories for the lumped
and meshed (both 2x2x3 and 3x3x3 meshing of the lower and upper containment
subvolumes) models are very close. This indicates that lumped models can be used for
preliminary calculations in certain cases. In this case, for example, the nodalization had
little effect because the model was that of a dry containment cooled by air convection alone.
Lumped models should be used with great care for models that contain water bodies.

2b. GOTHIC Heat Transfer Correlations

The initial version 3.4 of GOTHIC had several air convection heat transfer correlations that
were inadequate for the annular geometry proposed for the PTLWR and the large rating
PWR containments. The flat plate turbulent natural convection correlation was used to
evaluate the performance of a bare steel shell containment. The heat transfer coefficient for
flat plate turbulent convection was found unsuitable for forced convection flow in an
annulus, which led to the examination of several possible alternative correlations. Among
the suitable correlations examined were Gang Fu's correlation [Ref. 2], the Sohn and
Cheung correlation, and the modified Sparrow correlation. The forced convection duct-
flow correlation developed at Argonne National Laboratory (ANL) [Ref. 3] was found to
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Figure 1. The full- and eighth-containment models used in GOTHIC
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be the most appropriate because it contains all relevant fluid-, geometry- and regime-
dependent properties, and because it has been tested experimentally for conditions similar
to those in large containments.

An addition to the code was effected that allows the use of the ANL duct-flow heat transfer
correlation. The ANL correlation is:

' \ -0 .4

0.8 0.4 mix
h = 0.0229Re Pr • - m ^-

mix D

wo

mix

+ (L/S) (2.1)

This correlation has been verified experimentally at M.I.T. in 1994 [Ref. 4] and was
proven suitable for a 0.25m gap width. The ANL duct-flow correlation was later expanded
to account for the contribution of radiative heat transfer in the annulus by defining an
effective heat transfer coefficient that uses the emissivities of the steel shell and the concrete
shield:

(2.2)
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Three GOTHIC runs were done that show the relative effect of using different air heat
transfer coefficient correlations on predicted pressure transients. Run #1 employs the flat-
plate turbulent convection correlation. This model thus corresponds to a bare steel shell
containment in which heat rejection to the environment occurs only through buoyancy
driven air flow along the shell (i.e., there is no external baffle). Run #2 employs the ANL
duct flow correlation. This second model thus corresponds to a steel shell containment
surrounded by a concrete shield building, in which radiative heat transfer in the annulus is
suppressed. Run #3 employs the effective heat transfer coefficient correlation which was
obtained by modifying the ANL duct-flow correlation to include the contribution of
radiative heat transfer. This model thus closely approximates the heat rejection to the air in
a containment configuration that consists of a steel shell and a concrete shield building.

Figure 4 shows the pressure history for the central lower containment cell for the three runs
(and the reference case run, which employs the lumped full containment model). As
expected, duct convection is more efficient than flat plate convection, which results in a
drop in maximum pressure from 195 psia to 173 psia. The most realistic prediction is
obtained using the modified ANL heat transfer correlation that includes the contribution of
radiative heat transfer. The contribution of radiative heat exchange is significant in the peak
pressure region, which materializes in a reduction of the peak pressure to 145 psia.

The conclusions from these runs is that performance is improved by the transition from a
bare steel shell containment to a double-enclosure containment. The improvement in
performance is achieved because duct-flow is more effective in removing heat from the
containment boundary than flat plate flow, and because radiative heat exchange in the
annulus augments the heat removal rate from the containment boundary.
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Figure 4. Comparison of GOTHIC predictions obtained for different heat transfer
mechanisms at the steel shell boundary



2c. Comparison Between GOTHIC and CONTAIN

This analysis was part of the PTLWR studies. The pressure histories for the double-ended
rupture of a hot header at the surge line connection combined with isolation valve failure
scenario calculated by GOTHIC and CONTAIN 1-cell models are compared in Figure 5.
Three main differences can be observed - the difference in magnitude of the blowdown
peak, the time difference in the initiation of long-term pressurization and the absence of the
tertiary peak.

First, the blowdown peak (and consequently the maximum pressure peak) calculated by
GOTHIC is about 15% less than the peak obtained by CONTAIN. The reason for this
discrepancy lies in the different condensation heat transfer coefficients used. The
CONTAIN condensation heat transfer is based on basic condensation processes given by
Collier [Ref. 5]. GOTHIC employs Uchida's correlation [Ref. 6], which has been
experimentally verified on typical PWR blowdown scenarios. However, the PTLWR
blowdown scenario for this accident scenario differs from a typical LWR scenario in that it
exhibits a fast blowdown phase of the affected loop (see first subpeak) and a prolonged
blowdown phase at a slower rate from the unaffected loop. This second phase is
responsible for the main blowdown peak, and it is here where the discrepancy occurs.
Since the CONTAIN condensation heat transfer model incorporates the physics of the
phenomena, while Uchida's correlation is based on experiments with a limited range of
validity (not verified on a double-peak blowdown case) the CONTAIN results may be
better suited for this scenario. CONTAIN also gives more conservative results.

The GOTHIC model predicts a later time (800 versus 500 seconds) for the long-term
pressurization initiation. This difference is the consequence of simplifying assumptions in
the CONTAIN model for generation of steam mass flow rate from calandria, which
assumes constant saturation temperature of the water in the calandria, i.e., the increase of
saturation temperature due to a pressure increase is not included. Therefore, evaporation
begins conservatively earlier in the CONTAIN model.
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Figure 5. Comparison of pressure histories predicted by GOTHIC and CONTAIN for the
double ended rupture of a hot header at the surge line connection combined with isolation
valve failure



The CONTAIN tertiary peak at 4xlO5 seconds is not observed in the GOTHIC results.
This is also the consequence of the simplifying assumption of constant saturation
temperature of the pool water employed in the model. Also, the higher pressure in the pool
(as compared to the pressure of the containment atmosphere) due to the water head was not
introduced in CONTAIN calculations. Because of these assumptions introduced into
CONTAIN input data, the pool reaches the saturation state earlier. The sensible heat of the
pool above a temperature of 100'C, for pressure above atmospheric pressure, is therefore
not taken into account, which results in a tertiary pressure peak from the increased steam
generation. A more exact treatment of the integrated pool-calandria-containment system
using GOTHIC shows that the pool will reach saturation at a later time. Thus the
CONTAIN results are conservative.

2d. GOTHIC Evaluation of Factors Affecting Thermal Stratification

For the PTLWR concept, the following factors having influence on thermal stratification
inside a passively cooled containment have been identified:

• elevation of the long-term steam release,
• break elevation,
• presence of crane walls or baffles, and
• form of long-term steam release (e.g., plume or jet).

To investigate the effects of these individual factors, five GOTHIC runs, shown
schematically in Figure 6, were performed.

Run #1 is a reference case with the break in the primary system located at a low elevation,
low-elevation long-term steam release in the form of a plume2 and with crane walls to
promote natural circulation along the containment walls. Release of steam in the form of a
plume is achieved by discharging the steam into the one-volume calandria space, and
turning-off the option of momentum transport for junctions connecting the calandria space
and upper meshed containment. Figure 7 shows the history of atmosphere temperatures in
the calandria space, "T-cal.space," and three axial levels, "T-levell," "T-level4," and "T-
level 7," where levels 1 and 7 designate the bottom and top level, respectively. It can be
observed, that after blowdown, the atmosphere in the upper containment is well mixed.
Figure 8 shows the axial inner-wall temperature profile along the containment height at
1.95x10^ seconds (time of the maximum pressure peak). The temperature difference
between the top and the bottom of the containment shell is small. The reason for such a
uniform temperature profile can be deduced from the velocity vectors of vapor; hot steam
from decay heat rises from the calandria space through the center of the upper containment
to the top and returns down along the air-cooled containment walls, thus exposing the
entire steel shell to high temperature. Circulation behind the crane wall seems to be more
pronounced than near the containment wall without the neighboring crane wall.

Run #2 explores the effect of the location of the break. It assumes that a steam line break is
located 40m above the main deck. Long-term steam release is assumed at low-elevation in
the form of a jet directed upward and located in a near-central channel. The configuration
of crane walls is the same as for Run #1. Following the blowdown at high elevation,
thermal stratification was established to some extent,^ but broken by the long-term hot

2Note that in the PTLWR, the location of the long term steam release differs from the location of the break.
^The extent of thermal stratification at the end of blowdown from the steam line break was very small since
the violent discharge of the steam from the break promotes mixing of the entire containment atmosphere.
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Run #5 Legend:

Long-term steam release in the
form of a plume

Long-term steam release in the
form of a jet

Main steam line break location

Primary system break location

Crane wall

Figure 6. GOTHIC runs and factors affecting thermal stratification
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steam arising from the jet. The steam velocity vectors at 1805 seconds show that
significant natural circulation patterns can be observed with vapor entrained by a jet stream
rising from the jet to the top and returning down along the wall. Once the natural
circulation patterns are established, a state of well-mixed containment atmosphere is
retained beyond 1805 seconds (the scenario was not calculated further to save computer
time). The conclusions to be drawn from this run are twofold. First, thermal stratification
resulting from the blowdown at high elevation is not significant due to very high steam
velocities from the break, which promote atmosphere mixing in the whole containment.
Second, the low-level location of the long-term decay heat release breaks the thermal
stratification that may eventually result from the high level break.

Run #3 is a hypothetical case which assumes that the steam from decay heat is released at
the top of the upper containment. The steam jet was directed upward and placed in the
central volume of the highest layer of nodes (under the roof). The break location and the
crane walls are the same as those described for Run #2. Figure 9 shows the time
development of the inner-wall temperature profile. Significant axial nonuniformities can be
observed as the wall heats up. At 12,000 seconds, the upper half of the containment wall
is hot, while the lower portion remains substantially cooler, with its first 10 meters 50*C
cooler than the upper half. The hot front moves very slowly downward as time
progresses, but a large temperature difference between the top and the bottom remains.
The reason for this situation is observed on Figure 10. The hot steam cannot reach low
elevations since the atmosphere in the containment creates circulation cells in the upper
portion of the containment. The location of long-term steam release is thus a very
important factor in containment pressurization events.

Velocity vectors on Figure 10 suggest that the crane wall may impair the development of
circulation cells between the cooled containment wall and the center, and thus make the
situation worse once thermal stratification has been established. To evaluate the effect of
crane walls, Run #4, which uses the same configuration as Run #3 but without the crane
walls was run. The results, presented in Figure 11, show that the crane wall used in the
proposed concept does not have any significant impact on the scenario once thermal
stratification has been established. Note, however, that this conclusion is not general,
since a higher crane wall may have a more pronounced effect.

A more realistic location of a high-elevation long-term release point in an LWR containment
would be somewhere in the midplane, depending on the break location. Run #5 gives the
assessment of such a scenario. The steam is released in the form of a jet directed upward
and placed in the axial center of the subdivided upper containment. Velocity patterns in
Figure 12 show significant natural circulation. No thermal stratification is evident for this
case, however, caution should be exercised regarding the generalization of these results
because different containment arrangements with obstructions preventing communication
between the space below and above the jet may yield a quite different situation.

It can be concluded from these runs that the elevation of the long-term steam release is the
dominant factor with respect to thermal stratification. A high-elevation release results in
significant thermal stratification, while a low-elevation release leads to stratification breakup
and ensures a well-mixed containment atmosphere. In the PTLWR concept, long-term
steam release at low elevation is guaranteed by the design. Consequently, the atmosphere
should be well-mixed in the long term. Mid-elevation release leads also to good
atmospheric mixing, but one needs to consider the details of in-containment arrangement.
Note that containment arrangement in relation to the location of long-term steam release can
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also affect thermal stratification. If the steam release from decay heat occurs in the upper
portion of the containment and the communication between the upper and lower part is
restricted by internal structures, thermal stratification can result. This factor was not
evaluated since it depends on the particular details of a containment design.

Blowdown elevation is of minor importance for two reasons. First, the passive cooling of
the containment shell does not play any significant role during the short blowdown period;
hence, cooling cannot be impaired by thermal stratification. Second, the high velocity of
the coolant escaping from the break leads to relatively good atmosphere mixing in the entire
volume. However, this conclusion may not be true for all containment configurations, as it
also depends on the arrangement of rooms and structures inside the containment.

The crane wall is used in the proposed PTLWR design to promote natural circulation.
Calculations showed that it can enhance circulation if the long-term heat source is located at
low elevation. If the long-term steam release is at high elevation, a crane wall or other
baffle-like constructions do not improve natural circulation. They can even have the
reverse effect, because they can break up circulation cells between the center of the volume
and the cold walls. In any case, crane walls or baffles cannot be used as the only means to
break up thermal stratification. In the PTLWR design, the use of crane walls is warranted
as it enhances the already established natural circulation pattern in the desired direction.

Two forms of steam release have been investigated — a plume and a jet. An upward-
directed jet of steam located in the lower portion of the containment significantly enhances
natural circulation and mixing. The contribution of the jet located at high elevation to
stratification breakup is negligible. Releasing the steam in the form of a plume at the
bottom is sufficient to establish natural circulation and to attain a mixed atmosphere.

3. GOTHIC CODE PREDICTIONS FOR
A PASSIVE PRESSURE TUBE LIGHT WATER REACTOR

The containment proposed for the PTLWR concept is a free standing cylindrical steel
containment with a concrete shield building; Figure 13 shows its configuration. The in-
containment arrangement of primary system components for the conceptual PTLWR design
is very similar to that of CANDU reactors. Since the power of the CE-CANDU is uprated
to 1260 MWe, as compared to the typical 600 MWe of conventional CANDUs, the size or
the number of primary system components were scaled up.

The resulting containment has a steel shell with an inner diameter of 60m, total height of
81m, and thickness of 4 cm. It has an ellipsoidal shell at the base embedded in the
reinforced concrete foundation mat. Part of the vertical cylindrical portion of the steel shell
is also embedded in the reinforced concrete mat.

An important characteristic of this containment design involves the location of primary
system components relative to the air-cooled portion of the containment. Figure 13 shows
the calandria and, especially, the entire pool with flood water located below ground level
and not cooled by air. The purpose of this arrangement is twofold. First, it prevents rapid
loss of flood water, should a severe seismic event disrupt the steel shell. Second, all
primary system components and piping are located in the lower region of the containment,



Air outlet

Shield
Buildings

Steel
Shell

Calandria
vault with
shield tank

Refueling
Machines

Internal circulation path

I I I I I I I I I I I I I I I I I I I I I I I I 4 4 I I I I I I I I I I I I

Steam Generator

Reactor Control
and Scram

Not to scale

Figure 13. Schematic of containment arrangement for the passive PTLWR



which limits the locations of potential breaks to the lower region. This assures good
mixing of the containment atmosphere following primary system blowdown.

To prevent potential stratification, two features are designed into the containment. First, a
crane wall supporting a polar crane creates a passage for promoting natural circulation in
the passive cooling mode. The crane wall also provides protection against missiles and
fluid jets. A second important feature which would play a key role in eliminating eventual
stratification is the low-elevation location of the steam exhaust lines from the calandria.
Upon opening of a passive valve, which is followed by calandria flooding, all decay heat is
removed in the form of steam released from the calandria. This steam will establish
circulation patterns by entrainment of stagnant containment atmosphere in turbulent buoyant
plumes rising from the valve exhaust piping to the top of the building.

Another important characteristic of the PTLWR containment is the flooding pool. Its
primary purpose is to flood the calandria and to provide a heat sink for the fuel. In the long
term, it also absorbs significant energy as sensible heat and decreases heat load on the
containment shell. The volume of the flooding pool is sized (4200 m^) to release its
sensible heat gradually during the long-term pressurization period until the pressure peak is
passed, thus decreasing both the rate of pressure rise and the magnitude of the peak. This
approach has the advantage of allowing early steam release (after the flood water in the
calandria, not the whole pool, reaches the saturation temperature) from the calandria in the
form of a jet, thus promoting containment atmosphere mixing.

The GOTHIC code was used to analyze the typical accident scenario for the proposed
PTLWR-- the double-ended rupture of a hot header at the surge line connection combined
with isolation valve failure. The pressure history predicted by GOTHIC has been
discussed in Section 2c, and shown in Figure 5. The other valuable predictions obtained
from GOTHIC for this accident scenario pertain to the temperatures of the calandria and
flooding pool throughout this transient, which could not have been obtained from
CONTAIN. In particular, the later time for the long-term pressurization initiation predicted
by GOTHIC is the consequence of the more exact treatment of integrated pool-calandria-
containment system using GOTHIC. This treatment shows that the pool will reach
saturation at a later time than predicted by CONTAIN. The temperature histories of the
flooding water in the calandria and the pool are shown in Figure 14. Water in the calandria
reaches the saturation temperature at about 1000 seconds; afterwards the temperature is
maintained at the saturation temperature corresponding to the partial steam pressure. The
temperature of the pool remains below saturation temperature during the entire transient.

It should be noted that, recently, considerable attention has been paid to containment
performance in severe accident sequences resulting in core melt. This is very unlikely in
the PTLWR design because:

• the system is passive, works at low pressure and does not depend on electric power,
• there are several redundant and diverse valves, and
• there is a long time available for the operator to initiate flooding manually, if
everything else fails.
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4. GOTHIC CODE PREDICTIONS FOR
A LARGE RATING LIGHT WATER REACTOR

Passive heat rejection can be achieved by significantly enhancing the heat transfer from the
containment boundary to the environment. This can be done by increasing the surface area
and free volume of the containment building, and/or by increasing the effective heat transfer
coefficient at the interface between the containment and the environment. An increase in
surface area and free volume of the containment results in increased construction costs, and
also posses some problems in the manufacturing and assembly of the shell (if a steel shell
enclosure is selected). Steel is the preferred shell material because of its high conductivity,
which facilitates the transfer of heat from the inside of the containment to the exterior of the
shell. The increase in effective heat transfer coefficient has been achieved by exploiting
phase change phenomena. For example, the AP600 is designed with a passive spray
system that delivers water on the top of the containment shell; the heat transfer is thus
increased by more than an order of magnitude on the wetted area relative to that achieved by
the convection of air alone. To get similar performance in a large rating reactor, the heat
transfer increase needs to be significant if the size of the containment is maintained
comparable to that of currently operating light water reactors, which include active heat
removal systems.

The selection of a containment configuration for the passively cooled large rating PWR was
made based on pre-existing PWR containments, and their suitability to having specific heat
rejection features incorporated into the design. The EBASCO-designed free standing
cylindrical steel shell with a concrete shield building was chosen. The advantages of using
a proven containment concept as a starting point for the proposed design are twofold; first,
the technology to construct such a design is readily available, and the cost effectiveness
(excluding implementation of exceptional heat rejection features/systems) is proven.



The main scope of GOTHIC runs for the large rating PWR is to evaluate the heat rejection
capability of a containment equipped with specific features such as an external moat. To
incorporate this feature into the design without significant increase in construction cost, this
pool has to be located at the bottom of the containment shell. For such a low-lying pool to
maintain its effectiveness, it is necessary to prevent significant thermal stratification inside
the containment. This means that other systems/features (e.g., a baffle wall that enhances
convection inside the containment) may need to be added to get proper mixing of the
atmosphere.

From the standpoint of adaptability to specific heat rejection features, the EBASCO-
designed containment can easily be adapted for convection of air in the annulus formed
between the steel shell and the concrete shield. Furthermore, the steel shell provides a path
of little thermal resistance to a water body that surrounds the containment. The
combination between enhanced convection to the air (due to the transition from flat plate
convection to duct flow) and rejection of heat to an external water body significantly
augments the heat rejection capability of this proposed large rating PWR containment
design.

Figure 15 shows the schematic of the proposed large rating PWR containment design.
Figure 16 illustrates the corresponding modeling of subvolumes in GOTHIC. The
containment used as a base for the design is the Waterford 3 PWR containment, i.e., the
dimensions and compartmentalization of volumes, the size and location of heat sinks, and
the modeled accident scenarios were tailored from Waterford 3 FSAR information [Ref. 7].
The design-pressure-setting accident for currently operating reactors is the double-ended
large break LOCA. For all runs discussed in this paper, the large break LOCA accident
scenario was input into GOTHIC. Note that beyond design basis accidents will be
evaluated once a more definitive design is set forth. Also, the main steam line break
accident scenario has to be analyzed, since a high break is expected to lead to thermal
stratification in the containment, which decreases the efficacy of low-lying heat rejection
features.

The containment has a 60m diameter and is approximately 60m high4. The concrete shield
building is 1.75m thick. The gap between the steel shell and the concrete shield is 0.25m.
The concrete shield is equipped with air-intake vents in the middle (i.e., 30m above ground
level). The lower half of the steel shell is covered by water. The external water body can
have either of two forms: it can be a pool that is confined by the steel shell on one side and
by the concrete shell building on the other, or it can be a large moat.

The external pool configuration that has been studied to date is the moat, i.e., the lower half
of the steel shell was submerged in a large body of water5. The moat modeled in GOTHIC
is very large and thus remains at ambient temperature throughout the transient. Heat
transfer from the steel shell to this moat thus occurs through free convection, and the steel
shell area covered by water remains constant throughout the transient. Furthermore, a
large internal water pool was added to the design. The internal pool covers the lower 10m

4Note that other large rating LWR containment configurations proposed for entirely passive cooling are 20
to 35% larger in volume than that used for the current analyses.
5In the case of an external moat, the submerged portion of the concrete shield building has to allow for
significant fluid flow between the annular region of the pool and the region of the pool outside the concrete
shield.
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of the containment. The large volume of this internal pool adds a significant in-containment
heat sink. Furthermore, the surface area of this pool (which does not reach saturation
during the 3 day transient modeled in the current study) provides a very effective
condensation surface for containment atmosphere vapor.

The principal heat rejection features proposed for the large rating PWR containment were
evaluated individually and as groups; Figure 17 illustrates the containment configurations
that were modeled in GOTHIC. Figure 17a corresponds to a containment that consists of
only a steel shell that is exposed to the atmosphere; in this case, heat rejection to
environment occurs through flat plate convection to the air. Figure 17b corresponds to a
containment that consists of a free standing steel shell surrounded by a concrete shield; in
this case heat rejection to the environment occurs through convection to the air flowing
through the annulus, which is effectively duct-flow. Figure 17c shows a configuration
similar to that of 17b, but to which an internal baffle has been added; the baffle enhances
circulation inside the containment and thus increases the rate of heat transfer to that steel
shell. Figure 17d shows a configuration also similar to that of 17b, but to which an
internal pool has been added; the internal pool occupies the lower 10m of the containment,
and thus its surface is available for very effective steam condensation, and the body of
water is available as an additional in-containment heat sink. Figure 17e shows a
configuration that corresponds to a containment such as that of 17b, but in which the lower
half of the containment is submerged in a large moat; in this configuration heat is rejected
through the steel shell directly to the moat in the lower part of the containment, and to the
air-steam mixture flowing through the annulus on the upper pan of the containment.
Finally, Figure 17f shows a configuration that combines the internal pool and external pool
features; in this case, heat steam condensation inside the containment is augmented by the
availability of the large surface of the internal pool, and heat rejection to the environment
occurs through heat transfer to both the external pool and the convecting air.

Figure 18 shows the pressure history in the lower containment central cell for a large break
LOCA accident predicted by GOTHIC for each of the containment configurations described
above. This figure allows a preliminary rating of containment features according to their
effectiveness. All curves show two pressure peaks. The first one occurs during the
blowdown period, and its magnitude is largely insensitive to the incorporation of heat
rejection features. The second one (which is the peak pressure for the three day transient
modeled in these runs) occurs due to decay heat release and is strongly dependent on the
heat rejection features incorporated in each containment configuration.

As expected, the shell containment cooled by air convection alone yields the highest peak
pressure. Duct-convection of air has a larger heat transfer coefficient, and consequently the
peak pressure is lower in the configuration that has an air-only annulus. The addition of a
baffle, which increases circulation inside the containment, to an air-only annulus
configuration (as shown in Figure 17c) has practically no effect on the overall performance
of the containment.

A significant effect is however observed when a water body is modeled as a containment
cooling feature. The peak pressure is significantly decreased when an internal water pool is
added. The internal water pool (as shown in Figure 17d) covers the lower 10m of the
containment and thus decreases the interior containment surface area available for steam
condensation. However, the pool surface area, which is larger than the containment
surface area occupied by the pool, becomes an additional steam condensation surface. The
net effect is a significant reduction in peak pressure.
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The most effective heat removal feature is the external pool. The GOTHIC model that
includes a moat (as shown in Figure 17e) yields the lowest peak pressures. For the
reference containment used for input into GOTHIC, the relatively small size of the
containment limits the peak pressure reduction that can be attained with any heat rejection
feature or combination of heat rejection features. However, even for such a small
containment, the combination of an air-annulus, an external moat, and an internal pool
yields a peak pressure of less than 65 psia. Note that for the moat to be effective,
condensation must occur on the adjacent inner containment wall; heat transfer would be
significantly curtailed by an inner water pool.

The heat rejection and storage rates predicted by GOTHIC for the internal pool
configuration (Figure 17d) and the external moat configuration (Figure 17e) were plotted
separately on Figure 19 and 20, respectively. As can be seen from both figures, the heat
rejection to the water body constitutes the principal heat sink in either case. Furthermore,
the water bodies provide additional driving force for the convection of the air-steam mixture
inside the containment. The fact that proper mixing of the containment atmosphere occurs
is essential since thermal stratification inside the containment would decrease the rate of
heat transfer to the water heat sinks by effectively lowering the temperature difference
between the water body and the adjacent air-steam mixture.

5. CONCLUSIONS

The GOTHIC code is a valuable tool for containment analysis because of the soundness of
the physical models employed and because of its relative ease of use. However, run times
can be significant when detailed analyses are required. The optimization of computational
time steps according to fundamental physical principles that dominate specific time intervals
of a transient can shorten the total duration of a run. Caution has to be exercised in
verifying the choice of time steps. Furthermore, total run times can be reduced if only
sections of a system are modeled. Given the inherent symmetry in containment design, a
quarter- or even an eighth-section will yield results equivalent to those obtained when a full
containment is modeled (provided that mesh dimensions remain the same, and that all
necessary input data is proportionally down-scaled).

The GOTHIC code predictions also compare favorably with predictions obtained using
CONTAIN, which is a widely used containment analysis tool. The discrepancies between
the results obtained from CONTAIN and GOTHIC are expected because of the simplifying
assumptions employed in both codes. Furthermore, obtaining detailed spatial information
from CONTAIN requires tedious input preparation, while the multi-dimensionality of
GOTHIC readily yields the required data. This becomes very important when thermal
stratification considerations are present, as in the case of the PTLWR and the large rating
PWR containment designs.

The detail of the physical models employed in GOTHIC also make it easily adaptable for
specific applications. This is a very important characteristic when innovative features have
to be modeled. In this work for example, the proper treatment of annulus heat transfer is
essential, because any approximations have significant impact on the results obtained.

Analyses presented in this paper confirm that the maximum pressures reached in the
proposed containments with passive cooling remain within the range of design pressures
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for large dry containments of currently operating PWRs (less than 0.3 MPa for the PTLWR
containment and 0.45 MPa for the large rating PWR containment). In the PTLWR
concept, the main reasons for the feasibility of air cooling only is the large free volume, the
large heat capacity of the water pool, and the large heat storage capability of internal heat
structures, primarily concrete. In the large rating PWR concept, the addition of large
external and internal water bodies, and the increase in heat transfer to convecting air make
passive cooling feasible even for a relatively small containment. However, further studies
have to be carried out to ensure that the proposed large rating PWR containment design can
be passively cooled during main steam line break accidents and during beyond design bases
accidents (including those involving hydrogen generation and steam explosions).
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PASSIVE HEAT TRANSPORT IN ADVANCED CANDU CONTAINMENT
M. Krause and P.M. Mathew

1. INTRODUCTION

A number of promising concepts have been identified for the passive heat removal following a
postulated accident in an advanced CANDU [1]. As part of the overall passive safety concept,
the containment system would provide the necessary cooling of the containment atmosphere, and
thus limit containment pressure, without the use of active safety systems or operator intervention.

The passive containment design relies on steam condensation as the main mode of heat removal
from containment. Therefore it must be shown that free convective steam condensation can
provide sufficient heat removal to prevent over-pressurization of the containment shell. The free
convective flows may necessitate multi-dimensional flow modelling to predict heat removal
rates, gas and temperature distributions and containment pressure. A commercial CFD code,
GOTHIC (owned by EPRI), was selected for this program, because it offers multi-dimensional
flow modelling in addition to the traditional lumped-parameter containment modelling and is
easy to implement for full scale containment modelling. It has a good validation base for
lumped-parameter and pressure-driven flows, but has not been used extensively for multi-
dimensional, buoyancy driven flows. Therefore, a general-purpose CFD code, PHOENICS
(owned by CHAM), was used to compare with GOTHIC results.

This paper presents flow modelling results from GOTHIC and PHOENICS models for a
CANDU-3 typical containment, incorporating certain passive containment features. The model
geometry is a coarsely-meshed three-dimensional cartesian representation of a modified
CANDU-3 typical containment, with enhancements for free-convective gas mixing. The
objective of this comparison exercise was flow modelling under natural convective conditions.
Although steam condensation is an important heat removal mechanism in containment,
PHOENICS cannot readily model condensation on walls with noncondensable gases present.
Therefore, steam condensation was not modelled for this comparison exercise. To facilitate
direct comparison of results, the break was simulated by a constant-flow, constant-temperature
nitrogen source and a constant temperature was applied to the outside walls. The comparison
was based on the predicted pressure transient and local temperature and gas concentrations.

2. MODEL DESCRIPTION

Because of differences in the codes, the GOTHIC and PHOENICS discretizations of the
CANDU-3 geometry are slightly different and are shown in Figures 1 and 2. GOTHIC can
accommodate both subdivided and lumped parameter volumes, resulting in less nodes needed for
an adequate representation of the containment than in PHOENICS, which has only one solution
domain. Furthermore, GOTHIC uses a simple one- dimensional model for the solid walls,



allowing fine subdivisions through the wall, whereas PHOENICS includes wall regions in the
overall fluid solution domain, significantly increasing the number of nodes.

The GOTHIC model consists of two subdivided and three lumped volumes, as shown in Figure
1. The accessible area (volume 5) is subdivided into nine cells in both horizontal directions and
six vertical levels, resulting in 486 nodes. While volume 5 extends over the entire containment,
some of its nodes are blocked to model walls and space occupied by other volumes. The outlet
vault and steam generator enclosure are modelled as one subdivided volume (volume 3) with two
by three cells horizontally and five vertical levels. The shield tank area, inlet vault and fuel
machine maintenance lock are modelled using lumped parameter volumes. Flow connections
simulate openings between volumes and wall heat sinks are modelled using 1-D thermal
conductors (not shown for clarity). The nitrogen inflow is prescribed through a fixed mass flow
rate and temperature entering the outlet vault.

The PHOENICS model consists of a single subdivided volume with 16 by 13 horizontal nodes
and six vertical levels as shown in Figure 2. The grid was defined in such a way that nodes are
located in the same positions as in the GOTHIC model, allowing direct comparison of nodal
values between the two models. Null cells are used to model walls while ceilings are modelled
by blocked cell faces. Because openings between cells cannot be specified directly, cell or face
porosities are used to prescribe a flow crossectional area, e.g. a door between two rooms. The
nitrogen inflow enters the outlet vault with a fixed mass flux, velocity and temperature.

The comparison of the two models was performed under the following conditions, applied in
both models: With the containment initially filled with air at STP, the inlet boundary condition
used was a constant Nitrogen mass flow of 823 kg/s at 200 °C for 70 s. This mass flow is
approximately equal to the time-averaged volumetric flow of vapour from a CANDU-3 break. A
constant temperature of 30 °C was prescribed on the outside surface of the outer walls for the
duration of the simulations with an initial temperature of 30 °C prescribed for the entire model.
Properties of concrete were used for all wall regions in GOTHIC and heat transfer by turbulent
convection was modelled using the built-in heat transfer package. Heat transfer to the walls was
modelled in PHOENICS using a constant heat transfer coefficient.

Difficulties in model development with PHOENICS necessitated several simplifications, one of
which was the use of nitrogen rather than steam. Fluid-to-wall heat transfer correlations for
convection and condensation cannot be readily incorporated into the PHOENICS model, whereas
they are available in GOTHIC. Although conjugate heat transfer (fluid convection and
conduction in solids) is available in PHOENICS to model heat transfer between fluid and solid
regions of the model, its activation resulted in erroneous pressure predictions and convergence
problems. Furthermore, because the wall regions are part of the solution domain in PHOENICS,
they cannot be modeled in detail, without prohibitive computation time penalties. In contrast
GOTHIC treats solid walls separately from the fluid solution domain by modelling them as one-
dimensional thermal conductors, connected to a cell. Therefore, the heat conduction in the walls



can be modelled in more detail. In this program PHOENICS was used to verify that GOTHIC
predicts reasonable fluid velocity, temperature and concentration fields in a three-dimensional
containment model during and shortly after a mass-inflow transient, because PHOENICS has a
much larger validation base for multidimensional fluid flow modelling than GOTHIC.

2.1 PHOENICS Model

PHOENICS solves the discretized equivalent of sets of differential equations which are, for
single-phase flow, of the general form [2]:

+ div (pvq> - pr^gradcp) - S 0)

where t is time,
p is the density,
O is any conserved property, such as enthalpy,
Vfl, is the velocity vector;

r^, is the diffusion exchange coefficient of <&, and
S is the source term for O.

The mass continuity equation is derived from (1) when O is set to unity.

The solution variables in the PHOENICS model were limited to the pressure, velocity, enthalpy
and concentration in the fluid domain of the containment model. All terms of the governing
transport equations were solved, except for the mass diffusion term. Mass diffusion is currently
not included in GOTHIC, and therefore was also neglected in the PHOENICS model for this
comparison. The whole-field solution method was used for all scalar variables, and
underrelaxation was employed for all variables, to aid convergence. The ideal-gas
approximation was used for property calculations for the compressible gas. The effect of gravity
was simulated with a constant force field, resulting in a downward-directed momentum source
proportional to the cell mass. Cell porosities were imposed to conserve the total free volume of
the containment (39 100 m3) and the free volumes of individual rooms. The flow was assumed
to be laminar with wall friction on all solid surfaces (walls and ceilings). A PHOENICS
simulation was performed at 1-s time steps for 500 s. Good convergence was obtained in the
calculations.

2.2 GOTHIC Model

GOTHIC solves the same general equation as PHOENICS, equation (1), in cartesian coordinates
for the mass balance of four phases (steam, liquid, drops and ice) and for each noncondensable



gas component. Energy and momentum conservation equations are solved for three fluid phases,
vapour (steam and gases), liquid and drops.

GOTHIC has many built-in features directly applicable to containment analysis, such as wall
heat transfer correlations for convection and condensation [3], separate modelling of thermal
conductors allowing surface area and thickness specification independent of the fluid modelling
geometry, and empirical loss coefficients for flow connections. These features make GOTHIC
more flexible than PHOENICS in modelling containments. For example, the heat transfer to
internal structures or the flow through doorways can be defined without changing the solution
domain geometry to include the physical dimensions of internal structures or doors. For this
comparison, the internal structures were not modelled as heat sinks, but their contribution to cell
volume decrease was included. Whereas cell and face porosities were employed in PHOENICS
to accomplish this, in GOTHIC the volumes of the lumped parameter nodes and flow areas
through doors were specified. In the subdivided volumes, the flow restriction effect of internal
structures was accounted for by reducing cell-to-cell flow areas accordingly. In the GOTHIC
model, heat transfer between the gas and the concrete walls was by natural convection. There is
no user control over the solution procedure, variable relaxation and time step. GOTHIC
automatically ensures convergence and adjusts the time step accordingly; typical maximum time
step in this simulation was 0.1 second.

3. MODELLING RESULTS FROM GOTHIC/PHOENICS COMPARISON

The results from the GOTHIC and PHOENICS simulations are compared on the basis of
predicted overall containment pressure, and the predicted velocity, temperature and concentration
fields at various times. Figure 3 shows the absolute pressure transients predicted by PHOENICS
and GOTHIC. In GOTHIC the built-in heat transfer package calculates the heat transfer to the
walls using the maximum heat transfer coefficient from turbulent forced and turbulent free
convection. Turbulent forced convection is calculated using the Dittus-Boelter correlation [4]
and turbulent natural convection is given by Me Adams [5]. Two PHOENICS simulations were
performed, one without any heat transfer to the walls (h=0) and one with a constant heat transfer
coefficient of 50 W/(m2K) (h=50), a heat transfer coefficient approximately equal to the one
resulting from the GOTHIC heat transfer package. Predicted peak pressure is marginally higher
with the GOTHIC model and a similar pressure decrease is predicted by both models which
account for heat transfer to the containment walls. Since pressure is a measure of the overall
energy content of the containment, good agreement between GOTHIC and PHOENICS for
overall containment pressure, as shown here, is necessary before any further comparisons.

Figure 4 shows the gas concentration (of the incoming nitrogen) from the three models at three
elevations in the containment. GOTHIC predicts a well mixed atmosphere shortly after the end



of the break, while both PHOENICS models show more stratified conditions. Without wall heat
transfer the atmosphere remains stratified (solid curves) with high nitrogen concentrations near
the top of the containment. However, with heat transfer to the containment walls (dotted curves)
convective currents are induced, promoting gas mixing resulting in a well mixed atmosphere at
the end of the transient simulation. This demonstrates the effect of heat transfer on gas mixing.
The final nitrogen concentration under well-mixed conditions are similar with GOTHIC and
PHOENICS, as would be expected from an overall mass balance.

The temperature predictions are significantly different in GOTHIC and PHOENICS, as shown in
Figure 5. GOTHIC predicts a peak temperature of 210 °C, while PHOENICS shows over 250 °C
near the top of the containment. The temperature distributions are also much more stratified in
the PHOENICS models. A comparison of velocity fields showed that, in general, GOTHIC
predicts higher velocities, and thus more convective mixing, throughout the simulation.

4. CONCLUSION

GOTHIC proved to be much more suitable for post accident containment analysis than
PHOENICS; it has a better user interface resulting in shorter model setup time. Important
physical phenomena, such as steam condensation with noncondensable gases, can be easily
incorporated into this containment model to make it more realistic. GOTHIC has a good
validation base for containment analysis (lumped parameter) and many built-in models (gas
properties, heat transfer correlations, hydrogen burning (planned)). However, the generation of
the grid for a subdivided volume is time consuming and changes cannot be implemented easily.

This study showed that PHOENICS is not well suited for post-accident containment analysis.
Although it has capabilities for modelling two-phase flow, multiple gases and conjugate (fluid to
solid) heat transfer, it cannot model condensation heat transfer to walls in the presence of
noncondensable gases. It has, however, some advantages over GOTHIC, namely direct control
over solution process, time-step, relaxation, etc., easier setup and change of modeling geometry
(grid refinement), better vector and contour plots (postprocessor), and turbulence (k-epsilon) and
combustion capabilities.

Validation of GOTHIC for three-dimensional containment modeling has been performed against
a similar PHOENICS model. From the good agreement of the results (except for the
stratification in PHOENICS vs. good mixing in GOTHIC) with a simplified PHOENICS 3-D
model it can be concluded that GOTHIC is suitable for multidimensional modeling of passive
CANDU containments. However, the reason for GOTHIC to predict a much more homogeneous
atmosphere than PHOENICS needs further investigation.



Because of the long run-times involved in any detailed three-dimensional containment
modelling, it is suggested that parametric studies on heat transfer enhancements are done using
lumped parameter or one-dimensional models. Once the parameters have been established, a
three-dimensional GOTHIC model should be used to provide an estimate on temperature,
velocity and concentration fields. This would be necessary to assess possible stratifications and
hydrogen pockets inside the containment.
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PHASE DOPPLER ANEMOMETER - COMMISSIONING TESTS FOR MEASUREMENT

OF WATER AEROSOL SIZES AND VELOCITIES IN FLASHING JETS

S. R. Mulpuru, R. Balachandar and M. H. Ungurian

ABSTRACT

AECL Research, Whiteshell Laboratories, Pinawa, Manitoba, Canada ROE 1L0

A state-of-the-art phase Doppler Anemometer (PDA) has been commissioned at AECL Research, Whiteshell
laboratories to undertake the measurement of size and velocity of water droplets generated in flashing jets.
Experimental data on size and velocity distribution of water aerosols in flashing jets are required to support
licensing of current multi-unit and single-unit CANDU (CANada Deuterium Uranium) stations. This paper
presents the methodology involved in choosing the magnitudes of the various operating parameters of the
PDA such as laser power and sensitivity of photomultiplier tubes in obtaining the experimental data. The
various calibration and validation procedures used are also discussed. Size and velocity distributions in a
typical flashing jet are presented.



PHASE DOPPLER ANEMOMETER - COMMISSIONING TESTS FOR MEASUREMENT OF
WATER AEROSOL SIZES AND VELOCITIES IN FLASHING JETS

S.R. Mulpuru, R. Balachandar and M.H. Ungurian

1. INTRODUCTION

During some postulated accidents involving a break in the primary heat transport system of a nuclear power
reactor, the high-enthalpy liquid containing dissolved fission products can discharge into the containment in
the form of a flashing jet. The effluent jet consists of a two-phase mixture of steam and small water
droplets generated by flash boiling and aerodynamic fragmentation of water. These droplets can act as
carriers of activity. Experimental data on size and velocity distribution of the droplets are required to support
safety and licensing calculations on the transport of fission products in the containment.

A state-of-the-art phase Doppler anemometer (PDA) has been acquired and commissioned at AECL
Research, Whiteshell laboratories to obtain experimental data on the size and velocity of water droplets in
flashing jets. The principle of operation of the PDA involves splitting coherent light from a laser into two
equal beam and focussing them to cross at a measurement location, thus setting up an interference pattern.
When a water droplet crosses this pattern, the light is scattered in the form of a doppler burst The doppler
signals are detected by two or more photomultiplier tubes located at an optimal angle with respect to the
plane of the two incident beams. The velocity of the droplet is determined from the frequency of the signal
and the local radius of curvature of the droplet (size) is determined from the phase difference in the signals
received by the two or more photomultiplier tubes. The PDA has been chosen for a number of reasons.
First, it enables measurements within a flashing jet in a non-intrusive manner. Second, it is fast (raw data
obtained in seconds) and finally, it yields both size and velocity information simultaneously at the location
of measurement.

This paper discusses the methodology involved in choosing the magnitudes of the various operating
parameters of the PDA such as laser power and sensitivity of photomultiplier tubes in obtaining the
experimental data The various calibration and validation procedures used are also reported. Typical
examples of water aerosol size and velocity distributions in a flashing jet are presented.

2. EXPERIMENTAL SET-UP

Figure la shows a schematic of the experimental set-up used in the present study. The facility was
instrumented with pressure transducers and thermocouples at various locations. The data from these devices
were recorded by interfacing with a computer. The pressure vessel (pot boiler) was initially filled with water
to about two thirds of its height and boiled at atmospheric pressure for approximately 30 minutes to liberate
any dissolved gas in the supply system. A vent at the top of the vessel was closed and the vessel was
gradually pressurized to the required value by filling in nitrogen gas from the top. The water was heated
to the required temperature by means of a heating source inside the vessel. After the test conditions were



attained, the pipe connecting the pressure vessel to the nozzle arrangement was heated to the required
temperature. This line is also insulated to prevent heat loss. Figure lb shows a schematic of the flashing
jet created by discharging the high enthalpy water through a nozzle (sudden contraction, diameter = 0.61
mm, throat length = 6.1 mm). The axial direction of the jet is denoted as the Z-axis, while the vertical and
horizontal directions at a given Z station are denoted as the Y and X axis respectively.

At any point in the flow field of a flashing jet, the particle size and velocity are simultaneously measured
using the PDA. The present system uses a variable power, water cooled Argon-Ion laser (Wave length =
514.2 nra). A fibre optic probe fitted with a lens of focal length 300 mm forms the transmitting optics.
The receiving optics has three photomultiplier (PM) tubes with built-in pre-amplifiers to obtain frequency
and phase information contained in the Doppler signals.

3. VELOCITY AND SIZE CALIBRATION

Calibration of both size and velocity was carried out to ensure accuracy of measurements and validation of
the procedures used. This required conducting measurements in previously well established flow fields
seeded with particles of known size distribution.

3.1 Particle Velocity

To carry out the calibration of particle velocities, a TSI flow calibrator (Orifice arrangement, Model 1125)
was used to generate a jet flow. Filtered air was used as the test fluid. The air was passed through several
turbulence management screens prior to entering the orifice. Attempts were made to measure the velocity
of the flow just outside the orifice mouth. No measurements were possible as the air was free from any
extraneous particles. The flow was artificially seeded with water particles (< 5.0um) generated by a custom
made aerosol generator. The seeds were introduced well ahead of the orifice mouth. The PDA system was
used to measure the velocity of particles in the potential core of the jet formed at the mouth of the orifice.
The operating parameters of the PDA system were set to match the conditions necessary to measure water
droplets in an air medium. Figure 2 shows excellent agreement between the measured values and those
calculated by using the pressure drop across the orifice.

3.2 Size Measurement of Glass Beads

Monodisperse Soda l ime glass beads of three known size distributions (Manufacturers specifications:
Nominal diameter = 22.1 + 1.5um, 58.9 + 3.5um and 85.3 + 4.3um) were chosen as the test particles for
the validation of the size measurement. The test particles were injected uniformly in an air medium flowing
into the TSI flow calibrator well ahead of the orifice mouth. It should be noted that the PDA operating
parameters were reset to match the conditions required for the measurement of glass beads (as opposed to
water droplets). The receiving optics scattering angle was set at an off axis angle of 67 degrees to receive
scattered light in the first order refraction mode. Figure 3a shows the count-size histogram for a nominal
diameter of 58.9 um. The mean diameter measured by the PDA (58.3 urn) is within the manufacturer's
specification. Similar results were obtained for the other two sizes of glass beads. The relative span factor

for each set of data were calculated and found to be approximately 0.3. Here, D10, D^



and Dgo represent the value of the diameters at which the cumulative volume reaches 10, 50 and 90%
respectively. A small relative span factor indicates that all of the particles are nearly of the same size
(monodisperse). Figure 3b shows the count-size histogram obtained for a random mixture of the three sizes
of monodisperse particles. It can be noted from this figure that each one of the three sizes of monodisperse
particles are individually identified in the histogram indicating a trimodal distribution. This clearly shows
that the PDA system responds accurately to a range of particle sizes.

3.3 Sphericity

The ability of the PDA to check the particle sphericity was evaluated using again the monodisperse,
spherical glass beads. The allowable maximum deviation of any particle from a perfect spherical shape was
set at 5%. It was found that at least 99% of all the particles traversing the measuring volume passed this
test.

3.4 Laser Power and Photomultiplier Tube

It is well known that the power of the laser source has some effect on the measurement of the particle size.
To determine this effect, measurements were conducted in air jets using monodisperse glass beads as the
test particles. Tests were also conducted in flashing jets over a range of laser powers.

3.4.1 Effect of laser power on glass bead size measurements

Figure 4a shows the size-count histograms obtained at various laser powers for measurements conducted
in air jets seeded with glass beads of nominal diameter 58.9 urn Essentially the same histograms are
obtained at all laser powers with the exception that a small fraction of the particles in the lower range (<
lOum) are not identified at the lowest laser power of 0.1 W. Figure 4b shows the variation of mean
diameter with laser power for the three different sizes of monodisperse particles. The PDA measurements
indicate that the glass bead size measurements are essentially independent of the power of the laser source.
One should bear in mind that the glass beads are essentially monodisperse and are not indicative of the
actual conditions in a flashing jet where the size distribution of water droplets could be polydisperse
extending to much smaller sizes than those of the glass beads.

3.4.2 Effect of laser power on water droplet size measurements in a flashing jet

A larger droplet will scatter more light than a smaller one, at the same scattering angle. At a given intensity
of the transmitting beams, an increase in the sensitivity ( high voltage/ HV gain) of the photodetectors
enables detection of smaller droplets. Similarly, for a given setting of the HV gain, an increase in the
intensity of the transmitting beams, increases the scattered light intensity, which in turn, enables detection
of smaller droplets. The size distribution of droplets, especially in the smaller sizes, is thus sensitive to both
laser power and HV gain.

The effect of the two variables, laser power and PM tube sensitivity, was investigated through a series of
measurements in a typical flashing jet. The test pressure was 4 MPa and the corresponding temperature was
230°C. The signal-to-noise ratio (SNR) was held constant at 0 db. The laser power was varied from 0.5



W to 3.5 W and the PM tube HV gain was varied from 800 to 1200 V. The minimum sample size of
the data acquired for each measurement was fixed at 3000. Measurements were conducted at two axial
locations (Z/D = 800 and 2400). Figure 5a shows the variation of acceptance rate with PM tube HV at
various laser powers at an axial location Z/D = 800. Here, acceptance rate is defined as the percentage of
the data that passes the validation criteria as dictated by the SNR and sphericity. One would be interested
in obtaining data at as high an acceptance rate as possible. A lower acceptance rate results in increased
acquisition time. It can be noted from Figure 5a that at lower values of HV, the acceptance rates are
independent of laser power and the rates are very close to 100%. However, at any given laser power, with
increasing HV, the acceptance rate decreases. At a laser power of 3.5 W, the acceptance rates are about
95% and 80% for a HV gain of 1000 and 1200 respectively. Furthermore, with increasing laser power,
the acceptance rate decreases at any given HV. As seen from Figure 5a, at a HV gain of 1200 V, the
acceptance rate decreases from about 95% to 80% as the laser power increases from 0.5 W to 3.5 W.
Figure 5b shows the variation of mean diameter with HV gain and laser power for the same set of data.
Values of the mean diameter are fairly constant beyond a laser power of 2.0 W and a HV gain of 1000

V, i.e., any further increase in laser power or the value of HV gain does not result in any significant change
in the mean diameter.

For clarity, the data shown in Figures 5a and 5b are replotted in Figure 5c along with velocity, turbulence
intensity and volume median diameter at a HV gain of 1000 V. It is clear from this figure that velocity
and turbulence intensity are independent of the laser power. The acceptance rates are very high and close
to 100% at all laser powers for this setting of HV gain. The mean diameter and the VMD show an initial
decrease with increasing laser power, but remains essentially constant at laser powers greater than 2.0 W.

Figure 5d shows the normalized count - size distributions for the same set of data shown in Figure 5c.
The distribution shifts toward smaller sizes as the laser power is increased from 0.5 to 2.0 W. This is a
consequence of more smaller particles becoming visible at higher laser powers, i.e., the light scattered by
the smaller particles is of sufficient intensity to be recognised by the PM tubes. The convergence of
distributions at powers beyond 2 W indicates that almost all of the small particles present in the jet at this
location have been detected. Figure 5e shows the cumulative volume distribution at various laser powers
at a HV gain of 1000 V. Again, the distributions clearly converge as the laser power is increased and
the volume median diameter (VMD) remains fairly constant beyond a laser power of 2 W. Figure 6 shows
a set of count-size distributions at a farther axial location Z/D = 2400, obtained at various laser powers,
for a HV setting of 1000 V. Similar to the data obtained at Z/D = 800, the distributions at the higher laser
powers are shifted toward smaller sizes. There is again a convergence of the distributions beyond a laser
power of 2.0 W.

Another way to investigate the adequacy of the laser power is to examine the total number of counts
measured over a fixed interval of time at different laser powers. Figure 7a shows that the total number
of droplets measured by the PDA increases dramatically with the laser power up to 2 W, but remains
constant at higher powers indicating that a limit has been achieved in the number of droplets detected.
Figure 7b shows the size distributions corresponding to these counts. As the laser power is increased, the
distribution quite clearly shifts toward smaller sizes and again converges at laser powers beyond 2 W. An
interesting aspect that reinforces confidence in the measurements is that the larger particles measured at the
lowest power of 0.5 W are all accounted for at all of the higher laser powers.



Figure 8a shows the effect of data sample size on count-size distributions. With increasing sample size, the
number of counts at any particular diameter increases. Figure 8b shows the same set of data replotted in
a normalized fashion. It is clear from Figure 8b that the data collapse on to a single curve and thus are
independent of the sample size over the entire distribution. Figure 8c shows that the mean and volume
median diameter obtained for each one of the sample sizes are independent of the sample size. This
indicates that a sample size of 3000 would be sufficient to obtain the size information of the water droplets.

It should be borne in mind that operating the PDA system at very high laser powers, significantly decreases
the life of the laser tube. At the same time, operating the PM tube at high values of HV, at higher laser
powers, significantly decreases the operating life of the PM tube. These factors, coupled with safety
considerations (health, fire and invisible radiation), dictate the need to work at lower laser powers. However,
the need to obtain accurate data in the smaller size range (< 10pm) necessitates the use of a laser power
greater than 2 W. A value of 2.5 W for the laser power and 1000 for the HV gain will be adopted for
the regular measurements. These values are arrived at, based on the fact that there is insignificant change
in the value of the mean diameter and the volume median diameter with further increase in HV or laser
power. Furthermore, at these settings, the data acceptance rates are very high and the count-size distributions
show convergence.

It should be noted that in an earlier study, Bates et al. [1986], used a laser power of 25 mW in conducting
size measurements in a flashing jet [Test conditions: 2.9 MPa, 150°C]. It is appropriate to point out that
a portion of the smaller sized particles could have been invisible in their measurements. Furthermore, due
to equipment limitations, Bates et al. [1986] were able to conduct measurements only at the outer regions
of the jet especially at higher temperatures. In this work, measurements were conducted across the entire
cross section including the central region of the jet

3.5 Repeatability

To ensure repeatability of measurements, several measurements were conducted in a flashing jet at the axial
location of Z/D = 800. The reservoir pressure and temperature in this case were 4 MPa and 230°C. The
count-size histograms obtained under the same conditions, but on different days, over a period of about three
weeks, are shown in Figure 9a. This figure indicates a high degree of repeatability. Figure 9b shows the
mean diameter and VMD corresponding to the distributions shown in Figure 9a The variation in the mean
diameter is less than 1 um while the variation in VMD is less than 1,5 um.

4. MEASUREMENTS IN A TYPICAL FLASHING JET

Figures 10a and 10b show the radial distribution of the mean velocity at two axial locations in a flashing
jet generated from reservoir conditions of 4 MPa pressure and 230"C using a nozzle (diameter = 0.61 mm,
length/diameter =10). In these figures, a value of Y = 15 indicates the top portion of the jet while Y =
-15 indicates the bottom part of the jet at a given axial location. The velocity distributions show an
increasing spread of the jet with increasing distance from the exit of the nozzle and as in single phase flows
the centre line velocity is the maximum velocity at a given cross section. Figure 10c shows a typical
size-velocity correlation at a given location. Several such plots were observed and no clear dependence of



velocity on size was discernible. In earlier measurements, Bates et al. [1986], observed a similar
phenomenon.

Using distributions such as Figure 10a, the half widths (5) of the jet [the radial location where the velocity
is one half of the centre line velocity] were evaluated. Figure lOd shows the same set of data re-plotted
using 5 as the geometric normalizing variable. Also plotted in this figure are the values of velocities
obtained along the X - axis. All of the data seem to collapse on to a single Gaussian distribution with the
peak located at the centre of the jet. For qualitative comparison purposes, a typical velocity distribution
obtained in a single phase flow [Hetsroni 1971] is also shown in Figure lOd.

Figures 1 la and 1 lb show the variation of the mean diameter along the radius at the same two axial
locations. At a section closer to the nozzle (Z/D = 800), the droplets are larger along the mid portions of
the jet with the peak located below the centre of the jet. Farther from the nozzle (Z = 2400), however, the
size of the droplets increases in the vertically downward direction. This could be a consequence of
gravitational settling. Figures 12a and 12b show the variation of the volume median diameter along the
radius, at the two axial locations. At both locations, the VMD in general increases in the vertically
downward direction.

5. CONCLUSIONS

The following conclusions can be drawn from the commissioning tests.

1. The PDA system can measure particle velocities very accurately.

2. The PDA system can truly respond to the presence of glass beads of different sizes and accurately
measure their distributions.

3. Water droplet velocities and turbulent intensities measured by the PDA in a flashing jet are
essentially independent of laser power.

4. The laser power has a significant influence on the accuracy of droplet size measurements in a
flashing jet. As the laser power is increased from 0.5 to 2.0 W, the droplet size distribution shifts
toward smaller sizes, but converges at powers beyond 2 W. A laser power of 2.5 W will be
adopted for regular measurements.

5. The photodetector tube sensitivity (HV gain) also has a significant influence on the accuracy of the
size measurements in a flashing jet. As dictated by the convergence of the count-size distributions,
a HV gain setting of 1000 V will be adopted for regular measurements.

6. Water droplet size measurements in a typical flashing jet, conducted under the same conditions over
a period of three weeks, show a high degree of reproducibility.



7. The particle velocity-size correlation data obtained by the PDA in a typical flashing jet indicate that
the velocity is essentially independent of particle size. Bates et al. (1986) noticed a similar
behaviour.

8. The water droplet velocity in a typical flashing jet in a plane perpendicular to the flow axis exhibits
a Gaussian distribution similar to that observed in a single phase jet

9. The PDA is capable of measuring size and velocity distributions of water droplets along the length
and width of a flashing jet.
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EXPERIMENTAL STUDY OF AEROSOL REENTRAINMENT
FROM FLASHING POOL IN ALPHA PROGRAM

T. Kudo, N. Yamano, K. Moriyama, Y. Maruyama and J. Sugimoto

ABSTRACT

Aerosol reentrainment experiments are being performed as a part of the ALPHA (Assessment
of Loads and Performance of Containment in a Hypothetical Accident) program at JAERI
(Japan Atomic Energy Research Institute). The major objective of the experiments is to quantify
and characterize the reentrainment of the dissolved material from a flashing pool during the
rapid depressurization of a reactor containment vessel. Two experiments were performed. In
the experiments a water pool dissolving sodium sulfate as FP simulant was located in the
model containment vessel and the containment breach area was simulated with an orifice with
24 mm diameter. This orifice was estimated to give the same order of depressurization rate as
the case of BWR Mark I containment failure with most likely breach size. In the first experiment
ARE001, a pool water of 800 kg dissolving 50 kg of sodium sulfate was employed. The model
containment was depressurized from 1.5 MPa to 0.1 MPa in approximately 45 minutes. In the
second experiment ARE002, the mass of the pool water was reduced to 400 kg dissolving 25
kg of sodium sulfate. The internal pressure of the containment was decreased from 1.3 MPa to
0.1 MPa in approximately 40 minutes. At the beginning of the depressurization, the pool water
was heated to the saturation temperature at the internal pressure of the containment. The
entrained droplets were sampled during depressurization period. Sodium sulfate deposited in
all parts of the test facility was collected and weighed after the experiments. Results of the
experiments showed that very small fraction of the dissolved material (less than 0.03%) was
reentrained although approximately 20 % of water was evaporated from the pool water. The
reentrained mass predicted with the Kataoka-Ishii model was approximately 1/10 of the mass
evaluated in the experiments. This may be due to multi-dimensional features of the pool
geometry.

Severe Accident Research Laboratory, Department of Reactor Safety Research
Japan Atomic Energy Research Institute
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EXPERIMENTAL STUDY OF AEROSOL REENTRAINMENT
FROM FLASHING POOL IN ALPHA PROGRAM

T. Kudo, N. Yamano, K. Moriyama, Y. Maruyama and J, Sugimoto

1. INTRODUCTION

During a severe accident of a light water reactor (LWR), fission products (FPs) released from
the degraded core within a reactor pressure vessel will be transported into a containment vessel.
FPs will also be released in the containment vessel from the molten core interacting with
concrete basemat. It is considered that water pools in the containment such as the sump water
of a pressurized water reactor (PWR) and the suppression pool of a boiling water reactor
(BWR) accumulate radioactive materials by dissolving the FPs. In the course of the severe
accident, the internal pressure of the containment will be increased gradually due to the elevated
temperature and/or accumulation of steam and noncondensable gases. Furthermore, energetic
events such as direct containment heating, burning of combustible gases and steam explosion
may cause the rapid pressurization of the containment vessel. If the containment vessel fails
due to overpressurization or that is vented intentionally, inside of the containment will be
depressurized. It is estimated that the water pools in the containment would be heated at the
near saturated temperature by the mixing of the steam condensate and/or FP decay heat in the
pool. Therefore the water pool will be superheated and begin to boil in the course of the
depressurization. If the containment breach is large, the depressurization rate is fast and the
water pool boils violently. Dissolved materials will be entrained from the flashing pool and
become airborne in the form of aerosol particles. Since these aerosol particles will be released
to the environment with the leaking gases, it is important to quantify the entrained materials to
evaluate the source term of the accident.

A series of experiments were performed in the LWR Aerosol Containment Experiments (LACE)
program15 to investigate aerosol behavior in the containment during an LWR severe accident.
Two tests of the LACE program, LA5 and LA6, studied reentrainment of aerosol from a
flashing pool during rapid depressurization.2' A water pool of approximately 5 m3 containing
lithium sulfate (Li2SO4) as soluble material and zinc oxide (ZnO) as insoluble material was
located in 852 m CSTF vessel. The CSTF vessel was pressurized to 0.45 MPa and depressurized
to the atmospheric pressure within approximately 70 seconds in the both tests. The results
showed that the entrainment of lithium sulfate was very small and zinc oxide was not detected
in the CSTF atmosphere.

The LA5 and LA6 tests provided valuable data to evaluate aerosol reentrainment behavior and
thermal-hydraulic aspects in the containment during rapid depressurization. However the both
experiments provided the data for the quite limited experimental condition and extended database
is required to validate the models and evaluate accidental situations. Therefore a series of
experiments named aerosol reentrainment experiments have been initiated in the ALPHA program
to study entrainment of the dissolved material from the flashing pool by varying several
parameters such as depressurization rate, water depth and initial containment pressure. In the
first two experiments, the model containment was pressurized using mixture of steam and
nitrogen up to 1.5 MPa and 1.3 MPa, respectively, and the pool water was heated to the
saturated temperature at the pressure. By opening a valve rapidly, the gas in the containment
was released through a 24 mm diameter orifice which simulated the containment breach. The
orifice diameter simulated relatively small breach area which was same order of the most likely
leak area evaluated by the Containment Performance Working Group (CPWG).3) The
depressurization rate was much smaller than the LA5 and LA6 experiments. The findings from
the first two experiments of the aerosol reentrainment experiments are summarized in this
paper. The results were compared with prediction by an entrainment model.



2. DESCRIPTION OF EXPERIMENTS

2.1 Experimental Apparatus

The conceptual diagram of the aerosol reentrainment experiments is shown in Fig . 1. The
model containment vessel which has an inner diameter of 3.9 m, a height of 5.7 m and an inner
volume of 50 m3 was used to simulate the containment vessel of nuclear power plants (NPPs).
A one meter diameter and 2 m deep steel water pool was installed in the model containment
vessel. A grating floor in the model containment was chosen as zero level in elevation and the
top of the steel water pool was located at 2.45 m.

1 Steam Generator

Hot Water

Atmosphere Sampling ri- steam
System ' L 1

Depressurization System

.JVall Condensate
.Collector

f£i
Condensation

Tank

Superheater
Steam N 2 Supply Syslem

Fig. 1 Schematic Diagram of Aerosol Reentrainment Experiments

Depressurization system consisted of a discharge pipe, an orifice with 24 mm diameter, a valve
and a condensation tank. The discharge pipe was connected to a 20 cm diameter nozzle of the
model containment located at 2.7 m in elevation. By opening the valve, the internal gases of the
containment were released through the orifice and led to the condensation tank. The orifice was
used to simulate a breach area of the containment vessel of NPPs. The CPWG reviewed six
different types of containment vessels used in the US NPPs and identified the most likely
breach size for each containment.3) It was estimated that BWR Mark I containment (Peach
Bottom was chosen as a reference plant in the review) had the fastest depressurization rate
among the six containments when each containment had the most likely breach area. By
considering the volume ratio of the Peach Bottom containment to the ALPHA model containment,
the corresponding breach area of the ALPHA model containment was quantified so as to have
the same depressurization rate as the Peach Bottom containment. The orifice diameter to give
the breach area was 13 mm. However, a preliminary experiment using 12 mm dia. orifice
showed that the entrained aerosols were too small for reliable measurement. Therefore the
orifice diameter was increased to 24 mm in the present experiments.

The containment atmosphere was sampled before and after the depressurization period. By
measuring flow rate of aspired gases after condensing steam content, the volume fraction of
steam and nitrogen of the atmosphere was calculated. Two wall condensate collectors were
located at the inside wall of the containment to measure steam condensate flux. Entrained
aerosol droplets were sampled with cascade impactors.

Locations of thermocouples and pressure transducer in the model containment are presented in
Fig. 2. Pressure history in the containment atmosphere was measured using a strain gauge
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type pressure transducer. Temperature
distribution in the containment was measured
by 15 pairs of 1.6 mm diameter Type-K
thermocouple and a 3.2 mm diameter Type-K
thermocouple (TE-101). Differential pressure
transducers were employed for monitoring the
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temperature distribution, the pressure and the
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Pressure Transducer

•TF-171. 174

Pressure Transducer

Instrumentations for aerosol droplets are shown
in Fig. 3 . Entrained droplets were sampled
using Andersen type eight stage cascade
impactors. To avoid steam condensation inside
the cascade impactors, they were located in the
heater boxes inside the model containment and
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the containment atmosphere. Five deposition
dishes which have 78.5 cm2 cross section and
2.2 cm deep were used to collect samples of the
settled aerosols. Two of them were located on
the heater boxes and the rest were located on the
grating floor.

2.2. Experimental Conditions and Procedures

At the beginning of the experiments, condensed
solution of sodium sulfate was installed in the
water pool. The containment was heated and
pressurized by supplying superheated steam and
nitrogen gas. Some of the steam condensate was
mixed with the pool water and diluted the
solution. After the initial experimental conditions
were established for the containment atmosphere,
hot water was supplied from the steam generator
to adjust the depth and the temperature of the
pool to the initial experimental conditions. By
opening the valve which connected the
depressurization system to the containment, the
depressurization was initiated.

The conditions of the containment atmosphere
and the pool water at the start of the
depressurization are summarized in Table 1.
The major differences between the two
experiments were the quantity (depth) of the pool water and mass of sodium sulfate dissolved
in the water. However, concentration of sodium sulfate was approximately 6.25 mass % for

2.7m

Grating ]

Fig. 3 Instrumentations for Aerosol
Measurement



Table 1 Summary of Initial Experimental Conditions

Containment Atmosphere
Pressure
Temperature
Volume Ratio of Steam to N2

Water Pool
Liquid Depth
Surface Area
MassofNa2SO4

Liquid Temperature
Depressurization System

Orifice Diameter

ARE001

1.5MPa
471K
4 : 1

1.0m
0.785m2

50kg
473K

24mm

ARE002

1.3MPa
466K

5.7: 1

0.5m
0.785m2

25kg
467K

24mm

the both experiments. The
purpose of decreasing the water
quantity in ARE002 was to
reduce the depressurization rate
by decreasing steam supply
from the pool. Initial pressure
and the volume ratio of steam
to nitrogen in the containment
were also different.

The airborne droplets were
sampled using the cascade
impactors once in AREOOl and
three times in ARE002 during
the experiments. Sampling
periods are presented in Fig.
4 which shows pressure
history in the containment.
Since it was anticipated that the airborne mass concentration was very small, the sampling
periods were set to be 20 minutes except the first sampling in ARE002 whose sampling period
was 5 minutes. During the sampling period volume flow rate of aspiration gases should be
maintained constant in the cascade impactor. In the present experiments, mass flow rate of
nitrogen in the sampling gas was controlled to maintain constant by the mass flow controller
located after the steam condenser (see
Fig. 1) . Therefore the volume flow rate
in the cascade impactors was influenced
by the condition of the containment
atmosphere such as temperature,
pressure and volume ratio of steam to
nitrogen. In the first sampling in
ARE002, it was not possible to avoid
change in the containment atmosphere
condition. In all other sampling, the effect
of change in the containment atmosphere
was estimated to be slight.
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After the experiments, membrane filters
of the each stages of the cascade
impactors were washed with pure water
to dissolve sodium sulfate. The
concentration of sodium ion in the water
was measured with an ion
chromatograph, and the total amount of
the sodium sulfate was calculated from
the water volume. All components of
the test facility were cleaned with water
after the experiments. Samples taken
from the cleanup water as well as samplesFig. 4
of steam condensate were analyzed for
sodium ion, and the amount of sodium
sulfate deposited in the each components of the test facility was calculated.
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3. EXPERIMENTAL RESULTS AND DISCUSSIONS



3.1 Thermal-Hydraulics in Model Containment Vessel

50Q

45C

40C

35(

(1) Pressure
Figure 4 shows the pressure histories in the containment for the both experiments. The
containment vessel was depressurized from 1.5 MPato the atmospheric pressure for approximately
45 minutes in ARE001. In ARE002 it was depressurized from 1.3 MPa to 0.1 MPa in
approximately 40 minutes. Since it took 44 minutes for depressurization from 1.3 MPa to 0.1
MPa in ARE001, the depressurization rate was higher in ARE002. However the difference was
not so large, since the difference in the amount of steam generated during the depressurization
was much smaller than the steam existed in the containment prior to the depressurization.

(2) Temperature
Temperature histories of the containment atmosphere, the pool water and the inner surface of
the containment wall in ARE002 are presented in Fig. 5. Thermal stratification was found in
the containment before the depressurization. This can be attributed to the fact that nitrogen at
the room temperature was introduced
to the containment through nozzles
located at near the bottom. It was found
that the temperatures in the atmosphere
decreased at the beginning of the
depressurization. Later rapid increase 2
followed by gradual increase was IT
found. The reason for the phenomenon |
is not clear, but the temperature S.
decrease at the beginning of the I
depressurization can be explained by
expansion of the atmosphere. The
rapid increase in the temperature may
be caused by that the high temperature
steam generated in the pool reached --- o 2000 4000
to the thermocouple locations. The fact Time (s)
that the rapid temperature increase was Fig. 5 Temperature Histories of Containment
observed from the upper to the lower Atmosphere, Pool Water and Inner Surface
part of the containment implies the gas o f Containment Wall in ARE002
flow inside the containment. Since
temperature measured by the two thermocouples, TE-101 and TE-171 approached to the wall
temperature, gradual temperature increase was caused by heat transfer from the wall. This
complicated temperature behavior should be analyzed by considering internal flow of the
containment. An analytical approach employing a multi-dimensional computer code will be
required. The pool water temperature was approximately 2 K higher than the saturated temperature
of pure water at the surrounding pressure throughout the depressurization. This discrepancy
was within the measuremental uncertainty. It may be also attributed to increase in the boiling
point of water by the solute effect.

(3) Mass of pool water
During the depressurization, the mass of the water was reduced from 800 kg to 646 kg and
from 400 kg to 320 kg in ARE001 and ARE002, respectively. Fraction of the lost water was
approximately 20 % in the both experiments. Simple enthalpy calculation assuming that the
water pool contained pure water predicted that 139 kg and 82 kg of water would evaporate in
ARE001 and ARE002, respectively. They are in good agreement with decrease in water
measured in the experiment, 154 kg in ARE001 and 80 kg in ARE002. This agreement implies
that loss of the pool water was caused by the evaporation. Since large amount of water was
evaporated during the depressurization, the volume ratio of steam to nitrogen in the containment
vessel was increased during the depressurization from 4 to 14 and from 5.7 to 15 in ARE001

300

-e-TE-101-CV-j
-B- TE-171 I Atmosphere
-•-TE-174 J
-x-TE-164 Wall Surface
-fr-TE-156 Water Pool

6000 8000



and ARE002, respectively. It should be noted that the volume ratio of steam to nitrogen was
calculated with an assumption of uniform mixing in the containment.

3.2 Aerosol Characteristics

(1) Mass concentration of airborne sodium sulfate
Mass concentration of airborne sodium sulfate was calculated for each sampling period from
the total amount of sodium sulfate deposited in the cascade impactor and the total volume of the
sampled gases. It was assumed that the sampling condition was steady throughout the sampling
period. The results are summarized in Table 2 . Since the containment atmosphere condition
varied significantly during the first sampling in ARE002, estimated mass concentration for the
sampling period includes large uncertainty. The change in mass concentration between rapid

Table 2 Airborne Sodium Sulfate Concentration in Containment Atmosphere

Sodium Sulfate Concentration (mg/ra •*)

During rapid
depressurization

During slow
depressurization

After completion of
depressurization

ARE001

ARE002 2 3 1 + 1 5 1

-110

1 6 + 0-4
1 0 -0.3

6 2 + 2-5
b-Z -1.8

i o n +4.412-u -3.0

depressurization period and after depressurization can be understood by the loss of airborne
particles due to release out of the containment and deposition in the containment.

ARE001 ARE002 First Sampling

10 10
Aerodynamic Diameter, Dp a (um)

(2) Size distribution of airborne aerosols
The size distribution of the airborne droplets
in the model containment vessel was
measured by cascade impactors. The steady
sampling condition throughout the sampling
period was assumed for the data reduction.
The calculated droplets size distribution is
shown in Fig . 6. Since the atmospheric
condition varied largely during the first
sampling in ARE002, cut-off diameters for
the each stage in the impactor was estimated
to drift during the sampling period.
Therefore the calculated size distribution is
less reliable than other cases. The figure n
shows that the size distribution function ofo"0-3

the entrained droplets had two peaks at;§
submicron region and between 2 and 4 ^
micrometers. The reason for the peaks is
not clear but it is estimated that there were
two or more mechanisms to generate
droplets. . . _. _ , 4

r Aerodynamic Diameter, Dpa (urn)

(3) Settled aerosol mass F i9- 6 S i z e Distribution of Airborne Droplets
Gravitationally settled aerosol was sampled with the deposition dishes as shown in Fig . 3 and

° 4
ARE002 Second Sampling ARE002 Third Sampling
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the mass of sodium sulfate in each dishesTab |e 3 collected Mass of Sodium Sulfate with
Deposition Disheswere measured from the analysis with the

ion chromatograph. Table 3 shows the
evaluated mass of sodium sulfate settled
in each dishes. The results showed rather
uniform deposition in all the dishes except
the dish No.l in ARE001, which implies
uniform distribution of the entrained
droplets in the containment atmosphere.
The reason for the large discrepancy
between the No.l dish and the others in
ARE001 is not well understood, but it was possible that larger drop including several entrained
droplets dripped into the No.l dish from the ceiling of the containment.

(4) Mass distribution of sodium sulfate

No.l
No.2
No.3
No.4
No.5

Collected
ARE001

10.4 + 0.83
2.3 + 0.18
2.6 + 0.21
3.5 + 0.28
2.7 + 0.22

Mass (mg)
ARE002

2.6 + 0.21
1.5 + 0.12
3.7 + 0.30
2.8 + 0.22
1.8 + 0.14

After the experiments, all
components of the test facility
was cleaned with pure water and
deposited sodium sulfate was
recovered. Figure 7 shows the
mass distribution of sodium
sulfate in the test facility in the
experiments. The total amounts
of recovered sodium sulfate
were approximately 0.02% and
0.03% of the initial inventories
in the pool water in ARE001
and ARE002, respectively.
These fractions were
remarkably small if the fact that
approximately 20% of the water
in the pool was evaporated is
taken into account.

Containment Vessel
ARE001 :6.66g
ARE002:5.03e

Depressurization
System

ARE001:195mg
ARE002: 13mg

Condensation
Tank

ARE001:2.41g
ARE002: 1.87g

Fig. 7 Mass Distribution of Sodium Sulfate
after Experiments

It should be noted that these experiments simulate the breach area whose size is the same order
of the most likely breach area of BWR Mark I containment by scaling the containment volume
and the containment breach size. The results indicate that amounts of entrained aerosols including
FPs dissolved in water pool will be significantly small in the most likely BWR containment
failure case. However entrainment phenomena may be influenced by various parameters such
as properties of dissolved materials and the location of breach area. Moreover much larger
depressurization rate may be realized in accidents. Therefore further studies are required.

4. PREDICTION OF ENTRAINMENT

The mass of droplets entrained from the water pool was evaluated using the model developed
by Kataoka and Ishii.4) Kataoka and Ishii derived mechanistically the model to predict mass
flux and size distribution of droplets entrained from a flashing pool. They classified the space
above the pool into three regions named "near surface region", "momentum controlled region"
and "deposition controlled region" according to the height from the pool surface. In the near
surface region, entrainment consists of all the entrained droplets from the pool surface. In the
momentum controlled region, entrainment consists of either droplets which obtain momentum
at the pool surface large enough to reach the height or droplets whose settling velocity is
smaller than the upward gas flow. Entrainment is expressed by three different correlations



according to gas flow velocity at the pool surface. These correlations correspond to three
different flow regimes in the pool, namely bubbly flow, churn-turbulent flow, and annular
pseudo-jet or fountain flow, respectively. In the deposition controlled region entrainment consists
of droplets whose settling velocity is less than upward gas flow. Entrainment decreases with
height due to deposition of the droplets to wall surface of a container.

In the present analysis, it was assumed that all droplets reached at the upper end of the steel
water pool became airborne in the containment and some of them were released out of the
containment. It was found that the upper end of the steel water pool was located in the
deposition controlled region. However, the correlation for the deposition controlled region was
not applied. The correlation includes the effect of deposition on the entrained mass defined by
fitting with experimental data. However deposition of the droplets is strongly dependent on the
experimental geometry and it should be treated
for each geometry. In the present analysis the
deposition of the droplets was neglected and
the entrainment at the boundary between the
momentum controlled region and the deposition
controlled region was used as the entrainment
in the containment. In other words it was
assumed that all of entrained droplets whose
settling velocity was less than the steam flow
were distributed in the containment without loss
in the steel water pool container.

0.05

Steam generation rate was calculated with the
measured containment pressure history by
assuming that the pool contained pure water.
Calculated superficial steam velocity at the pool
surface was presented in Fig. 8. It was less
than 5 cm/s for the both experiments. According
to Kataoka and Ishii, the flow regime in the
pool was bubbly flow and droplets were
generated by burst of bubbles at the pool surface.
For the bubbly flow, the correlation of the
entrainment in the momentum controlled region

is given as,

4000

1000 4000

Fig. 8

2000 3000
Time (s)

Superficial Steam Velocity at Pool
Surface during Depressurization

.Pdfe.

Pgjg

.1.25/Pg -0.31
(1)

where, DH

DH
Efg(h,jg)

g
h

h*

jfe
jg

Jg

Nun

: hydraulic diameter of vessel (m),

: dimensionless hydraulic diameter of vessel, DH/(o/{gAp)) ,
; entrainment at height h and gas velocity j g ,
: gravitational accelaration (m/s2),
: height above the pool surface (m),

: dimensionless height above the pool surface, h/(a/{gAp)) ,
: superficial velocity of liquid flowing upward as droplet (m/s),
: superficial gas velocity (m/s),

: dimensionless superficial gas velocity, jg/(agAp/pg2)' ,

; gas viscosity number, ^ig/(pgo(a/(gAp)) ) ,



Ap

pg

o

: density difference between gas and liquid (kg/m3),
: viscosity of gas (Pa's),
: density of liquid (kg/m3),
: density of gas (kg/m3),
: surface tension (N/m).

At the boundary between the momentum controlled region and the deposition controlled region,
the dimensionless height from the pool surface, h*, is expressed as,

-0.23

\Ap

The entrainment mass rate of the droplets are
calculated from steam mass flux at the pool
surface and the above two equations.

Figure 9 shows calculated mass entrainment
rate with Kataoka-Ishii model. The mass
entrainment rate decreases with time. The curves
of the mass entrainment rate showed bending
between approximately 1,000 seconds and
2,000 seconds corresponding to the peak of
the steam superficial velocity at the pool surface
shown in Fig. 8 . The accumulated entrained
mass of sodium sulfate based on the prediction
by the Kataoka-Ishii model was compared with
evaluated mass obtained in the experiments as
shown in Table 4. The calculated mass was
approximately smaller than the experiments by
one-order of magnitude. This discrepancy
would be caused by the fact that the Kataoka-
Ishii correlation was developed using widely
scattered experimental data. Another qualitative
explanation could be made as follows. In the
prediction, uniform steam flux was assumed at
the pool surface. However it is considered that.

(2)
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u
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|
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the steam flux was larger at near the wall of 9"
the water pool than the central part of the pool
in the large-size pool
geometry because most of
the bubbles could be easily
generated at the inner wall
of the steel water pool when
the superheat of the water
was small as observed in
the present experiments.
Therefore the actual steam

2000
Time (s)

Mass Entrainment Rate of Droplets
during Depressurization

Table 4 Comparison of Total Entrained Mass of Sodium
Sulfate between Experiments and Predictions

Entrained Mass of Sodium Sulfate
Experiment Kataoka-Ishii Model

ARE001

ARE002

9.27g

6.91g

0.897g

0.437g

velocity was higher than the values used in the prediction, and the flow regime at the pool
surface near the wall was estimated to be a churn-turbulent flow. Since droplet entrainment is
much enhanced in the churn-turbulent flow than the bubbly flow, the entrained droplets mass
was larger than the prediction even if the decrease in the pool surface area available for the
entrainment are taken into account.



5. CONCLUSIONS

When the containment vessel of an NPP fails due to overpressure or that is vented intentionally,
the internal atmosphere of the containment will be depressurized. If the depressurization rate is
large, water pools inside the containment will violently boils and droplets including radioactive
materials dissolved in the pool may be reentrained. In order to quantify and characterize
droplets entrained from flashing pool, two aerosol reentrainment experiments were performed.
These experiments were performed using the orifice which simulated the most likely breach
area of BWR Mark I containment. The following findings were obtained ;
(1) It took approximately 45 minutes to depressurize from 1.5 MPa to 0.1 MPa in ARE001 and

40 minutes from 1.3 MPa to 0.1 MPa in ARE002.
(2) Less than 0.03 % of material dissolved in the pool was reentrained although 20% of the

pool was evaporated during the depressurization period. The result indicates that the amounts
of FPs reentrained from the flashing pool in BWR Mark I containment with the most likely
breach size will be slight.

(3) Small amount of reentrainment was predicted by Kataoka-Ishii model using pressure history
measured at the inside containment. However the model predicted approximately one-tenth
of the reentrainment evaluated in the experiments. A part of this discrepancy may be due to
multi-dimensional features of the pool geometry.
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ABSTRACT

The PITEAS programme has been performed to study hygroscopic behaviour of
cesium iodide particles under thermal-hydraulic conditions representative of a
containment in case of a severe accident on a nuclear reactor. This papers presents
results of one part of the programme, relative to steam condensation onto aerosol

particles, increasing their settling rate.
The experiments were carried on in a 3m^ facility, with a 3 bar pressure, 120° C
temperature and up to 100 % relative humidity.
Experimental results show that hygroscopicity of Csl particles increase their settling
rate of a very significat manner above 90 % relative humidity. A comparison of
experimental results with calculations, using a ratio of final to initial diameter from

particle growth in isothermal conditions, leads to a good agreement.
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PITEAS EXPERIMENTS : THE GROWTH OF HYGROSCOPIC AEROSOL IN HUMID
ATMOSPHERE

F. SABATHIER, T. ALBIOL and A. ZOULALIAN

1 INTRODUCTION

In some severe reactor accidents of pressurized water reactors (PWR), fission
products could be released from the reactor coolant system to the containment and
form hygroscopic aerosol such as cesium hydroxide, cesium carbonate and cesium
iodide. These hygroscopic particles absorb water in humid atmosphere and, if enough
water is available (for high relative humidity), the particles grow larger. This
phenomenon will increase their settling rate and contribute to decrease the release of
radioactive compound from the containment. Experimental results for the growth of
hygroscopic aerosol particles are required to assess this sedimentation rate of fission
products and consequently the source term in release estimations to the environment.

The overall objectives of the Piteas programme were to study aerosol behaviour under
conditions which were as close as possible to those predicted to occur within the
containment of a pressurised water reactor during a severe accident. This
experimental programme was performed with realistic temperatures (120° C) and
pressures (several bar) under humid atmosphere in order to provide a database for
validating IPSN containment aerosol computer codes such as aerosols B2.

Two topics had been studied during this experimental programme :

(i) Diffusiophoresis inducing aerosol migration to vessel walls in case of steam
condensation onto the containment walls. The experiments were called PDI tests
for Piteas Diffusiophoresis.

(ii) Growth of hygroscopic aerosols by steam condensation : The PCON tests for
Piteas Condensation.

This paper presents the PCON experiments and the major results with regard to the
condensational growth of hygroscopic aerosols in moist air. PDI experiments will be
reported in a forthcoming paper.



2 FACILITY DESCRIPTION

The experimental facility (figure 1) comprises :

- an ultrasolinc generator to produce cesium iodide soluble aerosols,
- a main vessel in which aerosol are injected and studied,
- a vessel heating system in order to control the vessel temperature at a given value.

2.1. Aerosol Generation and Injection System

When a high intensity ultrasonic beam spreads up from the bottom to the surface of a
liquid volume, it creates a "fountain" and atomizes the liquid. The resulting droplets
have a narrow particle size range. This principle is used to produce solid aerosols from
a saline solution by subsequently drying the droplets. Thus, the size of the dry
particles depends on the salt concentration in the solution.

The Piteas generator was designed to withstand a 5 bar pressure. It comprises three
piezo-electric ceramics vibrating at 900 kHz, and capable of atomizing up to 1.8 l.h"1

of solution, under atmospheric pressure. Nevertheless this generation rate strongly
decreases when pressure increases.

Aerosols are carried away by an air flow rate of 60 to 100 l.min"1 to the drying line
which supplies the Piteas vessel with dry particles.

2.2. Piteas Vessel

The vessel consists of a double wall cylindrical shell with dished upper and lower
heads, with a total volume of 2.9 nP. The internal diameter is 1.2 m, corresponding to
a cross sectional area of 1.1 m2. The overall height is 3 m. The usual operating
pressure ranges from 3.3. to 5 bar. The vessel has no viewing port, but it includes
penetrations for instrumentation purposes. During preliminary phases of the
experiments, the vessel can contain several liters of distilled water in order to adjust
the initial hygrometric conditions.

2.3 Vessel Heating System

The vessel can be heated up to 160° C by circulating an organic thermofluid through
the double wall. The system was split into three sections to ensure uniform
temperatures within the vessel. Furthermore, each penetration was individually trace
heated to avoid any cold spot.

During preliminary heating tests under nominal operation conditions, the temperature
homogeneity within the vessel was ± 0.2° C. During the actual tests with aerosols
these temperature differences were of about 0.5° C.



3 MEASUREMENTS AND EXPERIMENTAL PROCEDURE

Pressure measurements are ensured by a classical pressure transducer.Gas and wall
temperatures are measured at several locations by T-type thermocouples. The relative
humidity measurement is obtained by a hygrolog WMT 170 hygrometer, which is
designed for continous dew point measurements in gas and can operate at high
temperature (up to 170° C) and at high pressure (up to 10 bar).

Aerosol mass concentration measurements are performed by using fiberglass filters.
The aerosol size distibution of wet aerosols in Piteas vessel conditions is obtained with
a specially adapted Polytec HC 15 optical particle size analyser and the dry particle
size distribution is measured by Andersen MK II Cascade impactors, located after a
drying chamber.

One day before the test, the Piteas vessel containing 50 litres of distilled water is
heated up to 120° C. When the pressure is stabilized around 3.3 bar, the vessel is
vented to the ambient pressure, then closed to reach a new stabilized pressure of
about 2 bar in the vessel. Then, the water is removed from the bottom and the Csl
aerosol injection is initiated for a duration of 30 to 60 minutes in order to obtain a total
pressure in the containment of 4 bar. At this pressure, injection is stopped and the
study of aerosol settling can start.

About 26 mass concentration samplings are performed for each experiment, from two
different penetrations. Typically the particle size analyser is used every 10 minutes
and 3 cascade impactor measurements are performed during the experiment.

Five experiments were performed under the same conditions excepted the relative
humidity parameter (Table 1). The second experiment was a repeat of the first test to
assess the reproductibility of a Piteas experiment.

Experiments

PCON 01
PCON 02
PCON 03
PCON 04
PCON 05

Vessel
Pressure*

(bar)
4.0
4.0
4.0
4.0
4.1

Temperature*
(°C)

119
120
121
122
121

Duration of Csl
Injection
(minutes)

60
36
58
60
55

Relative
Humidity*

(%)
95
95

«100
90
52

Conditions at the end of Csl injection.

TABLE 1 : PCON Test Matrix

4 EXPERIMENTAL RESULTS AND DISCUSSION

For each experiment, the suspended mass concentration was close to 0.7 g/m3 at the
end of the Csl injection. This means that a mass of approximately 2 g of soluble
aerosol was present in the vessel. Table 2 giving the cascade impactors results



obtained at the beginning of settling shows that for the last four experiments the
aerodynamic mass median diameter (AMMD) of dried aerosol is just above 3 urn with a
corresponding geometric standard deviation (erg) of 1.8

Experiments

PCON 01
PCON 02
PCON 03
PCON 04
PCON 05

AMMD
(nm)
2.6
3.2
3.1
3.6
3.6

1.66
1.76
1.77
1.67
1.84

TABLE 2 : Cascade Impactor Results

For each test the aerosol mass concentration measurements performed at the same
time at the two different locations show a good homogeneity in the vessel.
Furthermore, the suspended mass concentration versus time for each experiment
roughly follows an exponential decrease during the first 60 to 90 minutes following the
end of injection. This is shown on figure 2, where actual initial mass concentrations,
ranging from 0.6 to 1.1 g.m"3, have been normalized to 1. This can be explained, for
monodisperse aerosols, if one assumes that only stirred gravitational settling takes
place in the vessel. In our experimental conditions aerosol particles are not
monodisperse, but the exponential decrease explanation remains valid if we consider a
short enough time interval such as particle size distribution evolution is very small.
Thus, from experimental curves, the settling velocity and wet particle diameter can be
deduced from Stokes law using the following equation :

Cm(t) = Cm (0) exp (-pst) (1)

where Cm is the aerosol mass concentration and ps is a decay constant:

s

v
(2)

where Vs is the Stokes settling velocity and S/V, the ratio of floor surface area to
vessel volume, is an inverse vessel height (1/h).
Ps then Vs values can be obtained from experimental Cm decay curve and Stokes
mean diameter of the aerosol (dsm) can be deduced by using the relationship :

Vs = —
S 18

where

(3)

p = particle density
g = gravitional constant
Cc = Cunningham factor or slip factor
H = dynamic viscosity
X = shape factor



The results are summarized in table 3 in which the aerodynamic Stokes mean diameter
(dasm) of the aerosol has been calculated by using a shape factor of 1, a vessel height
of 2.65 m and a particle density of 1 g.crrr3. These aerodynamic Stokes mean
diameters of the aerosol particles in the Piteas vessel conditions can be compared to
the initial aerodynamic Stokes mean diameters of the dry Csl particles as measured by
the cascade impactor. For such a comparison, assuming a log-normal distribution,
AMMD obtained from cascade impactor measurements have to be transformed by the
relationship :

Jo asm = AMMD exp (In2 °g) (4)

The corresponding diameters have also been reported in Table 3.

Relative humidity (%)

52
90
95
100

dasm (Mm)

5.4
5.4
6.9
9.3

do asm (Mm)

5.2
4.7
4.4
4.3

oasm

TABLE 3 : Stokes Mean Diameter of Particles in Piteas Conditions

From this table and taking into account the measurement uncertainties, it can be seen
that at 52 % relative humidity the aerodynamic properties of the particles remain
practically unchanged. Then, as humidity increases above 90 %, the growth of
hygroscopic Csl particles very significantly increases their settling rate.

5 THEORETICAL CALCULATIONS

From the d 0 a s m resulting from cascade impactor measurements the initial Stokes

mean diameter of the aerosol can be determined by : d o s m =

PCsi = 4 510 kg.nr3 and pw = 1 000 kg.rrr3.

On the other hand, using a rate of particle growth in isothermal conditions, for particle
to reach their equilibrium diameter, the ratio of final to initial diameter of the particles
can be calculated by applying the Mason solution [ref (1)] to solve the mass and
energy balances. Then, by expressing the particle density p as a function of pcsi a n d

pw, using the ratio of the final to initial Stokes mean diameter of the aerosol, osm and
dsm

assuming Cunningham and shape factors both equal to 1, equation (3) can be written
under the form :

d osm (5)
osm



Therefore, since Vs is known from the initial slope of the experimental aerosol mass
concentration decay curve, d o s m can be computed and compared to the d o s m

deducted from cascade impactor measurements. Table 4 presents this comparison.
For the PCON 03 experiment performed at « 100% relative humidity, the calculation
leads to an infinite equilibrium diameter of the particles which is physically not
acceptable. It is the reason why two calculations have been performed using 99 and
99.9 % relative humidity. These last two calculations show that, actually, the relative
humidity was superior to 99 % during this experiment. For the other experiments, the
comparison between calculation and measurement of the initial Stokes mean diameter
shows a good agreement.

Relative Humidity
(%)

52
90
95

«100 99
99.9

Compi

dsm

^osm
1.17
1.81
2.25
3.80
8.15

jtation

dosm (|um)

2.7
2.3
2.4
2.5
1.2

measurement

dosm (urn)

2.5
2.2
2.1
2.0
2.0

TABLE 4 : Comparison between Calculated
and Measured Initial Aerosol Diameters

6 CONCLUSION

The Piteas programme clearly shows that hygroscopicity plays a major role in
sedimentation and consequently, the release of radioactive cesium aerosols (source
term) can be reduced in a significant manner at high humidity conditions.

Finally, in the operating conditions of Piteas condensation experiments, the settling
velocity can be evaluated assuming that Csl aerosols reach instantaneously their
equilibrium diameter. This is an important result to simplify containment aerosol
computer codes used for nuclear safety purposes.

REFERENCE

(1) R.O Mason , "The physics of clouds", 1st Edition, Clarendon Press, Oxford (1957).
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A TWO-COMPARTMENT THERMAL-HYDRAULIC
EXPERIMENT (LACE-LA4) ANALYZED BY ESCADRE CODE
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ABSTRACT
Large scale experiments show that whenever a Loss of Coolant Accident (LOCA) occurs,
water pools are generated. Stratifications of steam saturated gas develop above water pools
causing a two-compartment thermal-hydraulics.
The LACE (LWR Advanced Containment Experiment) LA4 experiment, performed at the
Hanford Engineering Development Laboratory (HEDL), exhibited a strong stratification, at
all times, above a growing water pool.
JERICHO and AEROSOLS-B2 are part of the ESCADRE code system (Ensemble de
Systemes de Codes d'Analyse d'accident Des Reacteurs a Eau), a tool for evaluating the
response of a nuclear plant to severe accidents. These two codes are here used to simulate
respectively the thermal-hydraulics and the associated aerosol behavior. Code results have
shown that modelling large containment thermal-hydraulics without taking account of the
stratification phenomenon leads to large overpredictions of containment pressure and
temperature.
If the stratification is modelled as a zone with a higher steam condensation rate and a higher
thermal resistance, ESCADRE predictions match quite well experimental data.
The stratification thermal-hydraulics is controlled by power (heat fluxes) repartition in the
lower compartment between the water pool and the nearby walls. Therefore the total, direct
heat exchange between the two compartment is reduced.
Stratification modelling is believed to be important for its influence on aerosol behavior:
aerosol deposition through the interface of the two subcompartments is improved by
diffusiophoresis and thermophoresis. In addition the aerosol concentration gradient, through
the stratification, will cause a driving force for motion of smaller particles towards the pool.

1 Dipartimento Energia, Settore Nucleare da Fissione,
ENEA CRE Casaccia, via Anguillarese 301, 00060 Rome, Italy

2 Institut de Protection et de Surete Nucleaire,
CE Cadarache, F-13108 St Paul-lez-Durance, France



A TWO-COMPARTMENT THERMAL-HYDRAULIC
EXPERIMENT (LACE-LA4) ANALYZED BY ESCADRE CODE

R. Passalacqua1

C. Renault2

D. Tarabelli2

1. INTRODUCTION
LWR risk assessment and emergency planning reserves a special attention to the aerosol
behavior on postulated high-consequence accident situations. The LWR Aerosol Containment
Experiments (LACE) considered especially those accident situations in which the containment
building loses its function: the LA4 test, for example, was an experiment dealing with a late
failure of the containment causing simultaneously a fission-product release.
These data can be used to determine the ability and accuracy of available computer models.
Through this process best estimate models can be improved and validated.
IPSN Cadarache is developing a computer code system able to predict the radioactive release
(source term) to the environment in case of failure or bypass of the containment building.
This code system is named ESCADRE (Ensemble de Systemes de Codes d'Analyse
d'accident Des Reacteurs a Eau). JERICHO and AEROSOLS-B2 are the codes which refer
to the thermal-hydraulics of a containment vessel and to the related aerosol behavior. For
the definitive validation of this code an important experimental program, with melting of
nuclear fuel, has been set up: the PHEBUS program.

2. THE LACE LA4 EXPERIMENT
Test LA4 was performed in August 1986 in the Containment System Test Facility (CSTF)
operated by the Westinghouse Hanford Company (WHC). A two-component (soluble and
insoluble) aerosol was generated under conditions which simulated a severe accident (in an
LWR). After a steady-state period of significant aerosol removal, a delayed containment
failure was simulated.
For the description of the input test conditions it is useful to separate the test in seven
periods. During each of these periods the input conditions were considered essentially
constant. The conditions of the test are summarized in table 1.

Table 1: LA4 test chronology
* Period 1 (Heatup from -50 min to 0 min): Steam injection at a high rate, no aerosol injection.
* Period 2 (CsOH injection from 0 min to 30.5 min): CsOH injection plus a separate injection of steam at an intermediate
rate.
* Period 3 (CsOH + MnO injection from 30.5 min to 50.5 min): Injection of MnO while continuing the addition of CsOH
and steam.
* Period 4 (MnO injection from 50.5 min to 80.2 min): Injection of MnO while continuing the addition of steam.
* Period 5 (Steady State from 80.2 min to 280 min): Stop aerosol injection to the CV while continuing the separate injection
of steam at a lower rate.
* Period 6 (Vent from 280 min to 600 min): Vent CV atmosphere through the (submerged gravel) scrubber to stack. Vent
flow through the valve was stopped at 440 minutes because, at that time, it evolved to insignificant flow rates. Steam
injection continues at a lower rate.
* Period 7 (Cooldown from 600 min to 5700 min): No steam, N2, or aerosol injection. A CV vent valve was opened at 800
minutes to prevent CV pressure to become sub-atmospheric for all the rest of the cooldown period.



LA-4 heat flux at CV outer surface
at the wall condensate collectors
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Figure 1: Schematic of CV arrangement for test LA4 Figure 2: Heat flux through outer CV walls

A sketch of the experimental arrangement is shown in figure 1. The containment vessel
(CV) is a vertical cylinder with a total enclosed volume of 852 m3 and a design pressure of
.517 MPa at 160 °C.
Two aerosol species were injected in overlapping release times (period 3 in table 1): CsOH
(ceasium hydroxide) and MnO (manganese oxide). The aerosols were generated by vapor
condensation methods in a mixing vessel and carried to the CV by a flow of superheated
steam and nitrogen. A total of 5130 g of combined aerosol was injected during the 80.2 min
aerosol injection period. Cascade impactor samples, taken from the aerosol delivery line,
gave an average value of 1.35 (im aerodynamic mass median diameter (AMMD) for CsOH
only and 1.82 ^m AMMD for MnO only.
The maximum CV pressure was 256.1 kPa absolute, reached at the end of Period 4. The
maximum temperature was 101.1°C reached at the same time.

3 LA4 TWO-COMPARTMENTS THERMAL-HYDRAULICS
Due to the formation of a large water pool at the bottom of the Containment Vessel, two
different thermal-hydraulics developed in two compartments in which the large CV can be
divided: an upper and a lower cell.
In the following some important thermal-hydraulics aspects will be evidenced in order to be
able to interpret the experiment evolution.

3.1 Heat Fluxes in the Lower CV Cell
Measured inner and outer heat fluxes through the CV walls refer to the four locations of the
wall condensate collectors (WCC, see figure 1). During the heatup phase (high steam
injection from -50 to 0 min) the heat flux to the inner surface of the (carbon steel) CV
reaches about 1500 watts per square meter. After that, while continuing an injection of
steam at a lower rate (steady state period from 80.2 to 280 min) the heat flux, limited by the
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Figure 3: Thermal gradient at the gas-water interface Figure 4: Steam condensation mass flux at the CV
WCC locations

outer CV thermal insulation, is about 60 watts per square meter (figure 2).
Figure 2 shows that the heat fluxes (W/m2) were similar for all elevations except for the
lowest WCC-4 location, above the water pool, which gave lower fluxes through the walls at
all times. JERICHO code analysis allowed to give an interpretation which is discussed in the
conclusions.

3.2 Thermal Gradient above the Water Pool
All temperatures above the elevation of the steam pipe outlet (-7.65 m, see figure 1) were
rather uniform. However, the occurence of a steep temperature gradient in the region
immediately above the CV sump was observed. More specifically, before the venting
(steady-state phase with steam injection at a low rate) there was a temperature gradient of
about 20 °C from the CV sump surface up to -7 m elevation, while the temperature spread in
the rest of the CV was less than 5 °C. Then the temperature gradient in the lower region
decreased to 10 °C at 600 min, while no more than 2 °C difference was measured in the rest
of the CV atmosphere. The temperature gradient evolution, at the gas/water interface, is
plotted in figure 3.

3.3 High Steam Condensation Mass Fluxes on CV Lower Compartment Walls
In the lower compartment (WCC-4 location, see figure 1), higher steam condensation mass
fluxes (kg/s m2) on CV walls were recorded at all times after the heat-up phase.
The estimation of LA4 experimental condensation fluxes leads to assert that, roughly, during
the steady-state period and through all the venting period (up to 600 min), the mass of steam
condensing (per second and per square meter) in the lower cell (which is about 5 % of the
total volume) is 160% times larger than the one condensing in the upper cell. For example,
during the steady-state period, the steam flux on upper CV walls (average data from WCC-1
through 3) is 3.4E-5 kg/s m\ while on lower cell walls (WCC-4) is 6.7E-5 kg/s m2 with a
percentage variation of 97%. This is shown in figure 4.



g/a)

0 nun

280 mtn

440 m*n

600 »nin

•00 tnln

ipared to

3.4 Downward Gas Flows Along CV
Walls
Turbine flow meters were installed in the
containment vessel to obtain information
on the flow patterns and on the
magnitude of gas velocity.
Convection patterns in the containment
were dominated by the direct steam
addition during the heat-up period
(upward near the centerline, see figure
1). Upflow in the middle of the
containment was recorded, and downflow
was recorded along the walls. Minor
velocity changes were recorded during
the decompression of the CV in the
venting period.
No significant velocities were recorded
after all steam injection was terminated (after the steady-state).

3.5 Condensed Steam Collected on CV Walls
LACE experimenters stated that more than 100 kg of water held-up on CV walls during the
heat-up phase and were removed at the end of the steady-state phase. The condensate film
was estimated to be about .5 mm thick. However the surface of the only CV vertical walls
was about 400 m2. Thus the mass of water not immediately collected into the water pool can
easily reach about 200 kg.

LACE LA4 experimental data cor
JERICHO (ESCADRE modO.l) pradlotlora

Figure 5: Condensation/evaporation at the gas/water interface

4 LA4 THERMAL-HYDRAULICS MODELLING BY JERICHO CODE
Four structures, describing the cylindrical CV walls, the top head, the bottom head and the
internal structures, have been modelled in JERICHO input. Internals are made by steel,
while the CV walls are made by two different layers, the first of carbon steel, the second of
a thermal insulation. The wall #2 (bottom head) is separated from the CV gaseous
atmosphere by the water sump.
The available options, for the carbon steel structure, in terms of heat flux correlations, are:
1) Uchida, 2) Chilton, 3) Collier and 4) user defined heat transfer by means of a heat
transfer coefficient (HTC).
Several calculations (par.4.1) have shown that JERICHO (as well as a generic thermal-
hydraulic code) used in a single-compartment mode will give results in disagreement with
LA4 experimental data unless all previous peculiarities are taken into account. On the other
side, a multi-compartment calculation might arise some difficulties because the simulation of
the sequence become complicated. For example, the gas mass flow rates through the two
sub-compartments zone of separation and the amount of condensed steam being relocated
(which is forming the water pool) from the upper volume to the lower one, are not directly
known.
Besides that, the correct simulation of the venting phase for both volumes (upper and lower
cells) towards a common compartment (environment) might present some obstacles: should



LACE LA4 experimental data oompaced to
JERICHO (ESCADRE modO.l) p m t t o t l o n a

water «M
C atcat-g
3 Btrmt-w
1 0 mm
2 2B0 mm

3 440 mm
4 n o mm

o mm

Figure 6: Gas and water pool temperature versus time

the two volumes be vented
simultaneously by means of two different
(theoretical) venting valves? Note that in
this case the flow rates may differ being
calculated by the code. Alternatively, if
the lower cell is forced to vent towards
the upper cell, which consequently will
vent to the environment how to model the
lower and upper cell "venting" interface?

4.1 JERICHO Calculations in the
Hypothesis of a Single Well-Mixed
Compartment
Under the hypothesis of well-mixed
compartment, JERICHO calculations
exhibited higher pressures and
temperatures: due to the lack of modelling stratification thermal resistance at the gas-water
interface a higher heat exchange is predicted. Thus calculated water pool temperatures are
much higher: 25% at the end of steady-state (i.e. at 280 min) and 15% higher during
cooldown (e.g. at 800 min).
Calculated steam partial pressure is, at the end of the steady-state phase, about 16% higher
than experimental data and during the cool-down phase about 30% higher.
The average temperature of the gaseous atmosphere is predicted to be 8% higher, at the end
of the steady-state, and 10% higher at 800 minutes (cooldown).
As a consequence the mass of water condensed and collected in the CV pool is lower than
experimental data.

4.2 JERICHO Modelling of the Stratification Thermal Resistance
Simulating the stratification by means of a thermal resistance leads to a general better
agreement (e.g. with experimental water pool temperatures).
The important difference for the global CV thermal-hydraulics is clearly confirmed by figure
5. This figure compares calculated condensation (or evaporation) rates at the gas-water
interface (g/s) in case of stratification thermal resistance modelling (curve A) and in case of
well-mixed compartment (curve B). In this last case Uchida correlation has been used for
the heat transfer between gas and water pool.
Without modelling the stratification thermal resistance (curve B) the heat flux through the
interface is promoted: thus, for example when the venting occurs (at 280 min), the gas-water
interface goes from high condensing conditions through evaporating conditions (curve B of
figure 5). Afterward since the steam injection to the CV is continuing at a lower rate up to
600 minutes (see table 1), curve B displays again condensation at the water surface.
On the other side, curve A predicts condensation at the water surface even during the venting
with a resulting growth of the water pool. However, during the steady-state, curve A
predicts a lower condensation rate. Therefore the description of the stratification by means
of a pure thermal resistance will cause an underestimation of the water pool growth during
the early stage of the sequence.
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As a result calculated temperatures of the
gaseous CV atmosphere, and
consequently of the water pool, are still
predicted to increase beyond reasonable
values during the steady-state (curves A
and B of figure 6). Water pool
temperatures predictions, that is curve B
of figure 6, are somehow manifesting the
influence of the temperatures of the lower
cell gas (indicated with the pound
symbol).
When correctly modelling the
stratification, the simulation of a thermal
resistance is not satisfactory: it is
necessary to take account of additional
steam condensation occurring in the
lower cell (not necessarily in the pool).
In fact the thermal resistance modelling is
a first approximation of the reality: if the
stratification does not allow a direct
coupling of the two cells, condensation
mass fluxes occuring at the higher layer
of the stratification are not directly
transferred to the water pool (contributing
for example to a temperature increase)
but instead they flow to the lower cell
under form of falling droplets (in a
strongly super-saturated environment) or
condense on the water pool nearby walls.

4.3 Modelling of Steam
Condensation in the Lower Cell and
Water Relocation to the CV Pool
As already said the simulation of the only
thermal resistance of the stratification
above the pool, does not allow a
complete, correct thermal-hydraulics modelling of LA4 test.
Experimental data on steam condensation mass fluxes (kg/s m2) on CV walls show that,
during the steady state, a surplus of steam (in excess to the CV average), roughly ranging
from 30 to 70 kg, has condensed on the walls of the lower compartment. If considering the
early stage of the cooldown phase, and part of CV internal structures surfaces located in the
lower cell, this mass of condensed steam may easily arise to three times the above estimated
values.
Modelling the condensation of this amount of steam (on CV internals), the steam enthalpy of
the gaseous atmosphere decreases by a quantity equivalent to the latent heat of condensation.
The mass of condensed steam is made, by the code, almost instantaneously fall down to the

Figure 8:
description

Two subcompartment thermal-hydraulics
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pool. The amount of enthalpy converted
into water is directly related to the
difference of the two trends showed in
figure 7. Note that before venting a
larger water pool is predicted because the
code does not model the accumulation of
water by the condensate film on CV
walls which was actually confirmed
during the test. Only after the venting
this amount of mass is relocated to the
pool (this is shown by the experimental
trend between the two vertical lines 2 and
3 of figure 7). Additionally, at time 440
minutes the measurement was affected by
an error due to an instrumentation
leakage. Corrected values are still
plotted in figure 7.
This rationale of "forced condensation"
founds its justification especially under
water pool evaporation conditions, that is
during the cooldown: since a slight
degree of super-heating in the upper cell
is experimentally confirmed, steam
condensation must occur in the lower
cell; that means that the condensed steam
is flowing back to the pool without a
large mass exchange with the upper cell.
This is schematically described in figure
8.
The relocation of thicker water films
along the lower cell CV walls is probably
the reason of the lower measured heat
fluxes reaching the outer surfaces of the
CV shell: the film is relocating some of
the latent heat of condensing steam directly to the pool (figure 8).
With the modelling of the discussed phenomenon all calculated parameters show a good
agreement with experimental data. For example figure 9 gives the CV inner and outer
surfaces temperature as well as the water sump temperature. Recalculated trends (C and D)
are also showed in figure 6 for comparison purposes.
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Figure 10: Influence of steam condensation versus time

5. SELECTED RESULTS BY AEROSOLS-B2 CODE
Suspended aerosol mass concentration is expressed as grams of aerosol species (CsOH or
MnO) per cubic meter of steam/air mixture at the containment temperature and pressure at
the sampling locations. The average TTW (Through The Wall devices, Tl through T4, see
figure 1) filter data are plotted together with the calculated trend in figure 10 and 11.
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Figure 11: Influence of particle shape factor versus time
(steam condensation is not modelled)

Experimental errors in measuring
suspended concentration were large, for
the later stage of the test, because the
quantity of aerosol mass collected was
only slightly greater than the instrument
resolution. For times ranging from 30 up
to 700 minutes the errors are usually
lower than =±20%.
Figure 10 and 11 show the AEROSOLS-
B2 calculated suspended particle
concentration in the CV. Figure 10 show
the overestimation, up to two order of
magnitudes in the long term (curve A),
caused by the lack of modelling aerosol
growth by steam condensation. The
effect of the particle shape factor is also
shown. The shape of a particle affects its
drag force and settling velocity. Thus, a
correction factor, called the dynamic shape factor x, is defined as the ratio of the actual
resistance force of the nonspherical particle to the resistance force of a sphere having the
same volume and velocity. Except for certain streamlined shapes, the dynamic shape factor
is greater than 1.0. This means that a particle distant from sphericity (x = l) is more easily
able to float in the gaseous media. The best estimate, for LACE LA4 test, of the shape
factor is x = l-85.
Figure 11 displays the effect of steam condensation, in the short time, as predicted by the
Kholer model. When larger particles are removed, steam condensation seems somehow not
any more effective on small particles and the "wet" trend (curve A of figure 11) assumes an
identical slope (as in the "dry" case -curve B-) showing that the same aerosol retention
mechanisms are involved.
Aerosol data assessed the uniformity of aerosol concentration in the upper compartment and a
lower aerosol concentration in the lower one. It was postulated that the aerosol in the well-
mixed upper cell settled into the more stagnant lower cell and that removal processes were
sufficiently rapid to keep the lower cell concentration below that of the upper cell.
Aerosol growth by steam condensation should be dominant in the lower compartment before
the CV venting and after that it should persist, only in the lower cell, allowed by the super-
saturated stratificated gas/water interface. If the stratification would be modelled a higher
aerosol deposition is expected: 1) diffusiophoresis will be important when steam is
condensing at high rates during water pool formation; 2) thermophoresis, originated by the
not negligible thermal gradient, will be important through the stratification at any time.
Besides that the aerosol concentration gradient, through the two subcompartments, will cause
a driving force for motion of the smaller size aerosol component towards the pool.

6 CONCLUSIONS
LA4 analysis by means of JERICHO code allowed an interpretation of the experiment which
is in a good agreement with all data: a fast growing water pool developed at the bottom of



the CV during the heat-up phase. As a result a cell at lower temperatures containing the
water pool and occupying the bottom 5% of the CV volume was separated, by a
stratification, from the upper more homogeneous cell at higher temperature. Two different
thermal-hydraulics evolved inside the containment vessel. The zone of separation, above the
pool, during the steady state period of the experiment, reached a temperature gradient of
about 18°C/m.
Gas convection patterns upflow directed in the middle of the containment and downflow
directed along the walls, dominated by the steam injection during the heat-up period, were
not involving the zone of separation (located below the steam delivery pipe) and afterward
were insignificant. Thus the water pool was covered by a stratified gaseous atmosphere
which reduced direct heat transfers from the hotter gas to the pool. This zone (with a height
of about 1.5 m), directly facing the pool, was always super-saturated and higher steam
condensation rates, promoted by lower temperatures, occurred at all times on the lower cell
walls. During the only steady-state period steam condensation mass fluxes to the lower cell
walls (kg/s m2) are about 60% higher of CV steam flux averaged on all (upper and lower)
walls.
However the net heat fluxes (W/m2) flowing through the CV walls of the lower cell, above
the water pool, were lower than those crossing upper cell walls at all times (figure 2). This
cannot be explained by the slightly super-heated conditions of upper cell steam that, while
condensing on upper CV walls, from venting time up to the late stage of the test, will release
some more heat in addition to the latent heat. In fact steam condensing at the lower
temperatures of the lower cell is characterized by a higher release of latent heat. It is
evident that a part of this latent heat is going to be removed (from the walls) without flowing
through the CV walls themselves: due to the steam condensate film relocation, from the
upper to the lower cell, layers of water flow downward to the pool transferring (mass and)
heat of condensation.
A global correct thermal-hydraulics is predicted in the assumption of a condensation regime
at the gas/water interface after the venting and during the early stage of the cooldown (figure
5), also confirmed by the experimental determination of a global super-heated upper cell
atmosphere. This leads to a stratification modelling which does not allow large transfer of
mass between the two CV subcompartments: after the early stage of the cooldown phase,
steam evaporating from the pool condenses afterward on lower cell walls without involving
the upper cell and flowing again to the pool.
Using "single-compartment" data, without taking into account the peculiar thermal-hydraulics
of LA4 test, means to neglect the separation of the two cells by the stratification and to
neglect the localized higher steam mass condensation in the lower cell.
Once the correct inputs (e.g. the thermal resistance at the water-gas interface and the steam
mass flux on lower CV cell walls) have been estimated, the thermal-hydraulic code exhibits a
good match with the experimental data.
Experiments under way (e.g. separate effect experiments associated to the Phebus project)
might give more emphasis, in terms of data collection, to the stratification occurrence.

In conclusion, performed calculations have shown that the assumption of homogeneous
conditions above the water pool, universally adopted in computer codes, leads to predictions
which overestimate containment loads with the increasing of the facility scale. Computer
codes should take into account that, whenever the size of the problem increases (a large scale



experiment or a real containment building), a stratification above water pools generated by
LOCA accidents will occur producing significant condensation mass fluxes on nearby walls
with a general reduction of the total heat flux to the pools. Consequently the global thermal-
hydraulics of the containment might be somewhat less severe.
Since data collection for code input preparation is not an effortless task, severe accidents
modelling should take account of the stratification formation. A possible model should
estimate condensation fluxes onto water pool nearby cold surfaces (power repartition) and
calculate the net transfer of mass to the upper volume (beyond the stratification).
Aerosol load to the containment is also reduced since important aerosol deposition should
occur through the stratification: by thermophoresis due to the stratification thermal gradient
and by diffusiophoresis due to the high steam condensation mass fluxes. In addition the
induced negative aerosol concentration gradient between the two subcompartments might
cause an important driving force for smaller particles (which more easily survive at most of
retention mechanisms -e.g. figure 10-) motion towards the pool.
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SIMULATION OF POOL SCRUBBING
EXPERIMENTS USING BUSCA

A. Dehbi, S. Guentay

ABSTRACT

BUSCA-PSI is a computer code which predicts the aerosol scrubbing taking place when gas
bubbles containing fission products rise through stagnant pools of water after a postulated
severe accident. A Lagrangian formulation is adopted to follow the path of a bubble as
it rises toward the surface of the pool. The BUSCA model includes most aerosol removal
mechanisms which are thought to be significant, namely: Jet Impaction at the orifice, Con-
vection/Diffusiophoresis during steam condensation, Thermophoresis, Sedimentation, Cen-
trifugal Impaction during bubble rise, and Brownian Diffusion. The hydraulic modelling
offers a variety of options for the initial globule volume, the stable bubble size, the bubble
rise velocity, and the bubble shape. The heat and mass transfer part of the model uses
correlations found in the relevant literature.

BUSCA simulations were performed to determine the decontamination factor (DF) depen-
dence on key aerosol and thermal hydraulic parameters. The decontamination factor in-
creases with height, pool temperature subcooling, and steam content. The decontamination
factor exhibits a parabolic dependence on the particle radius. At low particle sizes, the DF
is high due to Brownian Diffusion which is the dominant removal mechanism. The DF hits a
minimum and then increases with particle size as Centrifugal Irnpaction and Sedimentation
become important.

In separate calculations, BUSCA was used to the simulate the aerosol scrubbing experiments
performed by EPRI. For cold pool tests, the predicted scrubbing efficiencies were in a good,
conservative agreement with the data for both Tin and Csl, and the discrepancies were within
the reported measurement errors. For hot pool tests, the code systematically underpredicted
the scrubbing DF's; this is potentially due to condensation in the gas space above the pool, a
situation not currently modelled by BUSCA. The code was also tested against data produced
by the Tepco-Toshiba-Hitachi experiments. The predicted DF factors were again in good,
conservative agreement with the data.

Paul Scherrer Institute, Villigen, Switzerland



SIMULATION OF POOL SCRUBBING EXPERIMENTS USING BUSCA
A. Dehbi, S. Guentay

1 INTRODUCTION
When a nuclear reactor severe accident occurs, fission products are expected to be released
from the degraded fuel in the core. Analyzing the release, transport, and retention of these
fission products is a fundamental step toward quantifying the amount of radioactivity which
would ultimately make its way to the environment.

In most LWR's severe accident scenarios, the transport paths of aerosols include passages
through stagnant pools of water. For instance, in BWR's, the steam-gas-fission product
mixture is directed towards the suppression pool where steam is condensed to prevent over-
pressurization of the wetwell space. In P WR's, the mixture could pass through the pressurizer
quench tanks before reaching the containment; in other instances, the fission product carrying
gas could leak into the secondary-side pool of a steam generator following a hypothetical tube
rupture. Hence, it is important to design models and experiments to simulate the aerosol
removal taking place in water pools.

BUSCA (Bubble Scrubbing Analysis) is a computer code which predicts the aerosol decon-
tamination factors in water pools during degraded core accidents. The code was developed
jointly by AEA, GRS, and PSI. A short summary of BUSCA will follow, while an extensive
description of the code's models and validation can be found in reference [1] and [2].

2 THERMAL-HYDRAULIC MODELS
When the carrier gas is forced in a water pool through an injector orifice, it forms an initial
globule whose volume depends on the orifice size as well as on the gas velocity. Because
it is too large to be stable, the globule subsequently breaks up into a multitude of smaller
bubbles which rise as a swarm towards the pool surface. Past experimental investigations
showed that even though the bubbles break up and coalesce continuously, the bubble size
distribution remains nearly constant along the depth of the pool. The EPRI experiments
[3] showed that the distribution is adequately described by a log-normal frequency function
while the mean bubble size is near 5.6 mm at low steam fractions and shrinks as the steam
content increases.

When the bubble rises through the pool, it exchanges mass and energy with the surrounding
water. BUSCA uses standard correlations which estimate the heat and mass transfer rates
between a solid sphere and an infinite surrounding medium [4]. Condensation as well as evap-
oration into the bubble are allowed to take place depending on the difference in temperature
and vapor pressure between the bubble and the water pool [5].



BUSCA adopts a Lagrangian formulation whereby a bubble of known shape and initial
diameter is followed as it rises in a pool of water. At each time step (vertical location), the
program computes the net transport of mass and energy in or out of the bubble. The bubble
size, composition, and thermal state are thus updated for the next time-step. For the bubble
rise velocity, BUSCA allows various theoretical and empirical options to be selected [6], [7].

The exchange of mass and energy between the bubble and the pool results in the removal
of aerosols by some known mechanisms such as Diffusiophoresis or Thermophoresis. Hence,
at each time step, the thermal-hydraulic information is fed into BUSCA's aerosol module
which, in turn, calculates the rate of aerosol removal.

3 AEROSOL REMOVAL MODELS

BUSCA-PSI considers the removal of aerosols by the following mechanisms: Jet Impaction at
the orifice, Diffusiophoresis, Thermophoresis, Sedimentation, Centrifugal Impaction during
Bubble Rise, and Brownian Diffusion. At the start of the calculation, BUSCA calculates
the removal due to Jet Impaction at the orifice. The computation is based on empirical
correlations ([8], [9]) which give the removal efficiency as a function of the particle Stokes
number. This step allows the computation of the aerosol mass remaining inside the bubble
immediately after it leaves the orifice.

Except for Jet Impaction, each removal mechanism has an associated removal velocity which
depends on the aerosol and/or the bubble characteristics. The removal velocities are obtained
from theoretical or empirical formulations. Occasionally, there exist several alternatives for
modelling the same mechanism. In such cases, BUSCA offers options which allow the user
to select the desired model. The respective removal velocities are calculated at each time
step, then summed up vectorially to obtain an effective deposition velocity. This net velocity
is subsequently integrated over the surface of the bubble to obtain the local aerosol removal
rate and by the same token update the bubble aerosol inventory for the next time step. The
standard aerosol velocities used in BUSCA are:

• The Diffusiophoretic velocity:
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• The Centrifugal Impaction velocity:



• The Thermophoretic velocity:

vtkir) = l.f>-^r-kh{TB-Tp)KGC{Llr)Br{-)

where the Brock factor Br(r) is defined as:

KG/KP + 2.48L/r
Br(L/r) ^ + 3 ^ ^ + 2(KG/KP + 2.48Z,/r))

and C(L/r) is the Cunningham correction factor.

• Sedimentation velocity:
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where the particle mobility function B(r) is defined as:

B{r) = — - C(L/r)

The Brownian Diffusion velocity:

where:

Dp = kTBB{r)

4 PARAMETRIC CALCULATIONS
BUSCA-PSI simulations were performed to determine the decontamination factor (DF) de-
pendence on key aerosol and thermal hydraulic parameters, namely: the particle size, the
steam content in the carrier gas, the water pool temperature, the gas temperature, and the
gas flowrate. Csl was selected as the aerosol material for the simulations. The selected pool
height of 5 m corresponds to BWR suppression pools, while the carrier gas temperature of
500 K is typical of severe accident conditions.



4.1 Effect Steam Fraction, Aerosol Size, and Pool Temperature

Figure 1 shows the dependence of the DF on the aerosol geometric radius for various steam
fractions at cold pool conditions. The parabolic shape of the curve is due to the competing
mechanisms which are responsible for the scrubbing process. For the finest particles, Brown-
ian Diffusion is the dominant removal mechanism, and hence the DF is very large. Likewise,
for the heaviest particles, Sedimentation and Centrifugal Impaction are dominant, resulting
in high decontamination. For mid-size particles, no removal mechanism overwhelms the oth-
ers, and hence the curve is somewhat flat near a radius of 0.1 fim. Figure 1 also displays the
strong dependence of the DF on the carrier-gas steam fraction, a fact which confirms the
experimental findings. For hot pools (Figure 2), the trends are similar except that the mag-
nitude of the DF is smaller because evaporation into the bubble occurs with a subsequent
reduction in the aerosol removal rate.
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4.2 Effect of the Gas Temperature
Thermophoresis can be an important removal mechanism for severe accidents because the
carrier gas is typically very hot while the water pool is comparatively cool. Since the bubble
comes into thermal equilibrium with the pool within a few orifice diameters, the simulations
were performed at a modest pool height (0.20 m) to minimize the contribution of other
inertial removal mechanisms. As shown in Figure 3, the thermophoretic effect is more pro-
nounced at low steam fractions. At high steam fractions, Thermophoresis becomes negligible
as Diffusiophoresis dominates the removal process.

250 400 450 500
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Pool Height= 0.20 m
Pool Temperature= 293 K
Orifice Diameter= 9.9 mm
Gas Flowrate= 1.0 g/s

Steam Fraction= 0

Steam Fraclion= 0.90

550

Figure 3: Effect of the Gas Temperature

4.3 Effect of the Gas Flowrate
At the injection point, some aerosol particles may impinge against the water in a way similar
to that encountered in impactors. In fixed orifice geometries, the removal efficiency depends
primarily on the aerosol inertia and on the carrier gas velocity. Figure 4 shows the DF versus
gas flowrate for particles with radii of 0.1 and 0.5 fim, respectively. As the gas flowrate is
increased, the DF increases noticeably for the larger particles, and rather mildly for the
smaller ones.

4.4 Effect of the Pool Height
BUSCA was used to assess the DF dependence on the pool height. To that effect, the
input parameters were chosen so as to eliminate aerosol removal by Thermophoresis and
Diffusiophoresis. As shown in Figure 5, the decontamination factor increases with pool
height in an exponential fashion, a fact which confirms the experimental findings reported in



references [11] and [12]. As expected, the heaviest particle is more efficiently scrubbed then
the lighter one.
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Figure 4: Effect of the Gas Flowrate
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Figure 5: Effect of the Pool Height

5 SIMULATION OF THE EPRI EXPERIMENTS
nUSCA was used to simulate the EPRI tests [10] which constitute the most complete pool
scrubbing experiments to date because many significant thermal-hydraulic and aerosol pa-
rameters were measured. The EPRI program was undertaken to investigate both the hydro-
dynamics and the aerosol physics pertinent to pool scrubbing. The purpose of the program



Parameter
Mean geometric radius Sn, /ira
Mean geometric radius Csl, firn

Orifice diameter, cm
Steam mass fraction

Gas mass flowrate, g/s
Inlet gas temperature, K

Pool temperature, K
Pool submergence, in

Range
0.50
0.09
1.27

0-0.96
0.23-14.52

282-404
282-373

0.155-1.65

Table 1: Parameters for the EPRI Experiments

was to produce data which would support model development and serve as a benchmark tool
for the computer code SUPRA [8]. In the scrubbing experiments, both soluble (Csl, TeO2)
and insoluble (Sn) aerosols were used. The aerosols were carried away by a gaseous mixture
whose steam fraction varied from 0 to 0.96. The mixture was forced through a horizontal
orifice and injected into a water pool. The range of parameters used in these experiments is
summarized in Table 1. In the BUSCA simulations, the stable bubble diameter was assumed
to be 5.6 mm, in accordance with the EPRI hydrodynamical experiments [3].

5.1 Csl Scrubbing, Ambient Pool Temperature, No Steam

As displayed in Figure 6, the calculated DF's for pure noncondensable runs are in fair
agreement with the data. The comparison on the basis of scrubbed mass in shown in Figure 7.
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Figure 6: Comparison of DF's for Csl Runs, Ambient Pool Temperature, No Steam
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Figure 7: Comparison of Scrubbed Masses for Csl Runs,
Ambient Pool Temperature, No Steam

5.2 Csl Scrubbing, Ambient Pool Temperature, With Steam

For runs with steam, the DF's are in good, conservative agreement with the reported data
(Figure 8). The agreement is even better if the comparison is based on the scrubbed mass
as illustrated in Figure 9.
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Figure 8: Comparison of DF's for Csl Runs, Ambient Pool Temperature, With Steam
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5.3 Sn Scrubbing, Ambient Pool Temperature, with Steam

For the Sn tests, the mean aerosol geometric radius was 0.5 /im, which is five times larger
than the corresponding radius of Csl . Accordingly, the DF's are much larger for Sn. The
predicted scrubbed mass is in very good agreement with the actual data as shown in Figure
10.
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5.4 Csl Aerosol Scrubbing, Boiling Pool

For saturated pools, BUSCA predicts scrubbed masses which are typically a factor of two
lower than the corresponding data as displayed in Figure 11. This could be attributed to
condensation above the pool or to turbulence within the boiling pool which would enhance
inertial deposition inside the bubble. The aforementioned situations are not presently mod-
elled by BUSCA.
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Figure 11: Comparison of Scrubbed Masses for Csl Runs, Boiling Pool, With Steam

6 SIMULATION OF THE TEPCO-TOSHIBA-
HITACHI EXPERIMENTS

Pool scrubbing experiments were also performed by a joint team of Tepco, Toshiba, and
Hitachi [11], [12]. The tests were conducted in a cylindrical vessel which served as a scrubber
tank for LATEX aerosols. The test conditions are summarized in Table 2.

The purpose of the tests was to produce a correlation for the DP as a function of the most
significant aerosol and thermal-hydraulic parameters. As a results, the following empirical
formula was suggested:

DF = DFS(S, P, Tp, Ha)exp{QAVdp
2)exp{(0.88 + 0.52</p

2)//,)

where dp is the aerosol geometric diameter in /im, and IIS is the pool height in m. The
contribution of steam condensation, DFt, is given by:



where:

Parameter
Geometric diameter, ftm

Orifice diameter, cm
Steam volume fraction

Gas flowrate, 1/niin
Inlet gas temperature, C

Pool temperature, K
Pool submergence, m

Standard value
0.2,0.3,0.5, 1.1

15
0.50
47
150
80
2.7

Range
0.2,0.3,0.5, 1.1

1,5,10,15
0-0.80

28-15000
20-300
20-110
0-3.8

Table 2: Parameters for the Tepco-Toshiba-Hitachi Experiments

DF3(S,P,TP,II3) = R> if Ra > 1
1 if R3 < 1

1 — W
: Liz

I-S

while Wp and S are the inlet and equilibrium vapor volume fractions, respectively.

BUSCA simulations of the Tepco-Toshiba-Hitachi experiments were performed and the re-
sults are displayed in Figure 12 and Table 3 . In view of the fact that the experimental
DF were determined within a factor of two (+100%, -50%), it can be concluded that the
BUSCA predictions are in good, conservative agreement with the data. The agreement is
better when steam is present, as was the case with the EPRI experiments.
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Figure 12: Comparison Between the Tepco-Toshiba-Hitachi Correlation and BUSCA.



Particle
Diameter, fim

0.20

0.30

0.50

1.0

Steam Volume
Percent

0
50
80
0
50
80
0
50
80
0
50
80

Experimental
DF

11.47
19.25
48.1
12.42
20.8
52.1
16.03
26.9
67.2
52.8
88.9
222.2

BUSCA
DF
3.59
11.03
72.50
3.14
9.18
60.1
3.11
8.96
61.9
4.37
13.2
108.0

Table 3: Comparison Between the Tepco-Toshiba-Hitachi Correlation and the BUSCA Pre-
dictions

7 CONCLUSION AND RECOMMENDATIONS
This study presented the simulation of pool scrubbing experiments using the code BUSCA.
The results are generally in good, conservative agreement with the availabe data, especially
for the cases where steam is present in the carrier gas. There are nonetheless areas where
additional modeling and experimental data are clearly warranted:

• The code was found to underpredict the data quite systematically when the carrier
gas has little or no steam content. It might well be that some of the aerosol removal
correlations (e.g. Jet Impaction at the orifice) are too conservative and need to be
replaced. Past aerosol experiments have by and large been integral in nature, and thus
individual contributions to the removal process could not be detected. To remedy this
deficiency and improve the BUSCA models, an extensive aerosol scrubbing program
called POSEIDON is underway at PSI [13]. One of the goals of the POSEIDON
experiments is to isolate and study some important aerosol removal mechanisms such
as Jet Impaction at the orifice or Thermophoresis.

• The code was also found to underpredict the data at boiling pool conditions. As
mentioned earlier, this could be due to deposition mechanisms which are not currently
modelled in BUSCA, e.g. condensation on the walls above the pool, or a potential
removal enhancement caused by turbulence in the boiling pool. The first hypothesis
can be experimentally checked in the upcoming POSEIDON experiments by preventing
condensation on the walls above the pool. The impact of boiling-induced turbulence
could be tackled analytically.



8 NOMENCLATURE
A : total surface area of the bubble
Ad • surface area available for diffusion
B(r) : particle mobility function
C(L/r) : Cunningham slip correction factor
Dp : particle diffusivity
dp : particle aerodynamic diameter
g : gravitational acceleration
H, : pool submergence
KG '• thermal conductivity of bubble gas
Kp : thermal conductivity aerosol particle
k : Boltzmann constant
kh. : heat transfer coefficient
L : molecular mean free path in the bubble gas
M, : molecular weight of steam
Mi : molecular weight of the i'th noncondensable gas
m, : mass of steam in the bubble
P : excess pressure above pool surface
Rc : bubble radius of curvature
r : radius of aerosol particle
S : inlet steam volume fraction
TB : bubble temperature
Tp : pool temperature
t : time
UB '• bubble velocity
V : volume of the bubble
vcond '• Diffusiophoretic velocity
Vd : Brownian Diffusion velocity
vg : Sedimentation velocity
Vimp : Centrifugal Impaction velocity
vth : Thermophoretic velocity
Wp : steam volume fraction in the bubble after thermal equilibrium is reached
X{ : mole fraction of the i'th noncondensable gas
Xs : steam mole fraction
X '• mobility shape factor
pa : gas density
pp : particle density
TJG : dynamic viscocity of bubble gas
0 : cylindrical polar coordinate
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ABSTRACT

UK licence requirements for operation of nuclear power plants is dependent, inter alia,
upon the licensee making and implementing adequate arrangements for the regular and
systematic examination, inspection, maintenance and testing of all plant which may affect
safety (Licence Condition 28). Similarly, the US NRC's Maintenance Rule (published in
10CFR50.65) specifies that a maintenance programme should be developed for plant
systems, structures and components determined to be sensitive to ageing which will be
used for the balance of the current (and, if relevant, extended) operating licence period.

Against this background, the plant operators are seeking to minimise operating and
maintenance costs and to enhance plant availability. This leads to a need to optimise the
plant inspection and monitoring regimes whilst meeting regulatory requirements.

In this paper, a conceptual framework for classifying civil structures and significant ageing
mechanisms is described. This provides a systematic approach to making quantitative
assessments of the likelihood and significance of potential degradation mechanisms and
forms a consistent framework and a logical basis for prioritising inspection and
maintenance schedules.

The proposed method is analogous to a fault tree assessment, in which the likelihood of
degradation due to a specific mechanism is considered as an event. The structures are
considered in terms of their subcomponents. For each subcomponent, the value assigned to
the likelihood of degradation is progressively reduced by a sequence of factors which
make allowance for the structural and safety significance of any degradation and for the
potentialfor timely detection of any degradation. Illustrative values for these factors are
quoted in the text; it is recommended that these values are reviewed following a trial
application of the method.
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CLASSIFICATION OF STRUCTURAL COMPONENT AND DEGRADATION
MECHANISMS FOR CONTAINMENT SYSTEMS

R C B JUDGE

1. INTRODUCTION

UK licence requirements for operation of nuclear power plants is dependent, inter alia,
upon the licensee making and implementing adequate arrangements for the regular and
systematic examination, inspection, maintenance and testing of all plant which may affect
safety (Licence Condition 28). Similarly, the US NRC's Maintenance Rule (published in
10CFR50.65) specifies that a maintenance programme should be developed for plant
systems, structures and components determined to be sensitive to ageing which will be
used for the balance of the current (and, if relevant, extended) operating licence period.

Against this background, the plant operators are seeking to minimise operating and
maintenance costs and to enhance plant availability. This leads to a need to optimise the
plant inspection and monitoring regimes whilst meeting regulatory requirements.

In this paper, a conceptual framework for classifying structures and significant ageing
mechanisms is described. This provides a systematic approach to making quantitative
assessments of the likelihood and significance of potential degradation mechanisms and
forms a consistent framework and a logical basis for prioritising inspection and
maintenance schedules. The method formed part of studies funded by the UK's Health and
Safety Executive relating to development of assessment methods for aged concrete
structures.

A method for classifying all safety related concrete structures in typical US nuclear plant
was developed by Hookham (1991) as part of the ORNL's Structural Ageing Program
(managed on behalf of the US NRC). This work significantly contributed to the
philosophy and general approach to classification embodied in the strategy described in
this paper. In particular, the method seeks to:

• relate sub-elements to overall importance of the structure
• assess the safety significance of the structure as a whole
• include the influence of applied environment
• assess the likelihood, and end result of, degradation

It was considered that Hookham's work could be usefully extended to clearly differentiate
between likelihood of degradation, significance and mitigating factors (detection and
repair). This involved the development of novel techniques for combining the various
degradation and significance parameters, and led to the classification method proposed
here. The techniques developed are intended to be applicable to all civil structures in a
nuclear plant.



2. METHOD

2.1 Overview

This section provides an overview of the classification method (Figure 1). Details of the
method are provided in subsequent sections.

Classification of structures and components involves:

1) Prescreening of all plant to identify safety related structures systems and
component at risk from ageing effects.

2) For each structure identified in (1):

Identification of sub-elements: these may be differing materials, structural
components (beams, columns, etc), or regions of specific safety significance
(eg anchorage and bearing zones, corbels, liner anchorages, etc).

3) For each sub-element identified in (2) and each potential degradation
mechanism:

a) Assess the likelihood of the degradation (0 < F,,ge < 100)
b) Assess the significance of degradation (0.1 < FJig < 1)
c) Assess the likelihood of detection (0.5 < Fdel < 1)
d) Assess any other mitigating factors (0.8 < Fmil < 1)

4) Collate assessments to rank sub-elements and identify key structures/mechanisms.

The sequence of assessments is deliberate - if there is no likelihood of a particular
degradation mechanism, no further assessment is required. Similarly, it may be sufficient
to demonstrate a particular mechanisms has no significance.

The proposed method is analogous to a fault tree assessment, in which the likelihood of
degradation due to a specific mechanism is considered as an event (Figure 2). The
structures are considered in terms of their subcomponents. For each subcomponent, the
value assigned to the likelihood of degradation is progressively reduced by a sequence of
factors which make allowance for the structural and safety significance of any degradation
and for the potential for timely detection of any degradation. Illustrative values for these
factors are quoted in the text; it is recommended that these values are reviewed following
a trial application of the method.

2.2 Prescreening

Prescreening is carried out to reduce the number of structures and components which need
to be considered in detail. Any screening should be based on considerations of safety
significance and likelihood of degradation. This may be usefully supplemented by a



programme of walkdowns/visual inspection. The extent to which information on the
design, construction, operation and maintenance of the facility can be readily obtained will
influence prescreening (and the subsequent detailed assessment).

It is expected that those structures, systems or components which will be included in the
classification will include any which make a significant contribution to ensuring nuclear
safety.

Consideration is given to identifying sub-elements of the structures, on which the
classification will be based. These may be defined on material, structural and safety
considerations:

Materials: In the case of a containment this includes concrete, steel liner, and
prestressing. Each of these materials would be treated as a sub-element.
'Reinforced concrete' may be considered as a single material.

Structural Structural components, for instance beams, floor slabs, foundations, are
function: treated as distinct sub-elements.

Safety Within a large structure there may be regions of particular safety, rather
function: than structural, significance. Examples might be fixings for safety related

attachments.

2.3 Liklihood of Degradation

For every sub-element, an estimate is made of the likelihood of possible degradation
mechanisms. A ranking between 0 and 100 is made (see below). If a particular mechanism
is not relevant to the sub-element being considered a value of '0' is applied (and no further
assessment is required). At the other extreme, known degradation results in the maximum
value of 100 (this will be reduced by subsequent factors).

The likelihood of degradation for a particular structure may be considered as a function of
both the material and its environment. Typical examples of each may be:

Material

Cement type
Aggregate type/grading
Water/cement ratio
Compaction
Cover
Curing

Environment

Temperature and humidity
Atmospheric composition
Chemical environment
Biological environment
Radiological environment
Loading

In developing a ranking value for ' likelihood of degradation' it is convenient to initially
consider material characteristics and environment aspects separately.



A value between 1 and 5 is estimated, representing a material or environment with low
and high potential for degradation respectively. The combined value is obtained using the
following matrix:

Environment

Material 1 2 3 4 5

Low risk l 1 The matrix is symmetric
2 2 3

Medium risk 3 3 4 5
4 4 5 6 7 Degradation highly improbable: 0

High risk 5 5 6 7 8 9 Degradation evident: 10

The values in the matrix were deliberately chosen to avoid skew distributions resulting
from a simple multiplication of the effects. The quantification of 'low, medium and high'
risk is left to the judgement of the responsible engineer to enable site specific details to be
taken into account. The value from the matrix is multiplied by 10, to give a percentage.

Synergies between mechanisms should also be noted and taken account of. It may be
appropriate to consider strongly correlated degradation mechanisms as a single, combined,
entity. For example, carbonation and chloride attack may be combined to consider
reinforcement corrosion.

2.4 Significance of Degradation

The factor for significance considers the consequence of undetected degradation.
Significance is considered in terms of three key factors:

• effect of degradation on sub-element performance
• effect of a degraded sub-element on structural stability
• the safety functions which have to be performed

These factors are inter-related, and the overall value is the product of individual ratings.

The consequence of degradation on sub-element behaviour may be generalised, with
relative weights associated with each. Thse weights range from 0.7 for localised
weakening through to 1.0 for loss of monolithic behaviour.

The consequence of component failure on the structure's performance requires an
understanding of how structural sub-elements are incorporated into the overall system.
This becomes a study of the stability of structures and their susceptibility to overall
collapse.

The weights for consequence of sub-element degradation and its implication for the whole
structure are multiplied to give a vnet effect1, which lies in the range 0.5 - 1 as shown in
the matrix below (based on Hookham, 1991):



(1.0)

(1.0)

(0.9)

(0.8)

(0.8)

(0.7)

GENERIC STRUCTURAL SUB-ELEMENT

(If appropriate, modify weightings
specific details)

Shell

(1.0)

1.00

1.00

0.90

0.80

0.80

0.70

Foundati
on

(1.0)

1.00

1.00

0.90

0.80

0.80

0.70

Column/
partition
wall
(0.9)

0.90

0.90

0.81

0.72

0.72

0.63

for site

Shear
wall

(0.8)

0.80

O.SO

0.72

0.64

0.64

0.56

Floor

(0.7)

0.70

0.70

0.63

0.56

0.56

0.49

Beam

(0.7)

0.70

0.70

0.63

0.56

0.49

0.49

Consequence of
degradation

Loss of monolithic
behaviour

Damage to steel
reinforcement

Gross loss of concrete
section

Minor loss of concrete
section

Gross weakening of
material

Local weakening of
material

The safety significance of the sub-element is used to weight the net effect', and to
produce an overall value for 'significance'. The influence of this factor in component
classification is emphasised by defining its range to lie between 0.1 and 1.0.

Safety significance values should be determined for each sub-element. In general, this
factor will be applicable to the majority of sub-elements within a single structure, and will
relate to the structure's safety classification.

Typical safety functions for structures in nuclear power plant, quoted in IAEA Safety
Guide 50 (1979), are:

Prevention of uncontrolled release of radiation to the environment
Radiation attenuation and shielding
Containment functions (for coolant, etc)
Structural support for nuclear systems or internal equipment/components
Structural support for back-up' safety related systems
Structural support for ultimate heat sink' equipment and components
Support for new or spent fuel assemblies or other pond loads
Protection of 'active' safety systems and components
Separation or communication functions

In IAEA Safety Guide 50 (1979), ranking of the importance of the safety function is based
on:

1) the consequence of failure of that function
2) the probability that the safety function would be required
3) the probability that the safety function would not be accomplished when required.



The product of these three factors must be acceptably low. Detailed definitions of the
safety classes are provided in the IAEA safety guide; the concept is re-iterated by
Hookham (1991) in his suggested weightings for safety significance, in which he considers
both number and class of safety functions to be performed by a sub-element:

0.1 A factor of zero implies no safety significance, and will results in a zero value overall. A
suitably low value (0.1) is suggested to accommodate any non-safety related structures in
the classification.

0.4 Single safety function. Typical sub-elements may provide environmental protection,
structural support or shielding function for a confined area or specific safety related plant
component.

0.8 At least three simultaneous safety functions during plant operation. Typical sub-elements
may perform primary containment functions or support shutdown components. They are
critical to safe plant operation.

1.0 At least four simultaneous safety functions during plant operation and/or critical to safe
plant operation under normal and emergency conditions. The containment is an example.

3. DETECTION OF DEGRADATION

The detection of active degradation reduces its significance as this provides opportunity for
mitigative action, in the form of either remedial treatment or increased inspection. Factors
which are considered to be of relevance are the ability to detect particular forms of
degradation, accessability and rate of degradation relative to inspection periods.

The applied factors allow for detection of active degradation mechanisms. These range
from identified degradation (0.5) to no inspection possible (1.0). Benefit is claimed for
structures which are regularly inspected or monitored.

4. REPAIR / MITIGATION

Any option for repair or mitigation requires the cause of degradation to have been
detected.

If the component classification is being carried out only for safety assessment purposes it
is generally not appropriate to include a factor for repair potential directly in the ranking.
Historical repairs or regular maintenance to a structure (either complete or temporary)
should be evident from plant history data, and its influence on both the likelihood of
degradation and its structural significance should be accounted for in the assessment.

However, there are also components for which measures to mitigate the effects of ageing
are built into the design. An example would be ungrouted prestressing tendons which may
be re-stressed as required. In such a case an additional factor to allow for mitigation may
be used; a value of 0.8 is suggested.

Other mitigating factors may also be introduced at this stage, if appropriate.



5. RANKING STRUCTURES

The assessment provides rankings for each degradation mechanism associated with the
individual sub-elements of a structure. It is important not to lose sight of any particularly
significant mechanisms as this may guide the detailed requirements of future inspection
requirements. These peak values should be highlighted if they exceed a given value (an
appropriate value would be determined following a trial application of the method).

Sub-elements were defined on the basis of either structural components or detailed regions
performing specific safety or structural functions. The highest of the values for structural
components represent the weakest link in the structure's safety, and is thus considered the
most appropriate value to use for ranking structures. Again, averaging of the top three
values may be used to achieve limited smoothing.

6. CONCLUSION

In this paper, a conceptual framework for classifying civil structures and significant ageing
mechanisms is described. This provides a systematic approach to making quantitative
assessments of the likelihood and significance of potential degradation mechanisms. It
forms a consistent framework and a logical basis for prioritising inspection and
maintenance schedules to meet regulatory requirements.
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PRESCREENING

Preliminary plant categorisation and visual inspection
to reduce the extent of detailed study

SUB-ELEMENT DEFINITION

Based on structural components
or specific safety functions

DEGRADATION CLASSIFICATION

Likelihood & significance of degradation
assessed for individual sub-elements

See Figure 2 for details

SUB-ELEMENT RANKING

Top three degradation mechanisms averaged
gives the overall sub-element value.

Peak degradation mechanisms are highlighted.

STRUCTURAL RANKING

Top three structural sub-elements averaged
gives the overall structure value

Peak sub-elements arc highlighted

APPLICATION

Use overall values for structures as logical basis
for prioritising inspection & maintenance.

Peak values highlight specific issues
which may be usefully addressed

Figure 1 Proposed method for structure classification



No

LIKELIHOOD OF
DEGRADATION

F.ec 0 -100

High Fag

SIGNIFICANCE

Low F.,

DETECTION

Fde, 0.5 - 1

No

MITIGATION

Fm, 0.8 - 1

RANKING FACTOR

F,Be x F.,

x >;

x Low value of F,

Likelihood

Material properties
Environment

Significance

0.7 - 1
0.7- 1
0.1 - 1

Component
Structural
Safety

Accessability
Inspectability

Mitigation

Design for repair
Other factors

Figure 2 Proposed method for degradation mechanism classification
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STRUCTURAL INTEGRITY EVALUATION OF THE CONTAINMENT
BUILDING FOR WOLSUNG-1 NUCLEAR POWER PLANT

by Yongpyo Suh, Seonglo Lee, Jongrim Lee, Daesoo Lee

1. INTRODUCTION

The containment system for Wolsung-1 Nuclear Power Plant is a prestressed post-tensioned
concrete structure without steel liner plates. The in-service examination for CANDU-type nuclear
power plant shall adhere to CSA N287.7-M80 as follows:

- Prestressing systems used as principal reinforcement in concrete containment structures shall be
subject to an integrity evaluation to determine the effects of certain time related factors such as
stress relaxation and possible deterioration.

- Either an in-service pressure test or the use of test beams can be selected as the method of
evaluation. The method of evaluation and the frequency of such evaluation shall be agreed upon
between the Owner and the Authority.

- Subsequent tests shall be performed at 1, 2, 5, 10, 15, 20 and 25 years after the initial test.
Those subsequent tests may be considered acceptable, provided the deflections obtained from the
flexural tests of the test beams do not vary by more than 10% from the time dependent calculated
values, based on the previous test.

- In the case of test failure, further testing and/or examinations should be determined by
agreement between the Owner and the Authority.

According to this standard, 14 test beams were prepared at the time of concrete placement for in-
service examination of Wolsung-1 plant, and subsequent tests such as flexural test and stress
relaxation test for test beam have been performed. Additionally, a pre-operational proof pressure
test was conducted on February 1982, in order to analyze the strain measurement data for the
verification of the behavior of the containment structure at the gage locations during the test.

The test beam program is not apparently intended to simulate the behavior of the actual structure
under load, but it just provides an indirect comparison of time-dependent structural behavior.
Considering the current situation in Korea that in-service inspection of the prestressing system by
means of the actual stressing and distressing is mandatory for the un-bonded type in order to
provide the time related stress relaxation and deterioration during commissioning, the effort to
analyze the result of beam tests in conjunction with the strain gauge readings to be taken from the



in-service leak rate test seems to be reasonable in preparation for the test failure of test beams.
Such effort is believed to complement the indirect characteristics of test beam procedures as an in-
service structural integrity test with a view to comparing the actual behavior of the structure.

This study attempted to establish the evaluation criteria of the structural integrity as an alternative
in the event that the test beams did not meet the acceptance requirement, using the theoretical
prediction of the strains corresponding to the pressure step, including the quantification of errors
due to the measuring systems as well as variations of material properties which were expressed in
terms of confidence limits. The evaluation for the structural integrity can be carried out by
comparing the actually measured values during the in-service leak rate test fall within the
confidence limits proposed in this study.

The previous reports (CANATOM, 1982) on the pre-operational proof pressure test of the
Wolsung-1 plant had been found to be the only information available. It, however, just shows a
series of graphs representing the predicted strain and limits within which the strains measured by
the strain gauges embedded in the concrete containment structure of the Wolsung-1 plant are
expected to fall. Unfortunately, no specific analytical procedure was not described in the
reports, thus raising difficulties in finding out how those limits on the graphs were derived.

The reports states that the expected limits of strain gauge readings were established using the
following:

- Analytical values of the strain in the containment structure under internal pressure,
corresponding to the location and the orientation of each instrument;

- Errors of the measuring system based on the analysis of the previously collected data up to
April, 1981;

- Estimate of local variation of material properties;

- Estimate of concrete recovery during the pressure test, due to reduction of the existing
compression. For the estimation of this time-dependent phenomenon, a pressurizing and de
pressurizing schedule similar to previously carried out tests in CANDU 600Mwe plants was
assumed.

Consequently, the same scheme as the referred reports was employed in this study in order to
establish the criteria such as expected strain and its confidence limits for the structural integrity
evaluation, using the strain gauge readings from the in-service pressure test say, adding up errors
of the measuring system and variation of material properties, followed by the theoretical analysis
of the time-dependent prestressing loss.



2. STATISTICAL ANALYSIS

For the quantification of errors due to the strain gauge measuring systems, the statistical
characteristics of the previous measurement were analyzed. The total number of existing
embedded strain gauges is 118 of which location is represented on Figure 1. Table 1 shows the
statistical characteristics derived from the actual measurements from the gauges. It should be
noted that all strain readings were digitized from the graphs on the previous report (CANATOM,
DR-0059-21000-07, 1982) since it did not provide the digital data.

Figure 1. Location of Gages in Containment Building

Table 1. Statistical Characteristics of Strains

Based on the statistical properties on Table 1, Figure 2 typically represents the 90% confidence
limit of the strain gage readings at Level 1, Gauge 25, assuming that errors due to the measuring
system was constant for all gauge locations. The regression line was also plotted in order to
supply an average representation of all experimental points for that location. Contrary to the
smooth curve shown on the report aforementioned, it has an awkward shape for the confidence
bound.

Figure 2. Confidence Bounds of Strain



Therefore, such preliminary statistical analysis in order to decide the confidence limits seems to
be invalid in the quantification of errors resulting from the measuring systems. In this study, the
amount of errors due to the measuring system was estimated by directly reading the confidence
limits on the graphs of the reference report, assuming that all errors other than the variation of
material properties were included in the confidence limits and that temporal and spatial variation
did not occur. Table 2 shows the constant amount of variations estimated from the report due to
the measuring systems to be added in the decision of the upper and lower limits of the
theoretically expected strain corresponding to the pressure step.

Table 2. Variation due to Measuring System

In the mean time, material properties basically contains the random and uncertain characteristics,
thus necessitating the probabilistic model for the quantification of its variation. Thus, the
compressive strength and elastic modulus governing factors in the structural analysis were treated
as random parameters. The compressive strength of concrete was assumed to represent the
normal distribution so that 10 data from the strength test was randomly generated in order to
quantify the variation of strains due to the material properties. The modulus of elasticity for
concrete was calculated according to the following formula:

e (MPa)

Figure 3 represents the variation due to material properties, estimated by Mote Carlo simulation
for Level 1 at the initial stage.

Figure 3. Variation due to Material Properties

For the determination of variations to be used as the confidence limits corresponding to the
predicted strain, the previously obtained values were added as follows:



where, Vt : Total variation
l\ : Variation due to the measuring system
f, : Variation due to material properties

It should be noted that variations due to load were not considered herewith.

3. THEORETICAL ANALYSIS

In order to predict the strain during the plant life time, the containment building of Wolsung-1
plant was theoretically analyzed for 9 steps of internal pressure, using the axisymmetric 2D solid
finite element model as shown in Figure 4.

Figure 4. Axisymmetric 2D Solid Finite Element Model

Material properties used for the analysis are as follows:

- Compressive strength of concrete:

347 kg/cm2 (Mean), 49 kg/ cm2 (Standard deviation)

- Yield strength of re-bar: 4.2 x 103 kg/cm2

- Ultimate strength of tendon: 17.9 x 103 kg/cm2

The time-dependent loss in the prestressing system was obtained by summing up the loss due to
concrete creep, concrete shrinkage and steel relaxation for the initial time, 10, 15, 20 and 25 years
thereafter. Such losses were calculated using the technical specification for test beams proposed
by CANATOM as follows:



- Loss due to concrete creep (Dc)

Dc = E sx C c x K c x K d x K b x Kg x Kt

where:
Es : 200,000 MPa, elastic modulus of the prestress steel
Cc : 2.85 x 10"4, initial strain of concrete
Kc : 2.3, effect of ambient relative humidity (70%)
Kd : 1.2, effect of age at time of loading
K5 : 1.0, effect of water/cement ratio
Kg: 0.73, effect of sectional exposure ratio
Kt : time function

• Loss due to concrete shrinkage (Ds)

D s = E s x S cxKbx K e x K p x K t

where:
Es : 200,000 MPa, elastic modulus of the prestress steel
Sc : 2.75x10"^, basic shrinkage at 70% relative humidity
K5 : 1.0, effect of water/cement ratio
Kg: 0.61, sectional exposure ratio
Kp : 0.73, effect of reinforcement percentage
Kt : time function

Loss due to steel relaxation (Df)

Df = log t/ K x (R - 0.55) x 0.7 fu

where:
0.756, ratio of initial stress to yield stress in the tendon

ff
K

1758 MPa
10, for stress-relieved wires

log t : log (base 10) of time t in hours after stressing



Table 3 provides the comparison of the theoretical analysis with the previous result in the
reference report. Notable is that the prediction of strains for 15, 20, 25 years showed the similar
result so that the criteria for 15 years were selected as a representative value for the remainder.

Table 3. Time- Dependent Variation of Strain

Based on Table 3, Figure 5 and 6 were plotted for the wall component, showing the good
agreement of the expected strains in the hoop direction, compared with the reference report. The
strains predicted, however, in the meridional direction shows the discrepancy, presumably due to
the difference in the modeling technique. As a result, it is believed that the use of the strain
predicted in the hoop direction can provide a better evaluation for the structural integrity.

Figure 5 Comparison of Hoop Strain

Figure 6. Comparison of Meridional Strain

Figure 7 typically represents the criteria for the structural integrity evaluation for Level 1, Gauge
25 at 15 years, having incorporated the predicted strains from the theoretical analysis and
variations due to material properties and measurement errors as well. These criteria, combined
with the testing of test beams will be beneficial in the assessment of the structural integrity in case
that the strain gauge readings embedded in the containment structure during the in-service
pressure test can be utilized.

Figure 7. Criteria for ISI



4. CONCLUSION

Considering the current situation in Korea that in-service inspection of the prestressing system by
means of the actual stressing and distressing is mandatory for the un-bonded type in order to
provide the time related stress relaxation and deterioration during commissioning, the effort to
analyze the result of beam tests in conjunction with the strain gauge readings to be taken from the
in-service leak rate test seems to be reasonable in preparation for the test failure of test beams.
Such effort is believed to complement the indirect characteristics of test beam procedures as an in-
service structural integrity test with a view to comparing the actual behavior of the structure.

In this study, the criteria has been established as an alternative to the test beam procedure in
order to carry out the structural integrity evaluation, using the experimental data obtained from
the embedded strain gauges during the pre-operational proof pressure test for the containment
building.

The quantification of variations due to the measuring systems and material properties was
performed in order to decide the confidence limits of the expected strain corresponding to the
pressure step, followed by the prediction of the strain, including the time-dependent phenomena
of the pre-stressing system.

In the criteria proposed, variations due to the measuring systems were estimated based on the
previous reports which are only information available at present, thus leaving uncertainties in the
prediction of the upper and lower bounds of the strain. Consequently, further study including the
validation of variation sources and quantification will enhance the reliability of the evaluation
criteria.
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STRESS LEVEL(kPa)

5.000
16.000
26.000
35.700
41.000
43.800
51.700
58.900
66.000
72.300
79.000
84.800
93.700

101.300
108.900
117.900
125.000
130.400
136.300
142.700

MEA\ OF STRAIN

0.061
0.153
0.234
0.277
0.289
0.326
0.376
0.489
0.576
0.613
0.665
0.705
0.727
0.765
0.789
0.923
0.994
1.006
1.090
1.074

ST. DEVIATION

0.192
0.217
0.246
0.246
0.260
0.186
0.202
0.205
0.244
0.279
0.309
0.324
0.320
0.311
0.445
0.381
0.565
0.467
0.482
0.421

Table 1. Statistical Characteristics of Strains

Pressure(kPa)

0.0
16.0
35.7
58.9
84.8

108.9
125.0
136.3
142.7

Variation

0.524
0.460
0.371
0.282
0.250
0.278
0.363
0.419
0.484

Table 2. Variation Due to Measuring System



Strains
Meridional Direction (EY x 10"6) Hoop Direction ( 10'6)

Component

iLevel 1
Level 2
Level 3

iLevel 4
Wall

TVuno

Base

Level 5
Level 6
Level 7
Level 8
Level 9

A
B

Q

A
B
C

, REPORT
28.84
8.76
25.45
25.10
27.91
28.05

ino exist
19.37
45.13
112.5

^ 1 4 7 1 5

1250.32( I)
; 19.74(E)

0.0
-0.41
17.13

0 YEAR
28.81
48.83
22.20
21.27
63.94
59.98
20.95
17.80
13.76
-51.46
-45.22

82.43

-3.598
-3.636
-3.024

10 YEAR
25.75
48.90
18.08
17.66
58.50
46.59
13.93
14.42
10.08
-55.72
-48.63

78.21

-3.19
-3.30
-2.70

15 YEAR
25.98
49.28
18.24
17.85
58.64
46.23
13.75
14.41
9.958
-56.02
-48.87

78.08

-3.598
-3.640
-3.025

REPORT
46.47

no exist
70.76
73.30
50.05
11.60
-4.69
-24. 71
-66.70
112.5
114.36

-71.24

0.0
0.22

-12.62

0 YEAR
40.20
55.75
67.88
70.19
54.05
15.99
-8.30
-31.33
-72.73
105.98
107.70

-94.43

0.0429
-0.0139
0.106

10 YEAR
46.40
64.44
78.52
80.97
61.61
23.31
0.6776
-19.87
-56.00
115.42
117.34

-75.54

-0.2128
-0.058
0.1926

15 YEAR
46.69
64.87
79.05
81.52
61.94
23.58
1.0206
-19.39
-55. 20
116.1
118.0

-74.64

0.0432
-0.0111
0.2218

Table 3. Time-Dependent Variation of Strain
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ABSTRACT

In the present study, containment responses to core damage accidents were analyzed for
a large spectrum of core damage sequences, which were defined by front-line system
event trees, in a BWR with Mark-II containment by using the Accident Progression
Event Tree (APSET) method and their characteristics were examined in terms of
mainly probabilistic aspects such as their respective conditional probabilities of
containment failure modes and accident termination.
This paper showed that various core damage sequences could be categorized into a
small number of groups, each of which consisted of the sequences with similar
containment response characteristics, as follows :

(1) Interfacing system LOCA,
(2) ATWS with high pressure injection available,
(3) Loss of long-term containment heat removal,
(4) Station blackout,
(5) Loss of coolant injection with the reactor not depressurized,
(6) Loss of coolant injection with the reactor depressurized,
(7) Loss of short-term containment heat removal, and
(8) Reactor pressure vessel rupture.

The above categorization provides a perspective on the potential containment failure
modes and the effectiveness of some accident mitigative measures, which could be
useful for studying accident management strategies and as well for assisting the analysts
in carrying out future CET analyses.
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Categorization of Core-Damage Sequences by Containment Event Tree
Analysis for Boiling Water Reactor with Mark-n Containment

Norio WATANABE, Mitsuhiro KAJIMOTO and Ken MURAMATSU
Japan Atomic Energy Research Institute

1. Introduction
In the probabilistic safety assessment (PSA) for light water reactors, the containment event tree
(CET) analysis technique has been used to delineate various accident scenarios that can lead to
radioactive release from the containment. Nowadays, in general, the large-scale CET has been
constructed to reflect the insights accumulated from experimental and analytical studies on severe
accidents[l]. Because of its intricate structure, however, CET analyses have been performed for
a limited small number of core damage sequences, generally with a relatively high frequency of
occurrence, in the past PSA studies.

To obtain a better understanding of the containment response characteristics to a large spectrum of
core damage accidents in a boiling water reactor (BWR) with Mark-II containment, in the present
study, we performed the CET analysis for core damage sequences systematically defined by front-
line system event trees and then categorized core damage sequences based on the analysis results.
The CET was constructed with use of the accident progression stage event tree (APSET)
method[2] and quantified with data available from mainly the NUREG-1150 program. The
quantification results for individual core damage sequences were compared with each other from
the viewpoint of the following aspects:

1) Containment failure modes and their possibilities,
2) Accident termination measures and their possibilities, and
3) Timing of major events such as containment failure.

Through the comparison, we categorized core damage sequences based on the similarities in the
above aspects. The sequence categorization presented here provides a perspective on the potential
containment failure modes and the effectiveness of some mitigative measures, which is expected to
be useful for examining accident management strategies and as well for assisting future CET
analyses for a similar type of BWRs. This paper describes and discusses the containment
response characteristics to core damage accidents along with the sequence categories.

Although similar categorizations of core damage sequences have been conducted, these
categorizations were derived from the different standpoint from that in the present study. For
example, in NUREG-1150, the sequences were categorized into several plant damage states based
on the analysts' engineering judgment to serve as a starting point for the CET analysis.
Furthermore, our previous studies[3,4] showed that the core damage sequences could be
categorized into several groups from the standpoint of the similarity in the timing of major events
such as containment overpressure failure and that the groups could be characterized by the
combination of available core cooling systems. These conclusions were based on only the results
from accident progression analyses with the THALES/ART code system[5] assuming that all the
core damage sequences would inevitably lead to containment overpressure failure due to the
accumulated steam.

2. Description of Safety System Features in Reference Plant

The reference plant in the present study is a BWR with Mark-II containment, which is a typical
nuclear power plant in Japan. This type of the plant is equipped with an emergency core cooling



system (ECCS) which consists of AC-powered high pressure core spray (HPCS), automatic
depressurization system (ADS) allowing low pressure systems to actuate, AC-powered low
pressure core spray (LPCS) and AC-powered low pressure coolant injection (LPCI). The LPCI
is one of five operation modes of residual heat removal system (RHR). High pressure injection
systems include the condensate/feedwater system (FW) and turbine-driven reactor isolation cooling
(RCIC). The RCIC is not a part of the ECCS, and has a lower makeup capacity than the ECCS.
However, in postulated high pressure accidents, especially in the station blackout, this system
becomes an important source of high pressure makeup flow because it can deliver water without
any AC power until its control DC power depletion. Low pressure injection systems consist of
the LPCS and the LPCI. Decay heat removal systems consist of the power conversion system
(PCS) and the RHR. The PCS is mainly used in a normal shutdown process. The RHR has a
capability of removing decay heat under accident conditions by three operation modes : shutdown
cooling, suppression pool cooling, and containment spray. The first mode can remove decay
heat by recirculating the reactor water and cooling it via the heat exchangers under low pressure
conditions. The second mode takes suction from the suppression pool and returns the water back
to the pool after cooling it in one of two redundant heat exchangers. The third mode can take
suction from the suppression pool, cool the water in the heat exchangers, and discharge it through
the spray sparger in both the drywell and the wetwell.

3. Approach

To examine systematically containment responses to various core damage sequences in a BWR
with Mark-II containment plant, the present study used an analysis approach as follows :

(1) Construction of front-line system event trees,
(2) Construction of a containment event tree,
(3) Quantification of the containment event tree, and
(4) Categorization of core damage sequences.

Each step is discussed in more detail in the following sections.

3.1 Construction of Front-Line System Event Trees
Front-line system event trees were constructed for seven initiating events, that is, transient, large-
break LOCA (LB-LOCA), medium-break LOCA (MB-LOCA), small-break LOCA (SB-LOCA),
interfacing system LOCA (ISLOCA). reactor pressure vessel (RPV) rupture, and station blackout,
to define core damage sequences. Table 1 lists the core damage sequences defined by front-line
system event trees. As shown in this table, the front-line system event tree consists of nine
headings, each of which represents success or failure of the safety systems described in the
previous chapter.

3.2 Construction of Containment Event Tree
In constructing a CET, the present study used the APSET method. This method is a modelling
approach for the CET analysis to produce a scrutable and understandable model of containment
failure mechanisms. In the APSET method, accident progression is divided into several stages
(time periods) and physical phenomena and mitigative measures are represented chronologically
and in detail in the event trees for individual stages. The quantification results can indicate their
respective probabilities of containment failure modes and accident termination stage by stage.

3.2.1 Containment Failure Modes Identified
Prior to the CET construction, accident progression was first divided into the following four
stages:

(1) Pre-stage for Core-melt: This stage is a period prior to core melt,
(2) Core-melt Progression Stage : This stage is a period with fuel melting and progressing

through to the RPV failure.



(3) Debris Exit Stage : This stage means a short period immediately after the RPV failure, and
(4) Long-term Progression Stage : This stage covers a long period after the core debris has

relocated somewhere in the containment.
Identified for each stage were potential containment failure modes and their respective mechanisms
as well as potential mitigative measures which could arrest core damage sequences.

In the Pre-stage for Core-melt, the principal containment failure mode is quasistatic pressurization,
which is caused by failure of vapor suppression function or by inadequate containment heat
removal. The containment bypass and the preexisting leakage are also taken into account. The
former is mainly by the ISLOCA and the latter is by failure to completely isolate the containment.

Containment failure in the Core-meli Progression Stage would occur due to detonation or
deflagration of hydrogen combustion process, dynamic pressure loading or missile generation by
in-vessel steam explosion, and quasistatic pressurization by accumulated steam and hydrogen
during this stage. While the Mark-II containment is generally inerted under most operating
conditions, hydrogen combustion process is modelled in the present study considering the
possibility that the containment could somehow become deinerted, for example, due to failure of
the nitrogen purge system to inert.

As for the Debris Exit Stage, containment challenges could result from the following sources :
hydrogen combustion, ex-vessel steam explosion in the pedestal cavity, direct containment
heating, and rapid steam pressurization at the time of RPV failure.

In the Long-term Progression Stage, containment failure would occur as a result of burning
combustible gases generated by molten core-concrete interaction (MCCI), thermal attack, steam
explosion in the wetwell after the diaphram floor melt-through, and quasistatic pressurization.
The thermal attack is postulated to occur in the drywell due to direct contact of debris with the
containment shell, leading to liner melt-through, or due to excessive high temperature (that is,
over-temperature) in the atmosphere, causing seal leakage in the drywell head or penetration
assemblies. Overpressurization results from debris-water interaction in the suppression pool.

3.2.2 Top Events Selected
Containment failure mechanisms were examined and then top events of the CET were selected
paying a particular attention to essential mitigative measures such as core cooling recovery as well
as important factors which might affect the possibilities of physical phenomena challenging
containment integrity. For example, core melting behavior and the reactor pressure (that is,
whether the reactor pressure is high or low) during the second stage have significant influences on
the possibility of in-vessel steam explosion. As well, the reactor pressure and the RPV failure
modes (that is, whether the vessel bottom head would fail grossly or locally) might affect the
debris exiting behavior (that is, whether the debris is dispersed or not), which affects the
possibilities of direct containment heating and ex-vessel steam explosion in the pedestal cavity.
These factors were put in the top events to clearly represent the containment failure mechanisms on
the event trees.

The selected top events are listed in Table 2, together with their respective branch split-fractions.
As shown in this table, the CET constructed here comprises 40 top events that consists of 7 top
events for the Pre-stage for Core-melt, 10 top events for the Core-melt Progression Stage, 11 top
events for the Debris Exit Stage, and 12 top events for the Long-term Progression Stage.

3.2.3 Mitigative Measures Considered
As the mitigative measures to arrest core melt progression and to prevent containment failure, we
took into account in-vessel recovery and ex-vessel recovery as follows, which could be taken
without any plant modifications.



(1) Containment venting prior to core melt : Containment venting could prevent containment
overpressurization and reduce the likelihood of core damage for the sequences with loss of
decay heat removal where containment failure could precede core melt. Mark-II plants have
the ability to vent via existing piping and ductwork to the reactor building heating, ventilating
and air conditioning system (HVAC) or the nitrogen purge system.

(2) Core cooling recovery after core melt initiation : It is assumed that the core could be prevented
from further damaging if the core cooling would be recovered, for example, by offsite power
restoration for station blackout or low pressure injection subsequent to reactor depressurization
for high pressure sequences.

(3) Core debris cooling in ex-vessel: After RPV failure, the actuation of containment spray could
cool debris and, at the same time, limit the extent of MCC1. Should the core debris have been
dispersed into the drywell atmosphere, on the other hand, it could be cooled by radiation or
convection and containment failure would be delayed so that some actions to recover
containment heat removal could be expected.

3.3 Quantification of Containment Event Tree
Branch point split-fractions for top events relied heavily on the data and insights generated by the
past PSA studiesj 1,6,7]. However, some top events such as RPV failure mode were not
modelled in these PSA studies and their respective branch point split-fractions were based on our
engineering judgment. As for containment overpressure failures, the probabilities were referred
to both the containment pressure calculated in our previous study[3] and the containment failure
pressure probability function illustrated in the Shoreham PSA document (Figure 3.6-11 in
Reference [6]). The branch point split-fractions assigned to top events are summarized in Table 2.

The quantification results of CET for individual core damage sequences provide a set of accident
scenarios leading to and avoiding containment failures and a point estimate profile of their
conditional probabilities in each accident progression stage. Uncertainties currently exist in the
phenomenoiogical issues considered in the present study and hence the quantification of some
important events remains indeterminate because of insufficient data or knowledge, experimental
and analytical. While the output from the quantification produces only a point estimate profile
and does not evaluate the range of uncertainty, it provides information enough to understand
relative contributions of physical phenomena and mitigative measures important to the containment
failure probabilities in severe core damage sequences.

3.4 Categorization of Core Damage Sequences
This step categorized core damage sequences based on the results obtained from the CET analysis
for individual core damage sequences. The sequence categorization was carried out by examining
the similarities of probabilistic profile as follows for individual sequences stage by stage :

- containment failure modes and their possibilities, and
- mitigative measures for arresting core melt progression and/or avoiding containment failure
and their possibilities.

In addition, this categorization referred to the timing of events such as core melt initiation, RPV
failure, and containment overpressure failure obtained from our previous study[3], to examine the
similarities of accident progression behavior for individual sequences.

4. Results - Sequence Categorization

Based on the results from the CET quantification, we performed the categorization of core damage
sequences defined by front-line system event trees from the viewpoint described in the section 3.4.
This chapter summarizes the sequence categorization in terms of the dominant containment failure
modes and the effectiveness of possible mitigative measures considered. The more detail



description of containment response characteristics for each of the sequence groups will be
presented in the chapter 5.

As shown in Table 3. forty-three core damage sequences were categorized into the following eight
groups, each of which included the sequences with the similar containment response
characteristics.
(1) Interfacing system LOCA : This group has the unique containment response characteristics

because the initiating event directly leads to containment bypass. Since any mitigative measure
considered in the present study was not applicable to this group, the conditional probability of
containment bypass was estimated to be 1.0.

(2) ATWS with high pressure injection available : This group includes four sequences such as TC
and AC. The dominant containment failure mode is overpressurization in the Pre-stage for
Core-melt. Because the containment venting with HVAC was judged ineffective in the
present study, this group results in overpressure failure inevitably.

(3) Loss of long-term containment heat removal: This group includes eleven sequences such as
TW and AW. The dominant failure mode is overpressurization in the Pre-stage for Core-melt
and its conditional probability is in the range of 0.1 - 0.01 because the containment venting
was considered for this group.

(4) Station blackout : This group includes four sequences such as TB and TBU. The dominant
failure modes are overpressurization and over-temperature in the Long-term Progression Stage
and direct containment heating in the Debris Exit Stage but their respective conditional
probabilities are about 0.1 or less, because this group has a large possibility of accident
termination by restoring offsite power.

(5) Loss of coolant injection with the reactor not depressurized : This group includes seven
sequences such as TQUX and TCU. The dominant failure mode is overpressurization in the
Core-melt Progression Stage but its conditional probability is very small, that is less than 1.0E-
3. In this group, the reactor depressurization accompanied by low pressure injection has a
large contribution to accident termination.

(6) Loss of coolant injection with the reactor depressurized : This group includes five sequences
such as TQUV and AUV. The dominant failure modes are overpressurization and over-
temperature in the Long-term Progression Stage and their respective conditional probabilities
are about 0.5. None of mitigative measures considered in the present study was effective to
this group.

(7) Loss of short-term containment heat removal : This group includes ten sequences such as
TQUW and AUW. The dominant failure modes are overpressurization and over-temperature
in the Long-term Progression Stage and their respective conditional probabilities are about 0.5.
None of mitigative measures considered in the present study was effective to this group.

(8) Reactor pressure vessel rupture : This group is dedicated for the sequence initiated by the RPV
rupture. The dominant failure mode is overpressurization at the time of the initiating event
breakout, that is, in the Pre-stage for Core-melt. Its conditional probability is about 1.0E-3.
This group has a high possibility of debris coolability in the pedestal cavity by coolant injection
via the failed vessel.

In some of the above groups, there are minor intragroup differences. These differences will be
described in the following chapter.

5. Description of Containment Response Characteristics

The chapter describes the containment response characteristics of each sequence group, including
the dominant failure modes and accident termination measures, and discusses the intragroup
differences as appropriate.



(1) Group 1 : hue/facing system LOCA
In this sequence, the release pathway that bypasses containment is created at the beginning of
accident and coolant injection is lost soon after. Since core melt begins within 30 minutes
according to the results from our accident progression analysis, there is not enough time to
isolate the release pathway and recover the coolant injection systems. Once core melt starts,
radionuclides released to the reactor building makes it more difficult to take some actions.
From this standpoint, it was concluded that none of mitigative measures considered in the
section 3.2.3 was effective to prevent the core from further damaging. Hence the conditional
probability of containment bypass is 1.0 and other failure modes are precluded.

(2) Group 2 : ATWS with high pressure injection available
This group consists of the sequences, each of which involves a transient, an SB-LOCA, an
MB-LOCA or an LB-LOCA followed by the failure of scram and the successful HPCS.
Initially during the sequence, the high pressure injection is provided and the energy is
transferred to the suppression pool. This energy addition causes the pool temperature to
increase and the containment pressure to rise rapidly. Provided that no mitigative actions are
taken, containment overpressure failure occurs in less than 1 hour[4]. Containment venting
with use of the existing HVAC ductwork might be considered as a means of preventing
overpressurization. Because high power level produces steaming rates that may exceed the
capacity of HVAC and limited time may be available for operator responses, however,
successful venting is estimated to be highly unlikely.

(3) Group 3 : Loss of long-term containment heat removal
This group includes the sequences involving loss of long-term decay heat removal where a
transient or an SB-LOCA takes place and adequate high pressure coolant injection by FW,
RCIC or HPCS is successful and where an MB-LOCA or an LB-LOCA occurs and the HPCS
operates successfully. In these sequences, ample time is available to take mitigative actions
before containment integrity is challenged because the containment is slowly pressurized and its
failure occurs at about 40 hours[3]. Containment venting has been touted as an effective
measures of preventing overpressurization. The probability of successful venting for
transient-initiated sequences should be different from one for LOCA-initiated sequences
because, in LOCA-initiated sequences, there will be alarms indicating high radiation in the
containment which might bring about reluctance to initiate venting procedure. Considering
this circumstance, in the present study, the failure probabilities of venting were taken to be
0.01 for transient-initiated sequences and 0.1 for LOCA-initiated sequences.

(4) Group 4 : Station blackout
This group is made up of the short-term station blackout (ST-SBO), where the RCIC is lost
soon after loss of all AC power, and the long-term station blackout (LT-SBO), where the
RCIC is available for the first 8 hours until the station battery depletion. Provided AC power
would not be restored, the ST-SBO and LT-SBO lead to core melt in less than 1 hour and in
about 10 hours respectively[3]. In the present study, examined were the effects of AC power
restoration after core melt on the containment failure probability. In-vessel recovery, that is,
recovery before RPV failure, was assumed to require offsite power restoration within 2 hours
and 5 hours after core melt initiation in the ST-SBO and LT-SBO, respectively. Ex-vessel
recovery, that is recovery after RPV failure, was assumed to be established if offsite power
would be restored within 2 hours after RPV failure. These allowed times to restore offsite
power were determined based on the results from our previous study[3]. Despite longer
allowed time to restore offsite power, in the LT-SBO, the operator needs to take recovery
actions without DC power because the batteries have been depleted. Therefore, the non-
recovery probability for the LT-SBO could be larger than that for the ST-SBO. Based on the



information from NUREG-1 150 and Reference 8, the non-recovery probability for offsite
power were assumed as follows :

- in-vessel recovery : 0.7 for ST-SBO and 0.5 for LT-SBO
- ex-vessel recovery : 0.6 for ST-SBO and 0.9 for LT-SBO

Figure 1 displays the APSET results for the ST-SBO and LT-SBO. Given a core damage
from the ST-SBO, as shown in Fig.l(a). there is an about 30% chance of in-vessel recovery
by restoring offsite power and subsequent coolant injection. Should the sequence progress to
RPV failure, there still is an about 25% chance of cooling the core debris inside containment
via the containment spray actuation or via the coolant injection into the failed RPV accompanied
by offsite power restoration and there is a 15 % chance that containment failure will be delayed
due to the dispersion of core debris. However, failure of in-vessel recovery might produce a
possibility of high pressure melt ejection which could lead to early containment failure due to
direct heating. Should the containment survive such early challenges, non-recovery of offsite
power after the RPV failure could bring about late containment challenges such as drywell head
seal failure due to high temperature accompanied by elevated pressure (over-temperature),
overpressure failure resulting from debris-water interaction in the suppression pool, and
containment wall melt-through due to debris attack. Consequently, the ST-SBO has an about
30% chance of leading to containment failure. On the other hand. Fig. 1 (b) shows that, given
a core damage from the LT-SBO, there are an about 50% chance of in-vessel recovery, an
about 4% chance of ex-vessel recovery, and a 15% chance of delaying containment failure.
However, the possibility of leading to containment failure is about 30%, which consists of
about 5% of early failure and about 25% of late failure. Early containment challenges are due
to rapid steam pressurization and direct containment heating at or near the time of RPV failure.
As in the ST-SBO, late challenges result from over-temperature, overpressure and containment
wall melt-through.

(5) Group 5 : Loss of coolant injection with the reactor not depressurized
This category mainly consists of the sequences where a transient, an SB-LOCA or an MB-
LOCA is followed by loss of feedwater, failure of high pressure injection and failure of timely
reactor depressurization. As a result, these sequences could lead to early core melt (within 1
hour)[3]. Although low pressure coolant injection and containment heat removal are
available, in this category, low pressure systems are prevented from delivering water into the
vessel because the reactor is not depressurized in time. Therefore, the present study took
account of the likelihood of in-vessel recovery by depressurizing the reactor and subsequently
injecting coolant into the vessel and of ex-vessel recovery by cooling core debris via coolant
injection into the failed vessel or via containment spray. In transient-initiated sequences such
as TQUX, the containment pressure would rise up to the high pressure setpoint of the ADS
actuation after core melt initiation. Successful ADS actuation allows low pressure coolant
injection to prevent the core from further damaging, resulting in a high possibility of in-vessel
recovery and consequently reducing the likelihood of early containment failure.
Furthermore, containment heat removal via RHR is available, which lowers the possibility of
late containment failure. As for LOCA-initiated sequences such as S2QUX, successful
manual opening of SRVs allows low pressure injection and further core damage would be
prevented, which leads to in-vessel recovery. As in the transient-initiated sequences, core
debris could be cooled in the pedestal cavity and/or on the drywell diaphram floor by the
containment spray actuation or via coolant injection into the failed vessel. In the present
study, the failure probability of the reactor depressurization was assumed as follows :

- The ADS failure probability was taken to be 3.OE-3 for the transient- initiated sequences.
- The failure probability of manual SRV operation was taken to be 0.1 for the LOCA-initiated

sequences.
As shown in Fig.2, the analysis result indicates that the transient-initiated sequences have a
more than 99% chance of in-vessel recovery and the LOCA-initiated sequences have a 90%



chance of in-vessel recovery and a 9.9% chance of ex-vessel recovery. Therefore, the
conditional probability of containment failure is reduced to less than 1.0E-3 in this category.
This category also includes the sequences with failures of both scram and HPCS, resulting in
early core melt within 30 minutes[4]. In these sequences, in-vessel recovery is not expected
because low pressure injection would lead to reactivity addition but ex-vessel recovery could
arrest accident progression by cooling core debris with use of the containment spray because
the control rod elements might be included in core debris.

(6) Group 6 : Loss of coolant injection with the reactor depresswized
This category includes the sequences where all coolant injection systems are lost with the
reactor depressurized. Since this category results in early core melt and RPV failure (at about
20 minutes and about 1.5 hours respectively)[3], it was deemed to be impossible to take
actions for in-vessel recovery in such a short time. In addition, loss of low pressure injection
involves failure of the RHR, which results in loss of containment heat removal function, and
ex-vessel recovery was neglected in the present study because repairing the failed RHR
components would not be expected under severe accident conditions. Consequently, as
illustrated in Fig.3, the result indicates that the core damage sequences in this category
inevitably lead to containment failures, which were dominated by late failures due to over-
temperature in the drywell head seal during MCCI and overpressurization resulting from
debris-water interaction in the suppression pool.

(7) Group 7 : Loss of short-term containment heat removal
This category includes the sequences initiated by a transient, an SB-LOCA, an MB-LOCA or
an LB-LOCA where high pressure injection failed, low pressure injection initially operates but
is lost after the suppression pool reaches the saturated condition. Accident termination for
this category requires the recovery of containment heat removal by repairing the failed
components needed for cooling the RHR heat exchangers but it is deemed to be difficult or
impossible to conduct repair works within several hours. In the present study, it was
assumed that there would be no chance of taking such a recovery action and thus core damage
sequences would lead to containment failure. As shown in Fig.4, containment failure would
occur primarily in the Long-term Progression Stage due to over-temperature during MCCI and
overpressurization resulting from debris-water interaction in the suppression pool.

(8) Group 8 : Reactor pressure vessel rupture
Sequences in this category are initiated by a large LOCA beyond the ECCS capacity and leads
to early core melt (within 10 minutes). Based on the calculated results from our previous
study[3], the containment pressure rises near or above the design pressure at the time of the
accident breakout and there is a possibility of containment challenge by steam pressurization
due to blowdown. As shown in Fig.5. this challenge is the most dominant failure mode and its
conditional probability is estimated to be about 1.0E-3. After core melt, provided that lumped
molten core drops into the pedestal cavity, ex-vessel steam explosion might occur. If the
containment would survive these early failures, core debris could be cooled by injecting coolant
into the cavity through the failed vessel and thus late containment failure would be prevented.
Consequently, this category has a more than 99% chance of establishing coolable debris bed in
the cavity and recovering the sequences.

6. Conclusion

In the present study, containment responses to core damage accidents were analyzed for a large
spectrum of core damage sequences, which were defined by front-line system event trees, in a
BWR with Mark-II containment by using the APSET method and their characteristics were



examined in terms of mainly probabilistic aspects such as their respective conditional probabilities
of containment failure modes and accident termination.

This paper showed that various core damage sequences could be categorized into a small number
of groups, each of which consisted of the sequences with similar containment response
characteristics, as follows :

(1) Interfacing system LOCA,
(2) ATWS with high pressure injection available,
(3) Loss of long-term containment heat removal,
(4) Station blackout,
(5) Loss of coolant injection with the reactor not depressurized,
(6) Loss of coolant injection with the reactor depressurized,
(7) Loss of short-term containment heat removal, and
(8) Reactor pressure vessel rupture.

The above categorization provides a perspective on the potential containment failure modes and the
effectiveness of some accident mitigative measures, which could be useful for studying accident
management strategies and as well for assisting the analysts in carrying out future CET analyses.
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Table 1 Core Damage Sequences Defined by Front-Line System Event Trees
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Table 2 List of Top Events (Event Tree Nodal Questions) and Branch Split-Fractions
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4K
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What is the core melt sequence?
Is the containment bypass? (yes/no)
Is there significant containment leakage'.' (yes/no)
Is the vapor suppression function available? (yes/no)
Is the containment cooling function available? (yes/no)
Is the containment vented? (yes/no)
Does containment tail due to overpressure? (yes/no)

What is the level of reactor cooling system pressure
at core melt initiation? (Hi : high/Md : medium/Lo : low)
Is core cooling recovered? (yes/no)
What is the nature of the core melting down? (flow/slump)
Is the containment cooling function available? (yes/no)
Does hydrogen burn in the containment? (yes/no)
Does the containment fail due to hydrogen burning?
(yes/no)
Does the in-vessel steam explosion occur? (yes/no)
Does the containment fail due to missile generation
by the in-vessel steam explosion? (yes/no)
Does the containment fail due to overpressure? (yes/no)
What is the mode of vessel breach?
(Up: upper-head fai)ure/Lf: local failure/Gf: gross failure)

What is the mode of vessel breach? (same as 2J)
What is the mode of core debris exiting?
(Disp : dispersion/Grad : gravity drop)

Is the containment cooling function available? (yes/no)
Does the containment fail due to overpressure? (yes/no)
Does hydrogen burn in the containment? (yes/no)
Does the containment fail due to hydrogen burning?
(yes/no)
Does direct containment heating occur? (yes/no)

Does the containment fail due to direct heating? (yes/no)
Does the ex-vessel steam explosion occur in pedestal?
(yes/no)
Does the containment fail due to missile generation
by the steam explosion? (yes/no)
Where does the debris relocate?
(DW : drywell wall/DF : drywell floor/PF : pedestal floor)

Where does the debris exit? (same as 3K)
Is the containment cooling function available? (yes/no)
Is the debris coolable? (yes/no)
Do combustible gases burn? (yes/no)
Does the containment fail due to combustion process?
(yes/no)
Does the containment penetration seal fail due to
over-temperature? (yes/no)
Does the containment wall melt-through due to
thermal attack occur? (yes/no)
Does the containment fail due to overpressure
during core-concrete interaction? (yes/no)
What is the mode of pedestal floor melt-through?
(LM : local melt-through/WF : whole floor melt-through)
Does the steam explosion occur in wetwell? (yes/no)
Does the containment fail due to the steam explosion
in wetwell? (yes/no)
Is the suppression pool cooling function recovered?
(yes/no)

Just for sequence identification.
yes=l .0 for ISLOCA. yes=0.0 for others
yes=1.0E-5
yes=1.34E-4
no=1.0E-3 for sequences with RHR avail.
no=0.1 for transients. no=0.01 for LOCA
depends on sequences

Hi= 1.0 for transients. Md= 1.0 for SB-LOCA,
Lo=l .0 for MB- & LB-LOCA
depends on sequences
flow=0.5, slump=0.5
no=1.0E-3 for sequences with RHR avail.
yes=0.01
if 2E=yes, yes=0.1
if 2E=no, yes=0.0
if 2C=slump, yes=l .OE-2, 1 .OE-3 for 2A=Lo, Md
if 2G=yes, yes=0.1;
if2G=no, yes=0.0
depends no sequences
if2H=yes, Up=1.0:
if2H=no, Lf=0.9,Gf=0.1

(same as 2J)
if2J=Up, Disp=1.0 ;
if 2J=Lf. Disp=0.5. 0.1. 0.0 for 2A=Hi, Md, Lo;
if 2J=Gf, Disp=0.8, 0.2. 0.1 for 2A=Hi, Md, Lo
no=1.0E-3 for the sequences with RHR avail.
depends on sequences
yes=0.01
if 3E=yes, yes=0.1

if 3A=Gf. yes=0.9, 0.5. 0.1 for 2A=Hi, Md, Lo;
if3A=Lf.yes=0.1
if3G=yes, yes=0.l
if3B=Grad. yes=0.l

if 3I=yes. yes=0.1

if 2J=Up or 3B=Disp. DW=0.5. DF=0.5;
if 2J=Lf & 3B=Grad, DF=0.1, PF=0.9;
if 2J=Gf & 3B=Grad. DF=0.5, PF=0.5

(same as 3K)
no=1.0E-3 for the sequences with RHR avail.
if 4B=yes, yes=1.0; if 3K=DW/DF, yes=0.5
yes=0.01
if 4D=yes. yes=0.1

yes=0.5

if3K=DW/DF, yes=0.1:
if3K=PF, yes=0.0
depends on sequences

if 3K=PF. LM=0.5; if 3K=DF, LM=1.0;
if3K=DW, LM=WF=0.0
if 4I=WF, yes=0.1; if 41=LM, yes=0.0
if 4J=yes. yes=0.1

depends on sequences



Table 3 Summary of Sequence Categorization

Sequence Group

Interfacing System LOCA
(Group 1)

ATWS with High Pressure
Injection Available (Group 2)

Loss of Long-term
Containment Heat Removal
(Group 3)

Station Blackout (group 4)

Loss of Coolant Injection with
Reactor Not Depressurized
(Group 5)

Loss of Coolant Injection with
Reactor Depressurized
(Group 6)

Loss of Short-term
Containment Heat Removal
(Group 7)

Reactor Pressure Vessel Rupture
(Group 8)

Core Damage Sequences

V-sequence

TC.S2C. SIC, AC

TW,TQW,TQU1W, TPW,
TPQW, TPQU1W, S2W,
S2QW. S2QU1W, S1W. AW

TB, TPB, TBU, TPBU

TQUX,TPQUX, S2QUX,
S1UX, TCU.S2CU, S1CU

TQUV, TPQUV, S2QUV,
S1UV,AUV

TQUW, TQUV1W, TPQUW,
TPQUV1W,S2QUW,
S2QUV1W, S1UW. S1UV1W,
AUW,AUV1W

R-sequence

Dominant Failure Mode

Containment Bypass
(Pre-stage for Core-melt)

Overpressurization
(Pre-stage for Core-melt)

Overpressurization
(Pre-stage for Core-melt)

Overpressurization
Over-temperature
(Long-term Prog. Stage)
Direct Containment Heating
(Debris Exit Stage)

Overpressurization
(Core-melt Prog. Stage)

Overpressurization
Over-temperature
(Long-term Prog. Stage)

Overpressurization
Over-temperature
(Long-term Prog. Stage)

Overpressurization
(Pre-stage for Core-melt)

Effectiveness of Mitigative
Measures Considered

Not Applicable

Not Applicable

Containment Venting
(Pre-stage for Core-melt)

Off-site Power Recovery
(Core-melt Prog. Stage)
(Long-term Prog. Stage)

Reactor Depressurization
(Core-melt Prog. Stage)
Debris Cooling by RHR
(Long-term Prog. Stage)

Not Applicable
(It would be possible to repair

the failed RHR components in
Long-term Prog. Stage.)

Not Applicable
(It would be possible to recover
the containment cooling in
Long-term Prog. Stage.)

Debris Cooling by RHR
(Long-term Prog. Stage)
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(a) Short-term Station Blackout (ST-SBO)

Pre-stage for Core-melt (- 11 hrs) Core-melt Progression Stage (2 - 3 hrs) Debris Exit Stage

a^ya^s^^^

Long-term Progression Stage (21 • 22 hrs)

Total

OP

LEAK

H2

SEX

DCH

OT

W-MT

NC-OP

Delay

Term

Total

OP

LEAK

H2

SEX

DCH

OT

W-MT

NC OP

Delay

Term

Total

OP

LEAK

H2

SEX

DCH

OT

W-MT

NC-OP

Delay

Term

10

Total

OP

LEAK

H2

SEX

DCH

OT

W-MT

NC OP

Delay

Term

v\V\\\VV\\\\

(b) Long-term Station Blackout (LT-SBO)

Fig. 1 APSET Result for Station Blackout Sequences
(Conditional Containment Failure Probability)

Note
OP : Overpressurization DCH : Direct Containment Heating
LEAK : Pre-existing Leakage/Bypass W-MT :Liner Melt-through
H2 : Combustible Gas Burning OT : Over-temperature
NC-OP : Overpressurization during MCCI SEX : Steam Explosion
Delay : Delaying PCV Failure Term : Accident Termination
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(b) LOCA-initiated Sequences

Fig.2 APSET Result for Loss of Coolant Injection
with Reactor not Depressurized

(Conditional Containment Failure Probability)

Note
OP : Overpressurization DCH : Direct Containment Heating
LEAK : Pre-existing Leakage/Bypass W-MT .-Liner Melt-through
H2 : Combustible Gas Burning OT : Over-temperature
NC-OP : Overpressurization during MCCI SEX : Steam Explosion
Delay : Delaying PCV Failure Term : Accident Termination
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Note
OP : Overpressurization DCH : Direct Containment Heating
LEAK : Pre-existing Leakage/Bypass W-MT :Liner Melt-through
H2 : Combustible Gas Burning OT : Over-temperature
NC-OP : Overpressurization during MCCI SEX : Steam Explosion
Delay : Delaying PCV Failure Term : Accident Termination

Fig.3 APSET for Loss of Coolant Injection with Reactor Depressurized
(Conditional Containment Failure Probability)
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Fig.4 APSET Result for Loss of Short-term Containment Heat Removal Sequences
(Conditional Containment Failure Probability)
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LEAK : Pre-existing Leakage/Bypass

H2 : Combustible Gas Burning
SEX : Steam Explosion
DCH : Direct Containment Heating
OT: Over-temperature
W-MT :Liner Melt-through
NC-OP : Overpressurization during MCCI
Delay : Delaying PCV Failure
Term : Accident Termination

Fig.5 APSET Result for RPV Rupture (Conditional Containment Failure Probability)
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ABSTRACT

Containment piping penetration bellows are an integral part of the pressure boundary in steel
containments in the United States (U.S.)- Their purpose is to minimize loading on the containment
shell caused by differential movement between the piping and the containment. This differential
movement is typically caused by thermal gradients generated during startup and shutdown of the
reactor, but can be caused by earthquake, a loss-of-coolant accident (LOCA), or "severe"
accidents. In the event of a severe accident, the bellows would be subjected to pressure,
temperature, and deflection well beyond the design basis.

Most bellows are installed such that they would be subjected to elevated internal pressure, elevated
temperature, axial compression, and lateral deflection during a severe accident. A few bellows
would be subjected to external pressure and axial elongation, as well as elevated temperature and
lateral deflection. The purpose of this experimental program is to examine the potential for leakage
of containment bellows during a severe accident.

The test series subjects bellows to various levels and combinations of internal pressure, elevated
temperature, axial compression or elongation, and lateral deformation. The experiments are being
conducted in two parts. For Part I, all bellows specimens are tested in "like-new" condition,
without regard for the possible degrading effect of corrosion that has been observed in some
containment piping bellows in the U.S. Part I testing, which included 13 bellows tests, has been
completed. The second part of the experimental program, in which bellows are subjected to
simulated corrosive environments prior to testing, has just just begun.

The Part I experiments have shown that bellows in "like-new" condition can withstand elevated
temperatures and pressures along with large deformations before leaking. In most cases, the like-
new bellows were fully compressed without developing any leakage. At the time of writing, the
corroded bellows test program has just begun. If available, results from these tests will be
presented at the conference.
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EARLY RESULTS FROM AN EXPERIMENTAL PROGRAM
TO DETERMINE THE BEHAVIOR OF CONTAINMENT PIPING

PENETRATION BELLOWS SUBJECTED TO SEVERE ACCIDENT
CONDITIONS

L. D. Lambert
M. B. Parks

1.0 INTRODUCTION

The bellows tests are part of the Containment Integrity Programs [1], which are being conducted at
Sandia National Laboratories (SNL) under the sponsorship of the U. S. Nuclear Regulatory
Commission (USNRC). The final goal of the Containment Integrity Programs is to generate a
suite of validated methods that can be used to predict containment behavior under severe accident
conditions. In pursuit of this goal, a series of scale model containment buildings have been tested
to failure. The models were subjected to static internal overpressurization at ambient temperatures,
with the response being monitored by a large number of sensors. The measured response was
then compared with analytical results that were compiled both before and after the test, in order to
verify the analytical methods. Additional containment model tests are being planned as a part of a
cooperative program involving the Nuclear Power Engineering Corporation (NUPEC) of Japan,
the USNRC, and SNL [2].

Because of the limited number and scale of the containment models, separate programs have been
conducted to further investigate the severe accident behavior of containment penetrations.
Electrical penetration assemblies, compression seals and gaskets, inflatable seals, personnel
airlocks, and equipment hatches have been tested. The ongoing bellows experiments are a part of
the containment penetration test series.

1.1 Background and Motivation for the Experimental Program

Containment piping penetration bellows are primarily used in steel containments, with only limited
use in reinforced and prestressed concrete containments. An example of a typical containment
process piping bellows is illustrated in Figure 1. Process piping bellows are employed in both
PWR and BWR containments. In addition to process piping penetrations, bellows are also used at
the penetration of vent lines into the suppression chamber of BWR, Mk-I containments. Process
piping bellows range in size from 6 to 60 inches in diameter while vent line bellows vary from 65
to 125 inches in diameter.

All known containment bellows in the U.S. are constructed from SA240, type 304 stainless steel.
The bellows are formed from annealed sheet material; however, they are not annealed after
forming. Process piping bellows are normally constructed of two plies of stainless steel sheets that
are separated by a thin wire mesh (~0.010-inch wire diameter). The redundant outer ply provides a
means to check for leakage of the bellows by pressurizing the space between plies and noting any
drop in pressure. In contrast with process piping bellows, the majority of vent line bellows are
one-ply; approximately 10% are two-ply. The thickness of the individual plies ranges from about
0.020 inch to as much as 0.100 inch for the large diameter vent line bellows [3].



In most cases the bellows are located "outside" the containment wall, as shown in Figure 1, such
that outward movement of the containment shell will compress the bellows. Note also that the
bellows is exposed to the same internal pressure and temperature environment as the containment.
Vertical growth of the containment, due to thermal expansion and/or the pressure uplift on the
containment dome, imposes a lateral or shear type of deformation on the bellows. Thus, there are
four primary loading conditions for which these types of containment bellows could be exposed:
internal pressure, elevated temperature, axial compression, and lateral deformation.

In a few cases, bellows are located "inside" the containment shell, which tends to reverse some of
the applied loadings from the containment. For example, the containment pressure would act on
this type of bellows because an external pressure and outward movement of the containment would
actually elongate the bellows instead of compressing them. In all known applications, the bellows
are an integral part of the containment pressure boundary, such that leakage though the bellows
would compromise the functional integrity of the containment pressure boundary.

The purpose of bellows is to minimize the loadings imposed on the containment shell caused by
differential movement between the pipe and the containment wall. This differential movement is
normally caused by thermal gradients during startup and shutdown of the reactor. The bellows are
designed to accommodate the differential movements caused by a loss-of-coolant accident (LOCA)
and/or a safe shutdown earthquake (SSE). The design standards are provided by the Expansion
Joint Manufacturers Association (EJMA) [4]. Normally, bellows are conservatively designed to
withstand about 5000 cycles of design-basis loading, although they typically experience only a few
minimal cycles due to startup and shutdown of the reactor. Therefore, it would appear that bellows
design is quite conservative for normal containment operating conditions. However, significant,
integrity-threatening bellows loadings can be caused by accidents that exceed the design basis,
such as could occur during the so-called "severe" accident. The response of bellows to severe
accident types of loadings is the focus of the this research program.

In the event of a severe accident, the bellows could be subjected to pressure, temperature, and
deflections well beyond the design basis. A qualitative example of the loadings that could be
imposed on a bellows that would be compressed during a severe accident is illustrated in Figure 2.
As shown, the axial displacement of the bellows would be relatively small until the containment
yields in the circumferential or "hoop" direction. After yielding, the axial displacement per unit
change in pressure would increase at a much faster rate, such that the bellows would be fully
compressed by the outward movement of the containment shell. (Finite element analyses of an
actual containment have shown that it is possible for some containment bellows to become fully
compressed before failure of the containment shell is predicted.)

Once full compression is achieved, it is very likely that a leak would develop. One potential source
of leakage could occur as a result of the end spools cutting through the thin bellows material.
Another likely leak path would be failure of the connection of the end spools to the piping, since
these connections were not designed for transferring the movement (loading) of the containment
shell directly to the piping. In any event, an obvious "limit state" for the bellows would seem to be
when they reach full compression. The primary question to be answered is: "Are containment
bellows capable of reaching the point of full compression without leaking?"

This question becomes more complex when the variety of possible load combinations are
considered, since the bellows will be simultaneously subjected to axial compression, lateral
deformation, internal pressure, and elevated temperature. The pursuit of an answer to this question
began with a review of past research programs and a survey of containment bellows applications.
Finite-element analyses of a typical containment bellows were also conducted in order to assess the



ability of bellows to remain leaktight during a severe accident. In short, these efforts did not locate
any past bellows research that provided significant insight into the ultimate behavior of bellows
subjected to severe accident loadings. Also, the analytical methods were unable to model the
bellows at the large deformations required for bellows failure [5]. Therefore, an experimental
program was designed to develop a database for assessing the leaktight capacity of containment
bellows.

1.2 Some Notes on the Development of the Bellows Test Program

The intent of the bellows test program is to learn as much as possible about the effects of different
bellows geometries and loading conditions on failure of containment bellows. Because of finite
resources, all possible bellows designs and loadings could not be examined. An attempt was made
to design test specimens that "bound" the different types of bellows geometries used in U.S.
containments and to apply "worst-case" types of bellows loadings that might occur in a severe
accident. In this way, data would be obtained for evaluating the loading limits which bellows
could be expected to withstand before developing leakage.

Because of the insignificant number and magnitude of loading cycles during normal operating
conditions, it was decided that the test program would not attempt to replicate the effects of
repeated, normal operating types of loadings on the bellows specimens. In other words, no
consideration of fatigue damage is made or believed to be warranted.

Because a torsional type of loading would not be applied to the bellows from the containment in the
event of a severe accident, torsional loadings were not considered in this test program. The
program only investigated the effects of pressure, temperature, and axial and lateral deformation.
It is possible for bellows to experience torsional loading from the piping during a severe accident.
However, to include this type of loading would have added considerably to the cost of this project
and thus was deemed to be beyond the scope of the current study. Also, bellows have been
previously tested in torsion, as reported in Reference 6.

The material properties of type 304 stainless steel, which is used in containment bellows
construction, degrades with increasing temperature, as shown in Figure 3. The data used to
develop Figure 3 were taken from References 7-10 and verified by independent tests conducted at
SNL. The loss of elongation (or "ductility") causes particular concern since the ability of bellows
to remain leaktight while subjected to large deformation is highly dependent on the amount of
ductility in the bellows material. For this reason, some of the bellows tests are conducted at
elevated temperature. Other similar tests were conducted at room temperature in order to evaluate
the effect of elevated temperature on bellows behavior. The elevated temperature tests are
conducted at 425 ±25°F for several reasons. The primary reason is that the loss of ductility
apparently stabilizes at about 400°F without significant additional reduction at higher temperatures.
Another reason is that this temperature can be safely achieved using hot oil without a severe fire
danger. The estimate of 400°F is also a reasonable estimate of a possible bellows temperature in
the event of a severe accident.

Another important consideration in determining ultimate bellows behavior is the condition of the
bellows prior to testing. In Part I of the test program, all bellows specimens were tested in "like-
new" condition. The investigation of bellows in like-new condition was the original focus of the
experimental program. However, because bellows specimens in like-new condition performed
extremely well during testing under severe accident conditions, the decision was made to expand
the scope of the test program to include corroded bellows. Significant corrosion damage has been
discovered in some containment bellows in actual plants. The corrosion was discovered during



routine leak rate testing of the containment. In some cases, the corrosion was severe enough that
the bellows could not pass the leak rate requirements and thus these bellows were replaced. Part II
of the bellows program has been designed to gather information on the degrading effects of
corrosion on the ability of bellows to remain leaktight during a severe accident. The bellows
specimens in this test series are submersed in a high concentration of magnesium chloride in order
to produce transgranular stress corrosion similar to that observed in actual plants. The goal is to
stop the corrosive process just before the bellows would begin to leak. In this way, bellows
specimens that are capable of passing leak rate tests, and thus remaining in service, could be tested
to determine the effects of corrosion on the ability of bellows to withstand large deformations
without leakage.

At the time of writing, all thirteen of the like-new bellows tests have been completed. However,
the corrosion test program has just begun. Thus, only the results of like-new bellows tests are
described in this paper. A description of the test specimens, the conduct of the various tests, the
test results to date, and a summary of the findings and early recommendations are provided in the
remainder of the paper.

2 .0 TEST SPECIMENS

All bellows specimens were fabricated to nuclear specifications by a supplier of nuclear grade
bellows.

Bellows specimen geometries were selected after a lengthy search to determine the types most
frequently used by the nuclear power industry, and to derive a representative cross-section of those
types. An effort was made to include extremes in numbers of convolutions, depth of
convolutions, ratio of convolution depth to ply thickness, and universal versus single-element
bellows (see Figure 4).

The geometry of the bellows specimens is provided in Table 1. Figure 5 defines the bellows
convolution parameters listed in Table 1. AH of the bellows specimens were constructed of type
304 stainless steel. The sheet material from which the bellows were formed was annealed.
In the fabrication of a bellows, a flat stainless steel sheet is first rolled into a cylindrical shape and
welded; then the convolutions are cold-formed. The bellows specimens were not annealed after
forming.

The bellows specimens are divided into two broad categories. Phase I specimens are designed to
be "generic," incorporating a variety of bellows features found in actual containment bellows,
while Phase II specimens are representative of specific bellows geometries found in actual
containments.

3 .0 DESCRIPTION OF TESTS

All testing may be considered "pseudo-static," with each test requiring a few hours to complete.
Pressure and deformation loadings were applied in steps followed by hold periods to allow
collection of data, unless otherwise noted. The bellows in the elevated temperature tests were
preheated in the range of 425 ±25°F and held in this range from start to finish of the tests.

Leakage of the bellows specimens is mainly a qualitative indication. In the case of ambient
temperature tests, leakage is determined by a flow indication from flowmeters that monitor the
pressurizing line to the interior volume of the specimen, and, in cases of two-ply bellows, the



pressurizing line to the space between the two plies. In the case of elevated temperature tests,
leakage is determined by visually monitoring the bellows for any loss of the heated oil that is used
to pressurize the bellows.

Instrumentation used in the tests included a limited number of strain gages (normally 9 gages per
test, only on ambient temperature tests), thermocouples to ensure that the desired test temperature
was achieved, flowmeters to measure leakage between plies, displacement transducers to record
the applied axial and lateral deformation, load cells, and pressure gages. Extensive photographic
coverage of the tests was also used to record the deformed shape of the bellows for various applied
loadings.

Initially, the plan was to test all twenty of the specimens in Table 1 in "like-new" condition without
consideration for the possible degrading effects of corrosion. However, because the bellows
performed very well in "like-new" condition, it was later decided to limit the number of these tests
to thirteen, with the remaining seven specimens to be tested after being subjected to corrosion.

3.1 Part I - Tests of "Like-New" Bellows

3.1.1 Test Procedure

The initial series of thirteen tests were all conducted using bellows in "like-new" condition. There
were 11 tests of Phase I specimens and 2 tests of Phase II specimens. Tests of Phase I specimens
are intended to determine which of nine different geometries are more likely to leak when subjected
to severe accident conditions, and to determine the capacity of bellows in general. Table 2
provides a description of the Phase I tests.

Phase II specimens are representative of specific bellows geometries, with one of the specimens
representing approximately 1:4 - scale vent line bellows (VL-2 specimen) in a BWR Mark -1 and
the other one being representative of a full-sized process piping bellows (PP-2 specimen) in a
PWR containment. Both the PP-2 and VL-2 specimens were tested at elevated temperature in the
range of 425 ±25°F. The PP-2 load combinations of internal pressure, axial compression, and
lateral deformation were based on deformations from an axisymmetric finite element analyses of an
actual containment at the elevation of the bellows that this specimen is intended to represent. At
full compression, the applied load combination was 74 psig, 2.5 inches lateral, and 11.3 inches
axial compression. The VL-2 specimen was loaded similarly to the SCT load combination
described in Table 2, except that the maximum lateral deformation was only 1 inch when the
maximum internal pressure of 150 psig was reached.

If leakage did not occur during the first load cycle of the above tests, the bellows were subjected to
additional loadings until a leak finally developed. The types of additional loadings varied from test
to test. For the tests in which the bellows were compressed, the bellows were reloaded in the same
manner as in the first loading cycle up to the point of full compression. If leakage still did not
occur, the shear deformation was further increased until a tear developed in the bellows. For
elongation tests, the bellows were unloaded after reaching full elongation and then reloaded until
leakage occurred.



3.1.2 Evaluation of "Like-New" Test Results

Compression Tests

A summary of the like-new bellows test results is provided in Table 3. In all cases, the bellows
that were subjected to axial compression and lateral deflection remained leaktight up to, or very
near, the point of full compression. Full compression is defined as the point at which all the
convolutions and the end spools are in metal-to-metal contact. Bellows that were tested at elevated
temperature failed earlier in the loading cycle than bellows tested at room temperature. Also,
bellows with deeper convolutions developed leakage earlier in the loading cycle than bellows with
shallower convolutions. However, the deepest convolution bellows at 400°F were more than 85%
compressed at the start of leakage. This occurred in spite of the bellows being simultaneously
subjected to combinations of internal pressure, elevated temperature, and lateral deformation.

Figure 6 provides photographs taken of Test I-3-SC at four loading steps during the initial
compression load cycle. The upper left-hand photo 6(a) shows the bellows before any loads were
applied. The undeformed length of the bellows was 5 inches. Photo 6(b) shows the bellows
when the axial and lateral displacements reached 1-7/8 inches and 7/8 inch, respectively. At this
point the bellows are about 40% compressed. In Photo 6(c) the loadings have been further
increased to axial and lateral displacements of 3 inches and 1-3/8 inches, respectively, which
corresponds to 64% compression. The bellows are shown in 6(d) after reaching 100% (full)
compression. Applied loadings at this point resulted in axial and lateral displacements of 4-3/4
inches and 2-1/4 inches, respectively. Note that, in spite of the extremely large deformations, the
bellows remained leaktight. Leakage did not occur until the loadings were reversed. That is,
leakage did not occur until the bellows was displaced in the opposite direction toward the initial
unloaded condition.

Sharp creases in the bellows convolutions developed as the bellows were subjected to large axial
compression combined with lateral deformation. The usual source of initial leakage in all the
compression tests was small tears that developed at the "point" of the creases. Examples of two
such tears are shown in Figures 7 and 8.

Elongation Tests

Table 3 also provides a summary of the results of the like-new elongation tests. Most of these
specimens were fully elongated to the point where all the convolutions were flattened into a
cylinder before developing a leak. The bellows were capable of this extreme elongation even
though they were simultaneously subjected to worst-case lateral deformations. However, it should
be noted that actual containment bellows that would be elongated during a severe accident would
also be subjected to external pressure and elevated temperature.

External pressure and elevated temperature were not applied during these tests, the primary reason
being that typical containment bellows can be extended to two to three times their original length
before becoming fully elongated, with all convolutions being drawn back into a cylinder.
Therefore, a given bellows can normally be expanded to greater lengths before reaching full
elongation than it can be compressed before reaching full compression. Other reasons for not
including external pressure and elevated temperature include the complexity and costs that it would
have added to the program and the limited number of actual bellows that would be subjected to this
loading condition. Further evaluation would be necessary to determine the effect of external
pressure and elevated temperature, combined with elongation and lateral deformation, on the leak-
tight capacity of containment bellows.



A sequence of photos taken during test I-16-SE is provided in Figure 9. The undeformed bellows
was about 5 inches long before testing. The calculated length at full elongation is 17 inches. The
upper left-hand photo (a) was taken of the bellows before loading. Photo 9(b) was taken when the
bellows was about 37% elongated with a lateral deformation of 3/4 inch. The bellows was 77%
elongated with a lateral deformation of 1-1/2 inches in photo 9(c). Photo 9(d) shows the bellows
when fully elongated at a lateral deformation of 2 inches. Note that at this point the bellows was
leaktight, even though the bellows convolutions had all collapsed back into the cylinder from
which they were formed. Small buckles, which appear as "wrinkles" in the bellows material,
occurred as the convolution crests popped, literally, from their as-formed diameter back to the
inner diameter of the bellows. Leakage normally occurred as the bellows material tore at the sharp
point of one of these wrinkles. This usually happened during the unloading process as the bellows
was being moved back to its original position. An example of such a tear is shown in Figure 10.

3.2 Part II - Tests of Corroded Bellows

Seven additional tests are planned for bellows that have been subjected to corrosion. The
specimens will first be subjected to a simulated corrosive environment in order to produce
transgranular stress corrosion similar to that observed in some containment bellows. The
specimens will then be subjected to the same types of loadings as in the earlier tests of like-new
bellows.

The planned seven test specimens are listed in Table 1. Phase I tests will be conducted following
the same procedures described in Table 2. The VL-1 and PP-1 Phase II specimens will be tested
following the same procedures as described above for the like-new VL-2 and PP-2 specimens,
respectively. At the time of writing, the corroded bellows test program has just begun. If
available, results from these tests will be presented at the conference.

4.0 CONCLUSIONS/RECOMMENDATIONS BASED ON COMPLETED "LIKE-
NEW" TESTS

First, it must be noted that only the results of like-new bellows specimen tests have been
presented. The degrading effects of corrosion on the ability of bellows to remain leaktight has not
yet been examined. Therefore, the conclusions drawn here are only appropriate for bellows that
have not been degraded in any way by corrosion.

Also, the reported results should not be "blindly" extrapolated for all like-new containment
bellows. One must determine if the bellows in the containment in question fall within the
parameters of the bellows that have been tested in this program. Of particular concern should be
the type of material, the extent of corrosion, number and depth of convolutions, ply thickness and
number of plies, type of bellows (universal or single), as well as the relative loading conditions of
pressure, temperature, lateral deformation, and possibly others. The intent of the like-new bellows
tests was to cover as wide a range of bellows geometries and loadings as possible; however, there
may be some actual bellows that are not covered by these tests. Engineering judgment will likely
be needed in the final assessment of whether these tests are applicable to a given situation.

If it is deemed that the test results for the like-new bellows are applicable, the following approach
is recommended to estimate when leakage might occur in bellows that would be compressed during
a severe accident. First, a nonlinear, axisymmetric or three-dimensional analysis of the
containment should be performed to determine the expansion of the containment shell as a function
of internal pressure and temperature at the location of penetration bellows. A conservative



assumption would be to assume the bellows will leak when the axial compression reaches 75% of
the deformation necessary to cause full compression.

For bellows that are elongated as a result of severe accident conditions, no specific
recommendations can be made without further consideration of the effects of external pressure and
elevated temperatures.

5.0 SUMMARY

A test program is under way to investigate the behavior of containment piping bellows when they
are subjected to pressure, temperature, and deformation loadings that exceed their design bases.
Thirteen tests have been performed of bellows in like-new condition, while another seven tests are
planned to examine the effect of corrosion. The completed tests of like-new bellows have shown
that bellows without corrosion are capable of withstanding very large deformations without
leaking. The remaining tests of corroded bellows will be useful in assessing the degrading effects
of corrosion on the ability of bellows to remain leaktight during a severe accident.
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Table 1: Bellows Test Specimen Data

Specimen
I.D.

New Phase

A-8-2

A-8-2-e**
A-8-l-e
B-8-2

B-8-2-e
B-8-l-e
B-12-2

New Phase

PP-2
VL-2

Number
Required

I:

3
1
1
2
1
1
2

II:

1
1

Inner
Diameter
d: (in.)

i

12.00
12.00
12.00
12.00
12.00
12.00
12.00

19.25
19.25

Number of
Convolutions

N

8
8
8
8
8
8
12

6
4

Number of
Plies, n

to
 —

 t
o

 t
o

 —
 

to
 t

o
to

 t
o

Ply
Thickness

t (in.)

0.020
0.020
0.020
0.020
0.020
0.020
0.020

0.031
0.020

Convolution
Depth
w (in.)

0.50
0.50
0.50
1.25
1.25
1.25
1.25

1.50
0.50

Convolution
Pitch
q (in.)

0.50
0.50
0.50
0.75
0.75
0.75
0.75

1.00
0.50

End
Tangent

g
g
 8

8
8

8
8

2.00
1.00

Center
Spool

L? (in.)

Single*
Single
Single
Single
Single
Single
Single

9.50
3.00

Corroded Phase I:

A-8-2
A-12-2
C-6-2
D-6-2

Corroded

PP-1
VL-1

1
2
1
1

Phase II:

1
1

12.00
12.00
12.00
12.00

19.25
19.25

8
12
6
6

6
4

2
2
2
2

1
1

0.020
0.020
0.020
0.020

0.031
0.020

0.5
0.5
0.5
1.25

1.5
0.5

0.50
0.50
0.50
0.75

1.00
0.50

1.00
1.00
1.00
1.00

2.00
1.00

Single
Single
4.00
4.00

9.50
3.00

Specimen I.D. numbers in Phase I tests denote the bellows construction. The first letter (A, B, C.or D) indicates convolution depth (A or C=0.S in., B or D=l .25 in.). The first number indicates the
number of convolutions (6, 8 or 12), and the second number indicates one or two plies.

'Specimens A and B are single bellows. Specimens C, D, PP (process piping) and VL (vent line) are universal (see Figure 4) bellows.

**"e" indicates that the end tangent shall be attached to the outer diameter of the end spool for these specimens (total 4). All other details of the connection are the same as shown in Figure S.



Test No.

Like-New Tests:

Compression:
2
3
4
9
10
11
12

Elongation:
13
14
15
16

Corrosion Tests:

Compression:
1
5
6
7
8

Test
Designation
Description

Table 2
Description of Phase

Specimen I.D. Test

A-8-2
B-8-2
B-8-2
B-12-2
B-12-2
A-8-2
A-8-2

A-8-l-e
A-8-2-e
B-8-l-e
B-8-2-e

A-8-2
C-6-2
D-6-2

A-12-2
A-12-2

I Tests

Designation

SCT
SC

SCT
SC

SCT
CL
LC

SE
SE
SE
SE

SCT
SCT
SCT
SC

SCT

Maximum Test
Pressure (psig)

150
75
75
75
75

ambient
ambient

ambient
ambient
ambient
ambient

150
150
75
150
150

CL Axially compress the bellows until all convolution roots are fully compressed. If
the bellows are still leaktight, apply lateral deformation until a tear in the bellows
occurs. No internal pressure will be applied during this test.

LC Apply lateral offset until the bellows become unstable (i.e., a very small increase in
lateral load produces relatively large lateral deformation). If the bellows are still
intact, apply axial compression until all convolutions are fully compressed. If the
bellows are still intact after being fully compressed, apply additional lateral
deformation until a tear develops in the bellows. No internal pressure will be
applied during this test.



Table 2
Description of Phase I Tests

(Cont.)

S C Simultaneously apply internal pressure, axial compression and lateral deformation.
Internal pressure, axial compression and lateral deformation shall be increased
linearly such that the internal pressure reaches the maximum test pressure level in
Table 2 when the total applied lateral deformation is 2 inches* when the bellows are
fully compressed. If the bellows are still intact after being fully compressed,
reverse the applied test conditions by removing axial and lateral deformation as well
as internal pressure at the same rate at which each was originally applied. Continue
unloading until either a crack develops or until all originally applied displacement
and pressure has been removed.

SCT Same as SC except test temperature is 425 ±25°F throughout the specimen for the
entire test.

S E Simultaneously apply axial elongation and lateral deformation. Axial elongation
and lateral deformation shall be increased linearly such that the total applied lateral
deformation is 2 inches when the bellows are fully elongated. If the bellows are
still leak tight after being fully elongated, reverse the applied test conditions by
removing elongation and lateral deformation at the same rate at which each was
originally applied. Continue this process until either a crack develops or until all
originally applied deflection has been removed. No internal pressure will be
applied during this test.

* A lateral displacement of 2 inches is a conservative estimate of the amount of vertical displacement that a
containment building would experience during a severe accident. Also, the spacing between the pipe and the opening
in the containment is usually less than 2 inches (which limits the amount of lateral displacement of the pipe).



Table 3
Bellows Failure Conditions

Axial

Test

Compression
Tests:

I-ll-CL
I-12-LC
I-3-SC

I-4-SCT
I-2-SCT
I-10-SCT
I-9-SC
11-19
11-17

Elongation
Tests:

I-13-SE
1-14-SE
I-15-SE
I-16-SE

Specimen
I . D .

A-8-2-1
A-8-2-2
B-8-2-1
B-8-2-2
A-8-2-3
B-12-2-1
B-12-2-2

VL-2
PP-2

A-8-l-e
A-8-2-e
B-8-l-e
B-8-2-e

Nominal
Test

Pressure
fpsie)

Ambient
Ambient

75
65
150
68
72
150
74

Ambient
Ambient
Ambient
Ambient

Nominal
Test

Temperature
(°F)

Ambient
Ambient
Ambient

415
420
410

Ambient
415
400

Ambient
Ambient
Ambient
Ambient

Leaktight at
Full

Compression or
Elongation of
First Loading
fves or no)

yes
yes
yes
no
yes
no
no
yes
yes

no
yes
yes
yes

Deformation
at Full

Compression
or

Elongation
f i n . )

3-1/4
3-3/8
4-3/4
5-3/8
3-3/4
8-1/8
8-1/2

3
10-1/2

6-1/2
-6

-17
-18

Percent
Compressed

or
Elongated at

First
Leakage

*
*
*

86
*

91
99
*
*

88
*
*
*

Initial
Elastic

Stiffness
rib/in.)

3970
3370
260
340
3780
350
350
7650
1770

1870
4360

50
70

These specimens did not leak during the initial compression or elongation of (he bellows. Leakage occurred only after additional loadings were applied.
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Figure 1: Typical Process Piping Bellows Configuration
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Figure 2. Potential Containment Bellows Loadings During a Severe Accident
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Figure 5. Definitions of Bellows Parameters



(a) Before Testing (b) 40% Compression

(c) 64% Compression (d) Full Compression

Figure 6. Deformation Sequence of a Compression Test (Test I-3-SC)



Figure 7. Close-up of Bellows Tear in Test I-3-SC

Figure 8. Close-up of Bellows Tear in Test 11-17



(a) Before Testing (b) 37% Elongation

(c) 77% Elongation (d) Full Elongation

Figure 9. Deformation Sequence of an Elongation Test (Test I-16-SE)



Figure 10. Close-up of Bellows Tear in Test I-16-SE
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OVERCOOLING THERMAL SHOCK EVENT
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San Ramon, California 94583

Objective: The steel containment liner is exposed to high thermal stresses induced during an

overcooling thermal shock of an unlikely loss of coolant accident (LOCA) event. The objective of

the proposed safety qualification procedure is to determine the capability of the containment

liner and the surrounding weld to withstand all the design loading for normal, abnormal, and

extreme environmental operations.

Method: The proposed safety qualification procedure is an application of fracture mechanics

analysis on a postulated surface defect, detected or undetected by a surface non-destructive

examination (NDE). The fracture mechanics approach is used to demonstrate that the postulated

discontinuity (flaw) is not propagating in a catastrophic manner; the fracture toughness of the

steel containment material and weld have the capability to avoid the propagation of the crack.

The postulated flaw size is determined considering the results and the accuracy of the provided

inspection for the welds with non-redundant load path. Acceptable stresses are determined using

the linear elastic fracture mechanics (LEFM) procedure of the ASME Section XI Appendix G and

the failure assessment diagram (FAD) approach, frequently applied to the reactor vessel thermal

shock evaluation. The available fracture toughness for crack arrest at the lowest metal

temperature is used as a reference critical stress intensity.



Results : The application of this procedure to a nuclear power plant containment liner plate

material and its surrounding weld is given in a flowchart form in Figure 1. The available fracture

toughness of the SA 537, Class 2 insert plates at the lowest metal temperature, provides the

protection to arrest any potential surface flaw with a length of up to 1.5" and a depth of 0.25".

The calculated stresses at the weld toe in the insert plates, for all design loads and temperatures,

are within the acceptable limits established, based upon the fracture mechanics procedure

(ASME Code, Section XI, Appendix G, and FAD). Figure 2 illustrates the postulated flaw model for

this analysis.

Conclusions: The proposed safety qualification procedure, consisting of fracture mechanics

analysis corroborated with partial NDE, has been successfully used to demonstrate acceptability

of liner plates and welded joints, following a post-LOCA overcooling thermal shock in nuclear

power plants.
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CRITICAL REVIEW OF THE PRESENT PERSONNEL AIRLOCK
THE ATHERMIP TEST PROGRAM

Franco Mantega^, Enrico PennoW, Paolo Vanini<2)

ABSTRACT

The containment system capability of confining the inventory of fission products released
from the core during a severe accident shall be improved in the next generation nuclear
reactors. In a systematic review of the existing weak points, attention has been given to the
large mechanical containment penetrations. In particular, about personnel airlock, the
behaviour under severe accident conditions has been studied for a specific design, but the
findings can be extrapolated to different airlock designs. Analytical assessments and testing
activities have been already carried out in several countries (e.g. the Sandia experiments on
the Callaway-2 airlock), but none of them cover completely the whole evolution of a severe
accident.
In fact, as noted during the Sandia tests, while the temperature is rising, a continuously
expansion of the gaskets material occurs. This continuous volume increase is probably the
main reason for the good leak tightness behaviour of the gasket even in conditions beyond
those foreseen in the design. The leak-rate during the temperature decrease phase, occurring
in the long term post-accident period, may be very different.
This paper presents the results of theoretical studies of the thermal behaviour of the
component and in particular that of the gaskets subjected to degradation induced by
radiation and temperature, and a full-scale test program planned in order to verify the
capability of a personnel airlock to assure its design leak tightness for the whole severe
accident duration, long term post-accident period included.
During the test program, named ATHERMIP program, simple airlock improvements,
proposed as results of the theoretical studies to increase the reliability of the component,
will be evaluated. These improvements do not imply changes to the structure of the current
components. They provide extensive reduction of the thermal load on the outer door and
inner door by means of:

a passive heat dissipation device on the outer door
an insulation liner applied both on the outer door and on the inner door and on the
bulkhead.

The full-scale test will be performed on the personnel airlock of the cancelled Alto Lazio
NPP which is very similar to those of most of the presently operating and future plants.
A test program on such a component, sponsored by ENEL and EdF, is scheduled for
1995/1996.
The main aims are:

to expand the know-how of personnel airlock performance under harsh severe
accident conditions and in the long term post accident period
to test the new passive solutions to improve component leak tightness in harsh
conditions
to validate the developed computer models.

(1) CISE-Segrate(MI)-Italy (2) ENEL SpA (DSR/VDN)-Rome-Italy



CRITICAL REVIEW OF THE PRESENT PERSONNEL AIRLOCK
THE ATHERMIP TEST PROGRAM

Franco Mantega, Enrico Penno, Paolo Vanini

1. BACKGROUND

It is now generally accepted that the next generation nuclear reactors should provide an
improved design in a number of safety relevant areas. This is not only the result of the
natural evolution of the technology and of the competition among the vendors, but it is also
a response to a greater demand for safety and for environmental protection from the public.
Next generation LWRs, although give emphasis to accident prevention in a defence in depth
strategy, are considering explicitly and systematically, even if in different ways, severe
accident scenarios in the mitigation features design process.
Such scenarios could present greater challenges to containment system whose integrity
depends on a number of structures and components. Higher performances required to next
generation plant imply a critical review of each element which may impair the overall leak
tightness of the containment system and its capability of containing the fission product
inventory released from the core. Furthermore, since there is in the world a common
converging trend to consider the elimination of public evacuation as one of the design target
of the next generation nuclear reactor, the containment system has to assure its design leak
tightness for the whole accident duration.
In the systematic review of all possible improvements and in the identification of the
existing weak points, attention has been given to the large containment penetrations as
personnel airlock and equipment hatch because they are the potential main contributors to
the total containment leak rate during a severe accident, they are potential (depending on the
design) direct leak path from the containment atmosphere to the environment and finally
they are a containment integrity weak point during harsh accident condition because their
tightness is dependent from organic materials that are susceptible of aging, thermal and
radiation damages.
Based on the above considerations, in 1990 ENEL sponsored a program with the objective
to pursue a solution for personnel airlock and equipment hatch, based on the current design,
able to assure its leak tightness during post accident, short and long period, even in case of
the harsh environmental conditions inside containment due to severe accident. This activity
was divided in 3 tasks. Task 1 included an evaluation of expected hatch behaviour and of
the identification of current hatch design weak points based on literature survey, past
experience and test results. In the task 2 theoretical studies to develop criteria and
conceptual design improvements for equipment hatch and personnel airlock, and to evaluate
the effects of the radioactive aerosol deposition along a gasket leak pathway have been
performed. Task 3 will verify the correctness of the new design approach by a full-scale test
program on the personnel airlock of the cancelled Alto Lazio NPS .
Task 1 started from the results of an important experimental work which was carried on at
the Sandia National Laboratories in 1989 with the aim to qualify the present personnel
airlock at condition beyond Licensing Design Bases (LDB).
At the end of tasks 1 and 2 activities ENEL decided to go ahead with task 3 based on its
activity results, on the fact that for the most part the test program on the subject in the
world were focused on specific aspects and the only full-scale integrated test (above



mentioned Sandia test) pointed out a good behaviour of the component but the test duration
was too short to get the thermal equilibrium and the transient with temperature decrease was
not investigated.
This paper presents the main results of the theoretical studies and some information on the
test program (ATHERMIP program) sponsored by ENEL and EdF and scheduled for
1995/96.

2. THEORETICAL STUDY RESULTS

Theoretical studies performed on the present personnel airlock pointed out the following
main considerations:

during an accident the containment deformations are not transmitted to the personnel
airlock sealing areas but they are accommodated by the component structure

the deformation along the door thickness due to the temperature gradient during the
first phase of the accident leading to the personnel airlock heating, could cause a
reduction of pressure contact in the sealing area and consequent loss of metal to
metal contact, even if this effect is counteracted by the containment pressure

the radiological and thermal effects on the gasket can cause a strong reduction in the
elastic characteristics of the inner door gasket itself with the consequent leakage
during the long-term post accident period when the temperature and the pressure
inside containment decrease

the different thermal expansion coefficients of the gasket material and the steel could
initiate the leak tightness degradation mechanism

Figure 1 and figure 2 show, respectively, the logic flow which summarizes the potential
behaviours of the different personnel airlock parts which assure its tightness and their
effects during harsh severe accident condition for the whole accident duration.
It can be noted that the critical point is the gasket and its interface with the steel mating
parts of the airlock. Furthermore, about the containment accident conditions, the pressure is
a trivial factor while the key limiting factor seems to be the temperature.

3. IMPROVED PERSONNEL AIRLOCK

On the basis of the above results, the following approach has been proposed for application
to the personnel airlock designs to be adopted in the next generation plants:

the sealing areas shall be two, independent and redundant,

design shall assure the integrity of the inner sealing area in all expected conditions,
however



even a severe degradation of the inner sealing area, shall not impair the design
performances of the outer sealing area and the overall design performances of the
containment system,

these goals shall be achieved by limiting the temperatures of the gaskets in the outer
area by distance from the inner area and by heat dissipation passive devices,

credit could be given to metal-to-metal contact of the mating surfaces, if sufficiently
proved by testing,

overall structural design and layout of the current personnel airlock shall be
maintained to maximize the use of proven technology

The airlock improvements developed to answer to the above philosophical approach do not
imply changes of the current component structure. They perform a mitigation of heat load
on the inner and outer door gaskets. They are essentially based on:

an heat dissipation device at the level of the outer door, that implies an heat flow
through the airlock

an insulation liner at the level of the inner bulkhead and dooT, acting as a resistance
to the heat flow

an heat reflecting screen placed on the inner surface of the outer bulkhead and door,
performing the deflection of an important ratio of radiant heat (coming from the
inner bulkhead and door) to the cylindrical portion of the airlock.

4. ATHERMIP TEST PROGRAM

As mentioned before, at the end of theoretical activities ENEL decided to perform a full-
scale test program on the personnel airlock of the cancelled Alto Lazio NPS also based on
the fact that while the mechanical behaviour of the component (pressure and temperature
solicitation) can be anticipated by finite element computer code, phenomena linked to gasket
leak tightness are complex and depends on factors difficult to anticipate as for example:

gasket elastic characteristics degradation due to radiological and thermal aging

differential expansion of gasket material and steel

the synergy between temperature and pressure effects

The best way to evaluate these and many other factors seemed to be a full-scale test
program based on an appropriate test matrix.



4.1 Test Program Objectives

The main objectives of the ATHERMIP program is to expand the know-how coming from
the SANDIA tests on Callaway 2 personnel airlock, especially for the aspects linked to the
temperature decreasing phase, to verify in a real scale the capability of the improved
personnel airlock and to validate the computer models developed in the framework of
theoretical studies.

4.2 Test Facility Description

With reference to figure 3, the test facility includes the personnel airlock (A), one chamber
welded to the airlock inner head (B), complete of the systems able to simulate real
containment condition in terms of pressure and temperature increase/decrease and to assure
adequate turbulence to simulate as close as possible the real heat transfer coefficient
especially at the beginning of the accident, the airlock improvements, one chamber welded
to the airlock outer head (C), the leakage measuring systems through the inner door through
the outer door and through each single gasket, an outer door cooling system in order to
simulate the passive heat dissipation from the airlock to the atmosphere outside the
containment, strain gages, displacement detectors, thermocouples, pressure transmitter, data
acquisition system and PC with dedicated software.
Although the first tests will be carried out on the gasket material currently assembled on the
Alto Lazio personnel airlock (Silicone IC65MS), the possibility to make some tests on other
materials, such as, for instance, EPDM, will be considered.

4.3 Preliminary Test Matrix

At the moment the test matrix is divided in four groups of tests:

test A: verification of personnel airlock behaviour at its design condition with and
without improvements

test B: thermo-mechanical behaviour of the improved personnel airlock at new
reference boundary conditions and sensitivity to pressure and temperature
decoupling values during the whole accident duration

test C: thermo-mechanical behaviour of the improved personnel airlock at EPR
reference conditions

test D: verification of the improved personnel airlock thermal design and limits

In all the test type B and C the normal operation thermal aging and the radiation effect
during the accident will be simulated. The thermal degradation during normal operation is
easily simulated through a quick aging keeping the gasket at a higher temperature than the
operation one during a suitable period. This temperature value has to be carefully chosen in
order to avoid secondary effects. On the contrary the simulation of radiation damage is not
practically feasible.



For this problem ATHERMIP program will follow the Sandia approach.
SANDIA experience says that the radiation damage can be simulated with a suitable quick
thermal aging of the gaskets which induces an equivalent reduction of the elasticity in the
material.
The tests on the personnel airlock of Calleway has been preceded by a quick aging of the
gaskets in EPDM E603 according to what mentioned above, with reference to the thermal
and radiation damage, at 188 °C for 168 hours.
The damage suffered by the gaskets will be estimated according to the Arrhenius model.

4.4 Program Schedule

The personnel airlock is already installed in the Alto Lazio containment building. The
design and installation of additional equipment and instrumentation needed to carry out the
test program will start the next September and the test facility commission is scheduled by
the fall 1995. At the moment, based on the above test matrix, the tests duration is foreseen
for 4/6 months. Final report is scheduled for the summer 1996.
Participation of additional organizations could be considered in compliance with the
program objectives and schedule.
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CRITICAL REVIEW OF THE EQUIPMENT HATCH OF A LARGE DRY STEEL
CONTAINMENT.

THE DEFENDER n IMPROVEMENT.
(*) DEFENce in Depth Equipment hatch Requalification

F. Mantega (1\ E. Penno (1), Paolo Vanini

ABSTRACT CA9800180

Performances of the Containment System under Severe Accident conditions depend on a
number of different features and components.
The equipment hatch may be considered a critical component because it is a potential main
contributor to the total Containment leak rate during a Severe accident and a potential
(depending on the design) direct leak path between the containment atmosphere and the
environment.
The analytical study performed to anticipate the response of the equipment hatch of a large
dry steel containment under Severe Accident condition has pointed out some questions of
concern.
The possible leaktightness Mure mechanism are related to:
- the gaskets elastic characteristics degradation due to thermal and radiological aging,
- the deformation of the hatch sleeve induced by the containment wall,
- the differential expansion between gasket material and steel.
Beside, the equipment hatch may be considered a single barrier and although it is equipped
with two gaskets, it is not difficult to demonstrate that a backup function cannot be assigned
to the external gasket. For these reason it seems to be necessary to realize a wider
application of the "Defence in Depth" criteria in the design of this component. The
DEFENDER might be a solution to increase the margin of safety of the equipment hatch
under the Severe Accident condition.

(1) CISE-Segrate(MI)-Italy
(2) ENEL/DSR/VDN-Roma-Italy



CRITICAL REVIEW OF THE EQUIPMENT HATCH OF A LARGE DRY STEEL
CONTAINMENT.

THE DEFENDER l#l IMPROVEMENT.
(*) DEFENce in Depth Equipment hatch Requalification

F. Mantega, E. Penno, P. Vanini

1. INTRODUCTION

It is now generally accepted that next generation Nuclear Power Plants (NPP) should provide
an improved design in a number of safety relevant areas. This is the result not only of the
natural evolution of technology and of competition among Vendors, but, above all, it is the
answer to a greater demand for safety and for environmental protection from the public. Next
generation LWRs, although give emphasis to accident prevention in a "Defence in Depth"
strategy, are all considering explicitly and systematically Severe Accident (SA) scenarios in
the mitigation features design process.
Such scenarios could represent a grater challenge to the Containment System, which, at the
same time, must be able to assure higher performances.
The new design target for the Containment System is to reduce the environmental impact,
even in case of SA, so as to require no off-site emergency plan for the protection of the
population. This goal may be achieved both reducing the total containment leak rate and
increasing the reliability of its components.
The design of the Containment penetrations (mechanical and electrical penetration, personnel
airlock and equipment hatch) of the ALWRs is quite similar to that of the components
installed on the actual plants, but the environmental conditions (temperature, radiation and
accident duration) what can be anticipated for a SA are more harsh than the DBA-LOCA
ones.
The ENEL/CISE research is then focused largely on understanding the capacities of the
different containment components and how to increase their safety margin under SA
condition.

2. BACKGROUND

A lot of tests were conduced at several laboratories and under different research program to
evaluate the behaviour of gaskets at pressures and temperatures significantly above the design
value.
Generally the test fixture consists of an upper and a lower flange with the test seal placed
between the two flanges. The flanges are connected to an environmental chamber. The large
number of tests and the great variety of conditions checked allow to identify some general
behaviour:
1. The thermal and radiation aging (until 150 °C (300 °F) for 168 h and 200 MRad) has

a negligible deleterious effect on leakage onset temperature. In some case it was



2.
3.

4.

found that leak temperature of irradiated gaskets was higher that of non-irradiated
ones.
Leakage occurs more rapidly under steam pressure than under nitrogen gas pressure.
Posttest visual inspection indicates that all gaskets experienced a severe degradation,
including those that were tested without a gap between the sealing surface.
The leakage onset temperature depends on the gaskets material and seal cross section
design as reported in the following table (mean value):

Cross-section

Double Tongue and
Groove (DTG)

Double O-ring
(DOR)

Double Gamdrop
(DGD)

Double Dog Ear
(DDE)

Material

Silicone

EPDM

Neoprene

Silicone

EPDM

Neoprene

Silicone

EPDM

Neoprene

Silicone

EPDM

Neoprene

Leakage onset
temperature °C (°F)

371 (700)

320 (608)

277 (531)

330 (626)

260 (500)

332 (630)

250 (482)

325 (617)

The DTG gaskets maintain the seal at higher temperature than the other gaskets. The
difference is that the gaskets is flat and is pushed into the groove locally by the
tongue; the cross-section area is larger while the pressurized area of the gasket is
smaller.

The seal failure temperature is generally quite high but in the application of the test results
to a full-size penetration the following caveats should be considered:
1. The test fixture, with its small circumference ( < 500 mm), has rigid surfaces: the

gap between the flanges is nearly uniform around the perimeter.
2. In the event of a SA, sealing surfaces might move relative to each other. In the tests

such movement was not reproduced;
3. Radiological damage to elastomers may depend not only on the absorbed dose but also

on the dose rate: the damage caused by a low dose rate exposure may be more severe
than the damage resulting from high dose rate exposure (but identical total dose).



The loss of penetration integrity could occur as a result of (a) excessive differential pressure
across the penetration, (b) degradation of seal material resulting from exposure to high
temperature or dosage, (c) distortion of sealing surface as a result of containment
deformation, and (d) enlargement of pre-existing leakage paths or creation of new leakage
paths as a result of chafing of gasket against the sealing surface.

3. THERMAL AND RADIATION DAMAGE OF THE GASKETS

The principal processes which occur in the interaction of radiation with organic materials are
ionization and excitation of absorber atoms leading to degradation of the elastic
characteristics. For compression gaskets the physical property critical to the sealing function
is the Compression Set Retention (CSR). The effect of radiation exposure on the CSR
measured for various gaskets material is showed in the figure 1.

The silicone rubbers are less
resistant to radiation than EPDM
for dosage less than 100 MRad.
Environmental parameters, such
as elevated temperatures,
oxidizing conditions, and
mechanical stress, may greatly
affect radiation resistance
About thermal damage, the
usually mathematic model used to
relate time (L), temperature (T),
and change in physical property is
the Arrhenius model which
required the knowledge of two
constant (B and <t>) depending on
the material, the physical property

¥

CSR%
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Figure 1: CSR versus Dosage for several gaskets material

by the following relationship (1).

I=2texp(-|)

itself, and the failure criterion.
The Arrhenius model is described

(1)

In the figures 2-5 are reported the value of the constant B and <j>, and the aging characteristic
for two different gaskets material: in any case the activation energy may be assumed as
independent of the failure criterion (end-of-life).
It seems to be correct assuming that equal property changes are caused by equal energy
absorbtion, whether thermal or radiation in form; i.e. the integrated radiation dosage causing



a change of CSR is equivalent to the thermal energy (expressed as time at temperature)
producing the same amount of CSR. This guess, together with the fact that only the constant
B depends on the failure criterion, may suggests a simple analytical solution to add the
radiation damage to the thermal damage. This simplified approach consists of the following
steps:
1. determinate the integrated dose value (depending on accident scenario and

containment lay-out,
2. evaluate the time to get the same damage induced by radiation at the accident

temperature using the Arrhenius relationship,
3. add this time to the accident time,
4. determine the damage on the gasket material induced by the new time-temperature

values using the Arrhenius model.
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4. STRUCTURAL ANALYSIS OF A STEEL CONTAINMENT

The objective of the structural analysis is to determine the displacement between the sealing
surfaces of the equipment hatch of a large dry steel containment as a function of pressure.
In assessing the hatch safety margin the containment inside diameter is assumed equal to 40
m and its wall thickness is 0.041 m. The inside diameter of the penetration is 6.70 m with
a barrel 1.60 m long and 0.12 m thick. The thickness of the containment wall at the barrel
welded joint is 0.12 m, the diameter of the insert plate is equal to 9.14 m.

The SUPERSAP finite element
code, version 2.02, is used for the
analysis. Either elastic or elastic-
plastic material model are
accounted for in the analysis. The
containment and the hatch cover
were modelled with shell/plate
elements with six or eight nodes.
The seal, in the case of elastic
material model, was modelled
using nonlinear gap elements: this
representation makes it possible to
account for the contact between
barrel and hatch cover. In the
elastic-plastic material model the
effect of hatch cover on the
penetration is replaced with the
corresponding force. The finite
element model of the containment
used for analysis is shown in

figure 6: FEA model figure 6 T h e c o n t a i n m e n t

material is the ASME SA-537 Cl
2 carbon steel, its mechanical properties are taken from the ASME Code Section HI.
The deformation of the penetration is produced by the geometric intersection of the
cylindrical wall of the containment with the sleeve. The intersection of the two surface
generates an out-of-plane curve; the radial forces transmitted by the containment wall along
this curve to the hatch sleeve generate a twisting moment on the barrel producing a rotation
of its free edges. The amount of this effect considering either the elastic or the elastic-plastic
material model is shown in the figures 7.
The rotation of the free edge of the barrel produces the loss of the full metal-to-metal contact
at the penetration-cover connection; the displacement of the opposite corner (excluding local
plasticization) may be of several millimetres and it is quite improbable that the displacement
could be reduced by the cover clamping devices. Furthermore, the twisting moment induces
a strong deformation of the containment wall near die penetration, the wall stiffness around



the hatch sleeve (necessary to reduce the stress in the welded joint) may increases this
deformation (see figure 8).
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figure 7: Rotation of the inner free edge of the barrel.

Figure 8: Equipment hatch displacement



The equipment hatch sleeve is also deformed into an oval shape. The horizontal diameter of
the sleeve increases while the vertical diameter decrease about by a like amount, this
deformation can be related to the average membrane strain in the containment shell.
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Figure 9: Displacement of the inner free edge of the barrel.

Figure 10: Plasticized zones.

Ovalization of the equipment hatch sleeve is
primary an unextensional (no stretching of
the middle surface) deformation and
consequently it is relatively flexible mode of
deformation. Thus, the hatch sleeve basically
conforms itself to the membrane
displacements of the containment shell at
their intersection. The amount of this effect
considering both the elastic and the elastic-
plastic material model is shown in the figures
9.
The equipment hatch cover deforms
axisymmetricaUy, i.e. it remains in its
circular shape, changes in diameter of the
tensioning ring are very small.
About stress distribution at the equipment
hatch area, in the figure 10 are pointed out
the material plasticized zones.



5. SEAL FAILURE MECHANISMS

The actual equipment hatch subjected to SA have the potential to leak as a result of several
failure mechanism. Elastomers used in the seals are generally not qualified for the SA
environment.
A good assessment of the gamma dose integrated by the gaskets during a SA seems to be 50
MRad, this value could produce a CSR(%) ranging between 75% to 90% depending on the
material (the higher limit is for silicone rubber). The accident temperature may be
conservatively assumed equal to 200 °C (392 °F) for 72 hour. Applying the simplified
approach proposed in the chapter 3 it is easy to evaluate the total expected CSR(%). In the
following table are reported the results of each step of calculation for two different gasket
materials.

STEP

1

2

3

4

Description

Radiological damage, CSR(%)

Time to get an equivalent
damage at 200 °C (h)

Total time at 200 °C (h)

Total damage,CSR(%)

EPDM E603

75

6.78

78.8

92

Silicone 95B29C

90

155

227

93

The change of the CSR(%) is very strong and the gasket might be no more able to assure
the leaktightness of the penetration above all during the temperature decrease phase of the
accident. The behaviour of the seal during this period is not much investigated.
Some different seal failure mechanisms may be anticipated as results of different behaviour
of the penetration under SA condition:
1. The displacement of the hatch sleeve relative to the cover tensioning ring can induce:

a. a gaskets damage as a result of the chafing of the gasket against the metal
sealing surface,

b. a strong mismatch of the cover if the displacement is not symmetric, sleeve
and tensioning ring can partially lose contact and a gaskets (biggest diameter)
may be exposed to the containment atmosphere.

2. The rotation of the inner free edge of the sleeve produces:
a. the loss of the metal-to-metal contact,
b. a gap of several millimetres between the two sealing surface that the clamping

device cannot recovery,
3. The SA environment condition (temperature and dose) produces a strong reduction

of the elastic properties of the gasket.
4. The differential expansion of the gasket and of the metal could produce the partial

extrusion of the gaskets and pressure could push them between the two sealing surface.



The probability of these failure modes is unknown, and the magnitude of any particular
failure is difficult to predict, but it seems to be correct to affirm that the present equipment
hatch based on a single seal area (even if with two gaskets) is inadequate to withstand the
SA. In order to get a wider application of the "Defence in Depth" criterion in the design of
this components it seems to be necessary:
1. to realize a second (or back-up) seal area connected to the present by means of an

elastic device assuring the best thermal and mechanical de-coupling
2. to reduce the thermal load on the second seal area.

6. DEFENDER DESCRIPTION

The most easy solution to assure the tightness of a equipment hatch consists of welding a
proper metallic bellow outside the containment astride the sealing surfaces. This is not the
ideal solution if frequent opening of the equipment hatch are planed during the plant life.
The DEFENDER might be a solution to increase the margin of safety of the equipment hatch
with the less impact on actual design and opening operative sequence.
The drawing of figure 11 describes the proposed solution requesting an increase in diameter
of only 0.6 meter. In the figure the item (1) is the buck-up seal area while item (4) has the
function either of pressure boundary or to realize the best mechanical and thermal de-
coupling between containment wall and back-up seal area. The better thermal conditions are
assured by the insulation inside the containment (item (2)) and by the passive air (or water)
cooling system (item (5)). The thermal insulation covers only the surface near the seal area.
A suitable number of screw clamps closes the back-up sealing surface. By means of some
conduits it is possible to perform continuous leaktightness test or the positive leakage control
function in case of accident.

Containment
centerline

Hatch centerline

Figure 11: The DEFENDER device.



7. THERMAL AND MECHANICAL BEHAVIOUR OF THE DEFENDER

7.1. Structural analysis

The structural design of the DEFENDER is centred on the analysis of the item connecting
the back-up seal area to the hatch sleeve (item 4) and on the evaluation of the force induced
in the clamping device. The analysis is carried on according to the ASME elastic success
criteria. Again the material is the ASME SA-537 Cl 2 carbon steel, its mechanical properties
are taken from the ASME Code Section m.
The finite element model describes all the containment and hatch cover. The hatch-cover
coupling, showed in figure 12, is realized with different element, in such a way to have (a)
no friction force between the two sealing surface of the first seal area and (b) no
displacement and rotation between the two sealing surface of the back-up seal.

The optimized DEFENDER design shall have the
following characteristics:
1. The connection to the hatch sleeve shall be

on the mid-plane of the out-of-plane curve
of containment wall-hatch sleeve
intersection.
This requirement allows to minimize the
stress in the welded joint between hatch
sleeve and DEFENDER device: the
ovalization of this section is the smallest.
The thickness of the joint is equal to 41.3
mm (equal to the containment wall
thickness).
The bellow has the important function to
reduce both the stress in the welded joints
and the forces acting on the back-up seal
area clamping devices induced by the
pressure load and the thermal differential
expansion. Beside the bellow allows to
recovery the processing tolerances.
T h g m e a n radius o f ^ ^ s h a U ^ ^
less than 60 mm (to minimized the hatch

2.

Figure 12: The DEFENDER and hatch finite g
element model.

diameter increase and the stresses in the
DEFENDER device).

4. The thickness of the shell shall be in the range 10-15 mm.
5. The axial elongation of the DEFENDER device shall not be less than 300 mm.
6. The distance between the DEFENDER shell and the hatch sleeve (gap) shall allows

the free mismatch of the hatch cover and the ovalization of the hatch sleeve.
The figure 13 shows the DEFENDER displacement response under pressure load.



The DEFENDER conforms itself to the containment wall displacement at one edge but no
significative displacement of the back-up flange relative to the cover tensioning ring are
induced by pressure.

Figure 13: DEFENDER Displacement

The analysis pointed out an allowable pressure inside the room between the two seal equal
to about 1.0 MPa (grater than the containment ones). At this pressure the finite element
buckling analysis excludes the possibility to have the collapse of the structure.
The maximum force at the back-up seal area clamping device (F^) computed at the
maximum allowable pressure of the containment and considering 24 clamping devices is
equal to 1.72E+05 N. The stress induced on the clamping device is computing by means of
a procedure considering the clamping and flange elasticity (see figure 14).

The total elongation of the clamping device
(Db) and of the flanges (Dfl) under a unit
force are computed respectively equal to
3.008E-09 and 5.618E-11 meter.
The ratio of deformation a (defined as a =
Db/Dfl) is equal to 53.5. The portion of
operating load acting on the clamping device
computed as DFop= 1/(1 +a)*Fop is equal to
3.16E+03 N.
The service load on the clamping device is
then equal to the initial pre-load (Fprc),
requested to have not the detachment of the
flanges and equal to 2.00E+05 N, plus DF^
(=2.032E+05 N). The stress induced on the
clamping device (Tresca equivalent stress) is
230 MPa.
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Figure 14: Load deflection diagram



7.2. Thermal analysis

The thermal behaviour of the DEFENDER device is evaluated using the finite element code
SUPERSAP. The axisymmetric model comprises 188 or 227 two dimensional thermal
conductivity elements (see figure 15). Only one degree-of-freedom is defined for these
elements, the temperature. The material properties are supposed isotropic and temperature-
independent.

Figure 15: FEA model for the thermal analysis.

The heat exchange conditions outside the containment considers both convection and
radiation. The general relationship applicable for natural convection in air for vertical or
horizontal plates is:

hc = A*(AT)B

where AT is the temperature potential, and A and B constant depending on the geometry and
on the fluid. The surface coefficient of heat transfer is then the mean value on the total
surface and, depending on the surface temperature (the temperature of the external air is
supposed constant and equal to 50 °C), its true value is found by means of computational
iterations.
The uncertainties about maximum Severe Accident temperature is very large, for this reason
two different thermal condition are considered; (a) Severe Accident Condition: the specific
heat flux is computed considering the decay and reaction heat produced in the first three days
of the accident and the total surface inside the containment (considering also the heat sinks)
and (b) Extreme Condition: the specific heat flux is computed considering also the
contribution of a continuous hydrogen flame.
For each thermal condition two different setup are considered: (a) without insulation ring and
(b) with insulation ring (item 2 of figure 11).
The results of the steady thermal analysis are summarized in the table 1.



Initial condition

Insulation

No

Yes

No

Yes

Thermal condition

Severe Accident

Severe Accident

Extreme

Extreme

Results

First seal area
temperature (°C)

180

93

340

155

Second seal area
temperature (°C)

135

82

248

115

In the figures 16 and 17 are reported the temperature vs time curves at three significant point
for the two thermal load condition respectively (without any insulation). The three curves are
referred to the following point:
1) Hatch cover centerline (wall)
2) First seal area (1st seal area)
3) Second or back-up seal area (2nd seal area)
On the basis of the thermal analysis results the following considerations may be done:
1. the temperature of the back-up seal area is low (even in case of no-insulation) and the

service life of the gaskets is quite long (low radiation damage too),
2. the thermal insulation is very effectiveness to reduce the temperature of both main

and back-up seal area, even in the largely beyond S.A. conditions.
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Figure 16: Temperature transient. Severe Accident
condition - No insulation.

Figure 17: Temperature transient. Extreme condition
- No insulation.



8. EXTENSION OF THE DEFENDER DESIGN TO THE PCC CONTAINMENT

8.1. Containment description

The Prestressed Concrete Containment (PCC) is a prestressed reinforced concrete cylindrical
shell with ellipsoidal upper head and flat bottom, internally lined with carbon steel. The key
characteristics of the reference PCC are the following:

Top concrete elevation: 55.8 m
Internal diameter: 39.6 m
Wall thickness: 0.9 m
Liner thickness 6 mm
Internal free volume: 54000 m3

Internal design pressure: 0.31 MPa
Circumferential and longitudinal tendons are provided to realize a prestressed reinforced
concrete structure. Relevant data for the tendons and the buttresses are given below:
Cylindrical portion: longitudinaly p g
one layer; each portion realized with 31 strands, 0.6" diameter; spacing between tendons
equal to 1 m.
Cylindrical portion: circumferential tendons
two layers; each portion realized with 31 strands, 0.6" diameter; spacing between tendons
equal to 0.5 m.
Dome portion: orthogonal direction
one layer; each portion realized with 31 strands, 0.6" diameter; spacing between tendons
equal to 0.5 m.
Vertical Buttresses
Circumferential length: 5.0 m
Radial extension (with respect to primary containment outer wall): 0.8 m
Dome portion: orthogonal direction
Vertical extension: 5.0 m
Radial extension: 0.8 m
The sizes of the Equipment hatch are the same of the steel containment.

8.2. Containment response against pressure

The primary containment behaviour under design pressure is evaluated using the finite
element code SUPERSAP. The FEA model describing the containment is reported in the
figure 18.
The concrete wall is modelled by means of the three dimensional, solid elastic element with
8-21 nodes while the tendons and the liner are modelled by means of the three dimensional,
plate elastic element with 3-4 nodes. The liner is applied in the internal side of the wall while
the "tendons plate" is in the mid-plane of the wall. The thickness of the "tendons plate" is
equivalent to the tendons cross section itself.



Anisotropic material property are defined for these elements:
Circumferential Elasticity Coefficient: 2.11E+11 Pa
Longitudinal Elasticity Coefficient:
Circumferential thermal expansion:
Longitudinal thermal expansion:

5.27E+11 Pa
7.750E-05
3.877E-05

The initial prestressed condition is modelled
by means of an equivalent thermal load
imposing a temperature difference from the
stress free temperature equal to -100 °C. The
model is resolved considering two different
load condition; (1) Concrete prestress
(equivalent thermal load) and (2) Concrete
prestress (equivalent thermal load) and design
inside pressure.
Prestress and inside pressure cause
displacements that are opposite, so the
combination of the two loads produces
displacements in the containment structure
that are very small.
Figure 19 shows the displacement of the
equipment hatch penetration under prestress
load referred to the undisplaced condition
(dashed line). The equipment hatch sleeve is

deformed into an oval shape due to interaction with the containment wall. The horizontal
diameter of the sleeve decreases while the vertical diameter increases about by a like amount.
Figure 20 shows the displacement of the equipment hatch penetration under prestress and
pressure load referred to the prestress load condition (dashed line).
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Figure 18: Fea model of the primary containment.

Figure 19: Displacement of the equipment hatch
penetration. First load condition.

Figure 20: Displacement of the equipment hatch
penetration. Second load condition.



Pressure produces an ovalization of the equipment hatch sleeve increasing the horizontal
diameter. This displacement is only partially offset by the prestress load displacement.
The maximum displacement of the equipment hatch sleeve between the two load conditions
is however very small ( « 3 mm) .The response to pressure load of a PCC is quite different
to the response of a steel containment.The displacements of a prestressed concrete
containment under pressure load are generally very small. This behaviour is owed to the
large thickness of the concrete wall introducing an element with a large stiffness in the elastic
connection between tendons and concrete.
The application of the DEFENDER improvement to the equipment hatch of the PCC is still
useful to prevent leakage produced by thermal damage of the gaskets and to get a wider
application of the "Defence in Depth" criteria in the design of the component (the equipment
hatch is the sole containment penetration with one seal area alone).

9. CONCLUSION

The analysis of the behaviour of the present equipment hatch at the Severe Accident
condition has pointed out some possible seal failure mechanism as result of:
1. thermal ad radiological damage of the gaskets,
2. displacement and rotation of die hatch sleeve relative to the cover tensioning ring,
3. differential expansion between gasket material and steel.
The DEFENDER seems to be able to assure a larger margin of safety to the actual design
of equipment hatch.
Other different solution may be thought, but all of them must realize:
1. a second seal area mechanically and thermally de-coupled from the first
2. a mitigation of the gasket damage induced by temperature.
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HYDROGEN DEFLAGRATION EXPERIMENTS IN THE
HDR-THREE SUBCOMPARTMENT GEOMETRY AND
COMPARISONS WITH COMPUTATIONAL RESULTS

L. Wolf, A. Rastogi, D. Wennerberg, H. Fogt
Battelle Ingenieurtechnik GmbH, Eschborn, FRG

Recent hydrogen deflagration experiments in the Battelle Model Containment (BMC)
resulted in unexpectly high transient pressure loads in multi-compartment geometry,
demonstrating physical processes substantially different from those rather benign
phenomena previously observed in single compartment tests for the same hydrogen
concentration. This high pressure build-up is associated with the accelerated jet ignition
phenomenon induced by the vents connecting the subcompartments. After a hydrogen
deflagration event is initiated in the first subcompartment, the resultant gas expansion leads
to high velocities vent flows which induce high level turbulence in the subsequent
subcompartments. The local combination of characteristic temperature, turbulence and
hydrogen-concentration can result in an instantaneous ignition along the whole jet
penetration path leading to an instantaneous pressure increase up to more or less adiabatic-
isochoric limit curve. The phenomenon of accelerated jet ignition has been observed at
hydrogen concentrations as low as 9-10 % vol % in air. As the maximum permissible
differential pressure loads for most separating walls between subcompartments are about
0.1 MPa, even moderate, local hydrogen-concentrations may result in localized damage and
the resultant structural debris may potentially threaten the integrity of the steel containment
shell.

Major parameters affecting the maximum pressure are:

Position of ignition relative to vent position
Size of primary vent flow openings between ignition and subsequent compartments
Size of secondary pressure relief vents in subsequent compartments
Direction of jet from primary vent
Hydrogen concentration
Steam content
Flame propagation history in ignition chamber
Subcompartment internals



Potentially adverse effects by deflagrative pressure increases have to be considered

especially for the following circumstances:

High hydrogen release rates leading to high local hydrogen concentrations

Development of ignitible mixtures by condensation-induced decrease of steam inerting

potential

Ignition in low-concentration compartment followed by jet ignition of high-

concentration compartment.

The contribution by the HDR Safety Program, Phase III, to the German hydrogen research

activities were two-fold:

(1) to confirm the findings of previous experiments in the BMC in volumes of

typically about 100 m3 by similar ones at larger scale with a total

volume of 500 m3

(2) to broaden the data base for assessing the emerging modelling strategy for larger

scales towards more realistic subcompartment sizes.

In order to supplement the BMC-results in a proper, controlled manner for additional

model development and computer code verification a total of 7 experiments was performed

and the following positions for hydrogen ignition were examined:

Test Group El2.1: vertical hydrogen deflagration in a vertically-oriented sub-

compartment

Test Group El 2.2: ignition close to the vent

Test Group E12.3: accelerated jet ignition

For these test subgroups the following phenomena will be reported:

flame propagation in the ignition and subsequent subcompartments

flame front acceleration at the vent and its effect on the pressure increase

pressure and thermal loads on structures

effect of lateral vent on the deflagration process for a vertical flame front

examination of accelerated jet ignition phenomena in HDR-geometry (E12.3 only)

interactions between flame, gas distribution, completeness of burn, burn duration and

rate

A number of computational activities were initiated prior to and after the E12-experiments,

involving lumped-parameter (CONTAIN) and multi-dimensional codes (BASSIM). A few

comparisons between data and open post-test computations will be presented.

Conclusions and recommendations will be provided from the experiences obtained.



COMBUSTION OF STRATIFIED HYDROGEN-AIR MIXTURES
IN THE 10.7 m3 CTF CYLINDER

D.R. Whitehouse, D.R. Greig and G.W. Koroll

ABSTRACT

This paper presents preliminary results from hydrogen concentration gradient combustion
experiments in a 10.7 m3 cylinder. These gradients, also referred to as stratified mixtures, were
formed from dry mixtures of hydrogen and air at atmospheric temperature. Combustion pressures,
burn fractions, and flame speeds in concentration gradients were compared with combustion of
well-mixed gases containing equivalent amounts of hydrogen. The studied variables included the
quantity of hydrogen in the vessel, the steepness of the concentration gradient, igniter location,
and the initial concentration of hydrogen at the bottom of the vessel.

Gradients of hydrogen and air with average concentrations of hydrogen below the downward
propagation limit produced significantly greater combustion pressures when ignited at the top of
the vessel than well-mixed gases with the same quantity of hydrogen. This was the result of
considerably higher burn fractions in the gradients than in the well-mixed gas tests. Above the
downward propagation limit, gradients of hydrogen ignited at the top of the vessel produced
nearly the same combustion pressures as under well-mixed conditions; both gradients and well-
mixed gases had high burn fractions. Much higher flame speeds were observed in the gradients
than the well-mixed gases.

Gradients and well-mixed gases containing up to 14% hydrogen ignited at the bottom of the
vessel produced nearly the same combustion pressures. Above 14% hydrogen, gradients produced
lower combustion pressures than well-mixed gases having the same quantity of hydrogen. This
can be attributed to lower burn fractions of fuel from the gradients compared to well-mixed gases
with similar quantities of hydrogen. When ignited at the bottom of the vessel, ninety percent of
a gradient's gases remained unburned until several seconds after ignition. The remaining gases
were then consumed at a very fast rate.

Containment Analysis Branch
Whiteshell Laboratories

Pinawa, Manitoba, ROE 1L0
1994, August
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COMBUSTION OF STRATIFIED HYDROGEN-AIR MIXTURES
IN THE 10.7 m3 CTF CYLINDER

D.R. Whitehouse, D.R. Greig and G.W. Koroll

1. INTRODUCTION

Combustion behaviour of hydrogen-air-steam mixtures is of interest in the analysis of postulated
post-accident nuclear containments. Earlier investigations have dealt almost exclusively with well-
mixed gases. In reality, stratified regions of hydrogen or steam concentration exist prior to
complete mixing or in regions where steam is condensing. Flame propagation through such
regions will differ from flame propagation in well-mixed gases. Whether the combustion pressure
development from a given quantity of hydrogen is significantly different in stratified mixtures
than the combustion of the same quantity of well-mixed hydrogen requires investigation. For the
purposes of this report, the terms stratified and gradient are used interchangeably to describe non-
uniform mixtures.

In addition to postulated post-accident nuclear containment scenarios involving hydrogen, the
formation of stratified combustible mixtures is significant in a wide range of industrial fire and
explosion scenarios. These include the leakage of fuels from storage tanks or pipe lines, oil and
gas spills during transportation, and the formation of gas pockets in coal mine galleries. The wide
range of fuels that can be involved in these scenarios is reflected in the available literature.

Much of the work performed with stratified combustible mixtures deals with the propagation of
flames in directions normal to the gradient. This type of burning is particularly relevant to the
burning of stratified methane layers in coal mines. (Philips, Hirano at al. [1,2]). Some research
has been performed using small-scale apparatii in which the flame propagates in the direction of
increasing or decreasing fuel concentration.

Girard et al. [3] performed experiments on hemispherically stratified hydrogen-air mixtures and
propane-air mixtures. Gradients were formed from two concentric soap bubbles containing fuel
and air. The inner bubble contained a near-stoichiometric fuel-air mixture with the balance of the
test gases in the outer bubble. The radii of these bubbles were of the order of a few centimetres.
The results obtained from gradient tests were dependent on the bubble radii and the fraction of
the total quantity of gas present in the inner bubble. The shortest times to peak pressure and
highest pressures relative to homogeneous mixtures with the same amount of fuel were observed
in gradients having a high fraction of their fuel in the near stoichiometric inner bubble.

Badr and Karim [4], Karim and Lam [5], and Karim and Panlilio [6] have examined flames
propagating in the same direction as the fuel gradient. Gradients were formed in a 2.75 m long
tube with a length to diameter ratio of 43.3. The ratio was considered sufficiently large to allow
assumption of one-dimensional conditions. The tube was divided into two sections by a shutter
mechanism. During burns, one end of the tube was opened to atmosphere to ensure burning at
constant pressure.



Badr and Karim [4] studied horizontal, upward, and downward flame propagation through
gradients up to 3% per metre methane in air; gradients were formed by natural diffusion of the
fuel into the air. The velocities of flames propagating into richer mixtures were not affected by
stratification. Flames burning into less reactive mixtures had speeds up to 70% higher than the
corresponding flame speeds under homogeneous conditions.

Karim and Lam [5] studied gradients formed by releasing methane contained in the lower half
of a vertical tube into air in the upper half of the tube. A periodic spark source at various
locations was employed to determine the time required for a flammable zone to develop. The
flammability limits for downward flame propagation in stratified gases were found to be wider
than those observed in homogeneous, quiescent mixtures having the same quantity of methane.
This was due to the differences in fuel concentration at the ignition source. Higher flame speeds
were observed in stratified gases than those encountered under homogeneous conditions.

Karim and Panlilio [6] later studied the effects of diluent gases on gradients of hydrogen and air,
measuring the distance to flame extinction from an ignition point. Flammable mixtures of
hydrogen and air were placed in the lower half of the tube; helium or nitrogen occupied the
upper half of the tube. The two mixtures were allowed to diffuse into one another for time
periods ranging from 30 to 75 minutes, at 15 minute intervals. Gases were ignited at the bottom
of the tube and the distance from the ignition point to flame extinction was recorded. At low
concentrations of hydrogen, diffusion of the diluent into the lower half of the tube brought the
extinction point below the initial interface location. At higher hydrogen concentrations the flame
penetrated further into the upper section of the tube.

The studies discussed in this review all used bench-scale apparatii to study combustion in
stratified mixtures. To determine whether differences between stratified and well-mixed gas
combustion persist and if any new phenomena develop at larger scales, experiments were
performed in a large vertical cylinder. This paper discusses the experimental results.

2. DESCRIPTION OF THE FACILITY AND INSTRUMENTATION

Tests were performed in the Combustion Test Facility (CTF) 10.7 m3 cylinder, a 10 MPa pressure
vessel having a diameter of 1.5 m and a height of 5.7 m (see Figure 1). The vessel is accessible
for interior work through two 0.5 m diameter manways at mid-height. The vessel is trace heated
for operation up to 120°C. All of the tests described in this report were performed using dry
mixtures of air and hydrogen at 25°C ± 2°C. The vessel was instrumented for temperature,
pressure and gas concentration measurements. Three air driven fans were used to mix the vessel
contents when a homogeneous test atmosphere was required. A detailed description of the test
vessel and instrumentation can be found in Kumar and Bowles [7].



2.1 Establishing Concentration Gradients

An accurate and reproducible method of constructing hydrogen-air gradients was devised for
these tests and is described as follows. The hydrogen and air were premixed in a small chamber
prior to entering the top of the cylinder. Hydrogen concentration gradients were created by
continually increasing the percentage of hydrogen in the chamber during gas addition. Figure 2
illustrates how this method was used to add successively lighter layers of gas to the vessel. The
rate of hydrogen increase was pre-determined on a test by test basis to create the desired gradient.
The result was a hydrogen concentration gradient with a low hydrogen concentration at the
bottom and a high hydrogen concentration at the top of the vessel. It was found that gradients
of varying steepness could be created by varying the hydrogen/air flow ratio during gas addition.

2.2 Gas Analysis

Hydrogen concentration was measured at eleven vertical sample locations in the vessel using a
single thermal conductivity meter. The meter was very sensitive to variations in the sample gas
flow rate. Before each test, a constant flow with a known hydrogen concentration was used to
calibrate the meter. The same flow rate was used during the subsequent pre-test sampling to
ensure consistent and accurate measurements. A system of valves was used to direct the sample
from each location to the meter; hydrogen concentration measurements were made at the
positions shown in Figure 1.

After the concentration gradient was established, hydrogen concentration were measured at the
vertical sampling locations. The sampling process took several minutes. Results showed that
hydrogen concentrations did not change significantly during the time taken to perform several
sample cycles.

Sampling flow was driven by an initial pressure in the cylinder that was about 8 kPa higher than
atmospheric. Post-combustion pressures in the vessel were too low to provide sufficient flow to
the sampling system. For post-test analysis, a pump was used to bring a sample to the meter after
the vessel contents had been thoroughly mixed.

Concentration gradients were formed with concentrations as low as 2.6% hydrogen at the bottom
of the vessel. The gradient was steepest over the top half of the vessel. The rapid mixing of the
gases first added to the initially evacuated vessel naturally produced a less steep gradient in the
lower half of the vessel. The steepness of the gradient was varied from test to test, changing with
the quantity of hydrogen present.

2.3 Hydrogen Supply

The total amount of hydrogen added to construct a gradient was determined from the pressure
drop on the hydrogen supply bottle. One bottle was designated as a primary supply for all tests
to avoid errors due to differences in bottle volumes. The primary supply was filled from other



bottles in the hydrogen supply cabinet. The pressure drop in the supply bottle was calibrated to
the amount of gas added to the cylinder in a series of tests using well-mixed hydrogen and air.
The amount of gas used was determined from a partial pressure calculation. The calibration
measurements were verified by measuring hydrogen concentration with the conductivity meter.
A calibration curve was generated from this data and used to determine the amount of hydrogen
added to the cylinder for any given pressure drop in the supply bottle.

2.4 Combustion Measurements

Pressure histories during the tests were recorded with PCB and Kulite piezoelectric type pressure
transducers. The flame position was detected using an array of thermocouples and pressure
transducers mounted near the vessel's vertical axis. When the flame arrived at one of these
sensors it recorded a sudden increase in output. The signals were inspected following each test
and flame arrival times were recorded. From the flame arrival times at each location, the flame
front movement through the vessel was deduced.

3. RESULTS AND DISCUSSION

Combustion pressures and flame speeds were measured in hydrogen concentration gradients and
compared with combustion in well-mixed gases. All tests were conducted using dry mixtures of
hydrogen and air at room temperature. The types of tests and the range of concentrations
employed for top and bottom ignition are shown in Table 1.

Table 1

Test types, and range of concentrations used in concentration gradient tests.

Test Type

Well-Mixed Gases

Gradient, Flammable at Bottom

Gradient, Non-Flammable at Bottom

Range of Average Concentrations Tested

Top Ignition

6.3 - 17.3 %

7.1 - 16.7%

6.1 - 15.1 %

Bottom Ignition

6.0 - 16.9 %

7.2 - 16.9 %



3.1 Top Ignition

3.1.1 Combustion Pressures

Figure 3 shows examples of hydrogen concentration gradients containing different average
concentrations of hydrogen and with initially non-flammable mixtures at the bottom of the
vessel. Figure 4 shows examples of concentration gradients having initially flammable
mixtures at the bottom of the vessel. For a given quantity of hydrogen, a gradient of this type
will not be as steep as those shown in Figure 3.

Combustion pressures for all gradients ignited at the top of the test vessel are shown in Figure
5. Combustion pressures for well-mixed gases ignited at the top of the vessel are also shown in
the same figure. The differences between combustion pressures of gradient and well-mixed gases
are most significant where the average concentration of hydrogen is less than 10%. This coincides
with the downward propagation limit for hydrogen (mixtures containing between 4% and 9%
hydrogen will only propagate in the buoyancy-assisted, upward direction). In a concentration
gradient, even though the average hydrogen concentration was below the downward propagation
limit, the local concentration at the igniter position was well above this limit. This allowed a
large fraction of the hydrogen to be burned, resulting in higher combustion pressures.

Figure 5 shows that ignition of well-mixed gases with average concentrations of hydrogen and
air below the downward propagation limit produced slight increases in pressure. This was due
to combustion of the gases in the volume above the igniter which was mounted 15 cm from the
top of the vessel to prevent short circuiting.

In tests performed with average hydrogen concentrations above the downward propagation limit,
nearly the same combustion pressures were observed in gradients and well-mixed gases having
the same quantity of hydrogen. The hydrogen gradient combustion pressures did not appear to
be affected by the flammability of the gases at the bottom of the vessel. Combustion pressures
from both types of gradient were almost the same for a given quantity of hydrogen.

It is noted that the combustion pressures in gradients and well-mixed gases are bounded by the
AICC (Adiabatic Isochoric Complete Combustion) pressure. This is the maximum theoretical
pressure that can be obtained from the complete burning of a given quantity of fuel in a constant
volume vessel with no heat loss through the vessel walls.

3.1.2 Flame Speeds

The flame speeds observed in gradients with top ignition were much higher than in well-mixed
tests having similar average quantities of hydrogen. Figure 6 compares the flame arrival times
in a hydrogen-air gradient having an average hydrogen concentration of 12.6% and a non-
flammable mixture at the bottom with a well-mixed gas test having a concentration of 12.8%



hydrogen. It is apparent that the flame propagated through the gradient at a considerably higher
speed than in the well-mixed gases.

The high flame speed observed in gradients with top ignition can be partly explained in terms
of local hydrogen concentration. Data presented in Koroll and Kumar [8] show the range of
laminar burning velocities for increasing levels of hydrogen concentration. For a well-mixed gas
having an average hydrogen concentration of 12%, the laminar burning velocity is approximately
0.4 m/s. The gradient shown in Figure 4 with an average hydrogen concentration of 11.9% has
a concentration of approximately 25% hydrogen at the igniter location. At this concentration the
laminar burning velocity is approximately 1.75 m/s, over four times that of uniform mixtures
having the same average hydrogen concentration.

Higher local concentrations will also produce greater induced flows in the unburned gas, resulting
in higher local flame speeds than seen in well-mixed gases. The observed flame speed is the sum
of the local burning velocity and the gas flow velocity. Flame front instabilities caused by
reflected pressure waves and non-uniform concentrations in the radial direction will also
contribute to increased flame velocity. The result will be a flame speed even greater than can be
explained by a comparison of the local laminar burning velocities.

3.1.3 Pressure History

Figure 7 shows the combustion pressure histories from a hydrogen gradient with a non-flammable
mixture at the bottom and a well-mixed gas test with nearly the same average concentration of
hydrogen. The combustion pressure values shown in Figure 5 were obtained by smoothing the
pressure transient data from each test to remove fluctuations. The combustion pressure in the
gradient rises much faster than that of the well-mixed case, consistent with the flame position
measurements.

Figure 8 shows the times to peak pressure of gradient and well-mixed hydrogen-air ignited at the
top of the vessel. Mixtures with hydrogen concentration gradients ignited at the top of the vessel
have much shorter times to peak pressure than uniform mixtures having the same quantity of
hydrogen. This is consistent with the observed high flame speeds under these conditions.

The data presented in Figure 8 also indicate that, for a given quantity of hydrogen, a steep
gradient (i.e. with a non-flammable mixture at the bottom) has a shorter time to peak pressure
than one with a flammable mixture at the bottom. This is a result of having most of the hydrogen
concentrated in less than half the vessel volume so a higher mass rate of burning (and hence,
more rapid pressurization) occurs.



3.1.4. Residual Hydrogen Measurements

The available post-test hydrogen analyses are presented in Figure 9. The data are presented as
burn fractions, the ratio of combustible gas consumed to the original combustible gas in the
vessel.

Post-test analyses of gradients with average concentrations below the downward flammability
limit ignited at the top of the vessel showed that significant quantities of hydrogen were
consumed. Post-test analyses were not performed on the well-mixed tests with average
concentrations of hydrogen below 9% as downward flame propagation was not expected. The
burn fractions of both gradients and well-mixed gases having average hydrogen concentrations
greater than 9% were very high.

3.2 Bottom Ignition

3.2.1 Combustion Pressures

The concentration gradients constructed for bottom ignition tests were similar to those shown in
Figure 4. Tests were performed on hydrogen gradients having average concentrations ranging
from 7.2% to 16.9% and flammable concentrations at the bottom. Combustion pressures for these
and uniform mixtures ignited at the bottom of the vessel are presented in Figure 10.

The combustion pressures were about the same for gradient and well-mixed tests having average
hydrogen concentrations below 14%. Above this value, the gradients produced lower combustion
pressures than well-mixed gases having similar quantities of hydrogen. This was attributed to a
higher burn fraction in the well-mixed gases. Post-combustion analysis of tests with concentration
gradients with initial hydrogen concentrations above 14% showed significant quantities of
residual hydrogen.

3.2.1 Flame Speeds

Flame arrival times for bottom ignition tests did not produce good data for flame speed
calculation. Flame arrival times indicated that the flame in the hydrogen gradient propagated in
a highly three-dimensional manner. Sensors near the top of the vessel were triggered before
sensors near the ignition source indicated a flame arrival. After ignition, buoyancy forces would
have carried the slowly expanding flame kernel to the top of the vessel. This would have made
the flame burn upward in a plume rather than expanding spherically from the ignition source.
Upon reaching the higher hydrogen concentrations in the upper half of the vessel, the flame
would expand rapidly into the unburnt gases above and below triggering sensors that may have
been missed during the upward passage.



3.2.3 Pressure History

Pressure histories for a gradient and a uniform mixture ignited at the bottom of the vessel are
shown in Figure 11. The peak pressure was achieved much earlier in the uniform mixture than
in the gradient test. There was a long delay before a significant pressure rise was seen in the
gradient test.

Most of the time to peak pressure in the gradient burn was the time the flame kernel took to
travel from the ignition point to the hydrogen rich mixtures at the top of the vessel. When these
richer gases were reached, the combustion proceeded very rapidly. Figure 11 shows the time
taken from reaching 10% of peak pressure to the time of peak pressure for hydrogen gradients
and well-mixed gases ignited at the bottom of the vessel. The times shown in this figure are
shorter for gradient tests than well-mixed gases with the same quantity of hydrogen; however,
the differences are not as extreme as those seen in the top ignition tests.

3.2.4 Residual Hydrogen Measurements

Post-test analyses were made after each test ignited at the bottom of the vessel and are presented
in Figure 9. For tests with average hydrogen concentrations below 9%, significant quantities
remained unburned in both gradient and well-mixed gas tests. For bottom ignition tests with
average concentrations of hydrogen greater than 13%, well-mixed gases had higher burn fractions
than gradients containing similar quantities of hydrogen. This helps to explain the lower gradient
combustion pressures at these concentrations as seen in Figure 10.

4. CONCLUSIONS

Combustion pressures, burn fractions and flame speeds were measured in hydrogen concentration
gradients and uniform mixtures and compared. Tests were carried out at the Containment Test
Facility at AECL in a 1.5 m diameter by 5.7 m high instrumented cylinder.

Differences in peak combustion pressures in gradients and well-mixed gases (containing
equivalent quantities of hydrogen) are related to differences in combustion completeness. These
differences are particularly evident for average hydrogen concentrations below the downward
propagation limits. Differences in the rate of pressurization are related to the mass burn rate
associated with the local hydrogen concentration.
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COMBUSTION OF HYDROGEN/AIR/STEAM MIXTURES
IN A REPEATED OBSTACLE FIELD
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ABSTRACT

Combustion experiments with hydrogen/air/steam mixtures were performed in a cylindrical vessel of 1.5-m
internal diameter and 5 7-m height in a repeated obstacle field. The investigations included hydrogen con-
centrations in the range of 10 to 20% and steam concentrations of up to 30%. For the mixtures investi-
gated, the flame accelerated very rapidly in the vessel, reached a peak value, and decelerated equally
rapidly For hydrogen/air mixtures with hydrogen concentrations above 15%, the flame speeds reached
values well in excess of the sonic velocity in the mixture. Addition of steam reduced the flame speed and
the peak pressure; however, the reduction was significant only for steam concentrations >20%. Experi-
ments performed with different obstacle spacings and flow blockages indicated that flame speed decreased
with increased spacing and increased with increased blockage. The effect of initial pressure on flame speed
was found to be small For a given mixture, the peak flame speed was found to be independent of the igni-
ter location.

Simple empirical correlations have been proposed to calculate the flame speeds and peak pressures in a
closed vessel with closely spaced repeated obstacles.
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1. INTRODUCTION

Some postulated loss of coolant accidents in nuclear reactors lead to the formation of combustible hydro-
gen/air/steam mixtures in the containment building. Should ignition occur, a deflagration wave would
propagate in the mixture. An assessment of the magnitude of the overpressure and the factors affecting the
development of the overpressure is important in reactor safety analyses.

Experiments have demonstrated that obstacles present in the path of a flame enhance the rate of combustion
and accelerate the flame by generating turbulence [1-3]. Obstacles placed at repeated intervals result in a
continuous acceleration of the flame, producing high overpressures. In a nuclear reactor, objects such as
machinery, pipes, gratings and walkways present within the containment building would act as obstacles
and cause the flame to accelerate. It is therefore important to have a database on the flame speeds and the
overpressures in mixtures representative of those present in the containment building

Turbulence enhances the rate of combustion by increasing the flame surface area and the transport proper-
ties of the mixture Turbulence may be produced initially, for example, by a fan, or it may be produced by
the combustion process itself When a combustion wave propagates in a closed or a partially confined en-
closure, a forward velocity is induced in the unburnt combustible mixture ahead of the flame front as the
burnt gases expand. When this mixture flows over an obstacle, turbulence is produced in the wake of the
obstacle by the flow separation and the eddying motion of the fluid particles. The characteristics of the tur-
bulence produced depend on the geometrical parameters such as size, shape, and spacing of the obstacles
and, to a lesser extent, on the thermodynamic properties of the gas mixture. When a flame front enters
such a region, tongues of flame shoot into the highly turbulent unburnt gas mixture and cause large in-
creases in the flame surface area The increased flame surface enhances the burning rate. The increased
burning rate further increases the induced velocity in the mixture, leading to a still higher turbulence. This
process continues as long as obstacles are present in the path of the flame and very high flame speeds may
be reached. Depending on the mixture composition, the flame propagation may be steady, accelerated or
extinct, under certain conditions the deflagration may transit into a detonation.

Considerable work has been carried out by many investigators [1-6] in the area of obstacle-induced flame
acceleration in enclosures of various shapes and sizes, with varying degrees of confinement. However,
most of the experiments were performed either with obstacle geometries not relevant to nuclear reactors or
with mixtures not of interest in nuclear reactor safety analyses, which are the focus of the present work. In
any case, the database on flame acceleration in hydrogen/air and hydrogen/air/steam mixtures is not
extensive

Experiments performed by Kumar and Bowles |7] in a 10.3-m3 cylindrical vessel with no obstacles, and
with eight and fifteen equally spaced, single-column obstacles (-10% blockage) indicated that intense flame
acceleration can occur in hydrogen/air mixtures containing hydrogen in excess of 12%. When a diluent
such as steam or carbon dioxide was added to the mixture, the suppression of the flame acceleration ap-
peared to be a nearly complete. With a more densely packed obstacle arrangement of three obstacles per
row (-30% blockage), experiments performed by Kumar and Bowles [8] indicated that even though the ad-
dition of a diluent (steam) reduced the peak flame speeds, the flame acceleration was not completely sup-
pressed This paper deals with some of the important parameters that affect flame acceleration: the effect
of diluent concentration, the influence of obstacle spacing, and the effect of obstacle blockage.



2. EXPERIMENTAL

2.1 Facility Description

The facility used for studying the flame acceleration, shown schematically in Figure 1, consists of a 5.7-m
long upright cylindrical vessel with an internal diameter of 1.5 m (volume of 10.3 m3). The vessel is trace-
heated by steam and is heavily insulated to maintain any desired temperature up to 135°C. Three fans,
driven by air-motors, were installed in the vessel to mix the gases. Details of the experimental facility can
be found in Kumar and Bowles [7],

2.2 Instrumentation

The flame propagation in the vessel was detected by eight rows of fine-wire (diameter 0.075 mm)
platinum-platinum/13% rhodium thermocouples located on either side of the central axis of the vessel, mid-
way between the vessel wall and the vessel axis. The thermocouples were clamped to the obstacle with
their axes vertical and their junctions extending 0.175 m into the gas (see Fig. 1). The transient pressure in
the vessel was measured by several piezoelectric transducers (Kistler 601 B) placed equal distance apart
along the central axis. The transducers were located midway between the obstacle rows.

The transient pressure at the vessel wall was measured by a temperature-compensated Kulite™ (HEM-375)
pressure transducer with a rise time of ~2 us. A Viatron™ pressure transmitter and a strain- gauge type of
transducer (Digital Equipment, Model AB) were used to accurately monitor the pressure in the vessel while
gas was being added The signals from the transducers were amplified, digitised and stored in a
32-channel. high-speed data acquisition system The digitised data were then processed by a computer and
stored.

2.3 Experimental Procedure

The vessel was purged twice with air (or helium for experiments involving H:/O:/He/steam) prior to each
experiment to remove the combustion products from the previous experiment. The vessel was then evacu-
ated to below 8 kPa The required gases were added to the vessel in the desired proportions using the
partial-pressure method. The partial-pressure method of gas addition was very reliable in producing the re-
quired gas concentrations (to within 0.1%, as measured by a hydrogen analyser or a mass spectrometer).
The gases were then mixed by operating the fans for 2 to 5 min. The mixture was ignited at the top (or
bottom, depending on the experiment) of the vessel by a single low-energy electric spark.

3. RESULTS AND DISCUSSION

3.1 Experimental Conditions

Most of the experiments reported here were performed at an average initial temperature of 128°C and
a pressure of 100 kPa. Some experiments were performed at pressures other than 100 kPa to study the ef-
fects of initial pressure on flame speed Because of the appreciable height of the vessel, the temperature
varied from 125°C at the bottom to about 130 to 133°C at the top of the vessel. Previous experiments in
the vessel at different initial temperatures had indicated that the flame speed was not sensitive to the initial
temperature The reason for maintaining the vessel above 100°C was to prevent condensation of steam at



the cold spots The compositions investigated included 10 to 20% hydrogen and up to 30% steam by
volume.

3.2 Flame-Front Detection

The fine-wire thermocouples used to detect the passage of the flame front had a response time of 50 ms in a
stagnant gas, decreasing to about 35 ms at high gas velocities. Although a thermocouple response time of
35 ms is inadequate to determine the actual flame temperature accurately, only a small temperature rise,
typically about 1% of the flame temperature, is required to detect the passage of a flame. The thermocou-
ple response time is therefore adequate for this purpose Figure 2 shows a series of typical thermocouple
traces; it is apparent that the instant of flame arrival can be determined quite accurately.

3.3 Determination of Flame Speeds

Figure 3 shows typical flame arrival times plotted as a function of thermocouple distance from the igniter.
If it is assumed that the flame front is planar, the distance of the flame front from the top of the vessel
should increase with time The data in Figure 3 for the flame arrival time as a function of distance show
that this is not always the case The conditions of planar flame geometry can never be realised in a closely
packed obstacle field. When a flame propagates between the obstacles, as is the case with the present ex-
periments, the flame will be distorted because of steep velocity gradients, vortex shedding, and flame fold-
ing in the vicinity of the obstacles Because of the nature of flame propagation and the close spacing of the
thermocouples, some uncertainty exists as to the exact location of the flame front at any given instant.
These uncertainties appear as a slight scatter when the flame arrival time is plotted against the distance
from the top of the vessel. A meaningful flame speed can be obtained only when a smooth curve is fitted
through the experimental points, as shown in Figure 3

Each experiment was repeated at least once to ascertain the reproducibility of the experimental data. Ex-
periments were considered reproducible whenever the peak flames speeds determined in two identically per-
formed experiments agreed to within 10%. The experiment was repeated again when this criterion was not
met. The reproducibility was found to be poor for mixtures with high burning velocities.

Figure 4 shows a typical plot of flame speed as a function of distance from the igniter at the top of the ves-
sel The flame seems to accelerate rapidly, reaches a peak flame speed, and then decelerates equally rap-
idly. In all cases, the peak flame speed is attained approximately between 2.8 to 3.2 m from the igniter.
This behaviour was observed even when no obstacles were present. The first obstacle was located 0.73 m
from the igniter and the last obstacle was 4.6 m from the igniter. In a closed vessel, the forward velocity of
the unbumt gases decreases as the flame approaches the end wall; close to the end wall, the flame speed
equals the burning velocity Thus, it is expected that the flame speed should decrease after attaining a peak
value. At first sight it appears surprising that the flame speed should decrease while the flame is still propa-
gating in an obstacle field. Based on the assumption that flame acceleration is essentially due to flame area
increase, the flame speed in a closed cylindrical vessel can be computed using the following equations:

J', = dl.ldi = eS + ( E - 1 )2rp\L£lr] - (r2
p/rj)L/ybp(dp/dt) (1)

dpldt =pyllnrj/(V - nr2
pL)[Vf - S\\ (2)

where L is the distance from the ignition end to the flame front, £ is the unbumt to burnt gas density ratio, p
is the pressure in the vessel, rri% the flame front radius, r is the flame perimeter radius, Kis the vessel vol-

ume, y is the specific heat ratio. S is the laminar burning velocity, A is the burning velocity multiplication



factor, and / is the time Subscripts b and u stand for burnt and unburnt gases. £ is the burnt gas expan-
sion factor, defined as the ratio of unburnt to burnt gas densities, pu /pb The maximum flame speed in the
vessel is reached when dVf di 0. Performing the appropriate differentiation and setting the derivative of
Vf with respect to L to zero, the distance. Lm .at which the flame speed becomes a maximum can be shown
to be

Lm = (Iklr, - \/h)/(4X/hrf) (3)

where h is the length (or height) of the vessel. For long vessels, this indicates that the maximum flame
speed is reached at the mid-height of the cylinder. This relationship applies to all accelerating flames, i.e,
for all values of A. Thus it is not surprising that peak flame speed was observed at about 3 m (from the ig-
niter end) for all mixtures A more sophisticated analysis in which the turbulent burning velocity is as-
sumed to be proportional to the forward induced velocity, i.e., S, = S + aV( shows that the maximum flame
speed occurs when

Li - 2(a + S/a)LJc + {(a + S/a)b-cS/a\/dc2 = 0 (4)

where
a = eS, b = 2(e - 1 )Slrf, c = jt(e - 1 )Sr}lV andd = 2//y.

Substituting appropriate values for the constants one can solve for Lm . For h = 5.7 m and typical values
a (0.04 to 0.1). calculations indicate that depending on the hydrogen concentration Lm varies from 2.8 to
3 0 m

3.4 Effect of Mixture Composition on Flame Speed

One of the parameters that influences the flame speed is the laminar burning velocity of the mixture which
is a function of the thermodynamic state of the mixture. The flame speed, Sfi can be expressed in terms of
the burning velocity. Su. and the unburnt to burnt-gas density ratio, pjpb, as

Sf = Su{pJph-]) (5)

As the hydrogen concentration increases, the laminar burning velocity increases and so does the density ra-
tio, and thus it is expected that the flame speed should increase with hydrogen concentration. Figure 5
shows the peak flame speed plotted as a function of the hydrogen concentration for various steam concen-
trations. For a hydrogen/air mixture at 100 kPa and 25°C. the burning velocity increases from 0 55 m/s to
1 6 m/s as the hydrogen concentration increases form 12 to 20%. with the ratio of the burning velocities ~3.
It may be assumed that this ratio remains nearly the same even at I28°C. The density ratio changes by a
factor of -1 4 over the same concentration range Thus, the flame speed is expected to change by a factor
of ~5 based on the mixture composition alone. The measured flame speed for a 12% hydrogen/air mixture
is about 50 m/s; based on this value, the expected flame speed for the 20% hydrogen/air mixture is about
250 m/s

The reduction in the flame speed resulting from the addition of steam (or dilution) is caused by two effects.
First, steam being a triatomic gas it has a higher molar heat capacity than air. This reduces the burnt-gas
temperature which, in turn, reduces the induced velocity in the unburnt gas, leading to a reduction in the
flame speed. Second, the presence of steam reduces the burning velocity of the mixture [9], thus reducing
the induced velocity in the unburnt mixture. Equation (2) shows that the flame speed depends on the burn-
ing velocity. S. which can be expressed qualitatively for turbulent combustion as



S, = Su + 0//' (6)

where St is the turbulent burning velocity, u' is the turbulent intensity, and /3 is a constant. As mentioned
earlier, u' depends on the induced velocity (and also on the obstacle shape, size and spacing, and on the
flow blockage), which, in turn, depends on the burning velocity. When the induced velocity is large, «' is
also large and, to a first approximation, S, is only weakly dependent on Su.

Initial flame speeds, i.e.. flame speeds prior to the commencement of the blockage array are important in
determining the peak flame speed. To determine the peak flame speed two parameters are required—the ini-
tial flame speed, Sfo, and the acceleration factor, a. The flame speed due to 'n'th obstacle is then calculated
as

Sfi,=Sro(\+a)n . (7)

For a cylindrical vessel open at one end (closed at the ignition end) peak flame speed occurs at the open
end. i.e.. l.m /?and for a closed cylindrical vessel approximately at the mid-height or length, h/2. Thus, if
the number of obstacles present in the distance I.m arc known, the peak flame speed can be calculated from
Equation. (7)

Figure 6 shows the initial flame speed plotted as a function of hydrogen concentration for several steam
concentrations for the 3 column by 15 row arrangement of obstacles. The initial flame speed varies linearly
with hydrogen concentration, and for a given hydrogen concentration, the initial flame speed decreases as
the steam concentration decreases. It should be noted that the acceleration factor a varies with distance,
approaching zero as the flame approaches the mid-height and becomes negative after the flame passes the
mid-height point. Thus, using a constant value of a will lead to an overestimation of the peak flame speed
and thus to a conservative estimate of the peak pressure.

In most cases, the initial flame speed is a priori not known. A more fundamental quantity on which the
flame speed depends on is the initial turbulent burning velocity. Slo. Figure 7 shows the initial turbulent
burning velocity plotted as a function of hydrogen concentration for several steam concentrations. These
are obtained by dividing the initial flame speed by the expansion factor e. The variation of initial turbulent
burning velocity is similar to that of the initial flame speed and has the form

S,o =a + b%H (8)

where a and b are constants that depend on the steam mole fraction. %H. For dry hydrogen/air mixtures, a
and b arc -16 5 and I 63 respectivcK It should be noted that even the turbulent burning velocity is not
a priori known This has to be estimated from the measured or calculated laminar burning velocities, and
may depend on many factors such as scale and composition. Present analysis indicates that for the geome-
try employed, the turbulent burning velocities are approximately 7 times the laminar burning velocity for
dr> hydrogen/air mixtures Calculations indicate that this approximate relationship holds for
hydrogcn/air/steam mixtures also The laminar burning velocities for hydrogen/air/steam mixtures calcu-
lated using the methods developed by Koroll et al. [10]. The only remaining parameter that is required to
calculate the peak flame speed is the acceleration factor a.

Figure 8 shows a schematic of the flame acceleration model. The region between the obstacle rows can be
considered as a series of stirred flow reactors or compartments of uniform turbulent intensity. For closely
spaced obstacle rows, this assumption is reasonably valid. For large obstacle spacing the turbulence be-
tween the obstacle rows decays with distance and assuming a constant turbulent intensity is not strictly
valid. However, an average value can be used.



On the assumption that increases in the turbulent burning velocities are proportional to the induced gas ve-
locity, it can be shown that the turbulent burning velocity in the 'n'th compartment is given by

£ w = S , i [ l + r K e - l ) / ( l - ( 3 ) ] " - 1 (9)

where (3 is the fraction of the area blocked by the obstacles, and 7] is the acceleration parameter. In terms
of [5 and 7], the acceleration factor a is

a = r i ( e - l ) / ( l -p ) . (10)

Calculations indicate that for dry hydrogen/air mixtures, 7] ranges from 0.06 to 0.075. Though there is a
general tendency for JJ to increase with hydrogen concentration, the increase is not monotonous. Varia-
tions in the flame speed and the peak pressure from experiment to experiment when an experiment is re-
peated are of the order of 10 to 15% Thus, without any loss of generality one can assume that r\~ 0.065,
an average value, independent of the hydrogen concentration For less confined or larger obstacle spacing
arrangements l] is expected to be smaller Though not proven, it appears reasonable to assume that r\ is
independent of steam concentration. Further analysis is required to substantiate this assumption.

The accuracy of the above derivations can be demonstrated, at least for hydrogen/air mixtures. Figure 9
compares the measured (calculated from flame arrival times) flame speeds with those calculated using
Equations (I) to (10) for ;j = 0.065. /3 = 0.28 and e = 3.77 for a 16% hydrogen/84% air mixture. Clearly,
the agreement is good

The flame speed, calculated or measured, though important in calculating the conservative burn times in
combustion calculations, is not of much consequence unless it has some demonstrated effect on the peak
pressure in the vessel Figure 10 shows a plot of the peak pressure versus flame speed for all
hydrogen/air/steam mixtures Qualitatively, it can be stated that as the flame speed increases, the peak
pressure in the vessel increases This is true of all vessel geometries, vented or unvented. In a closed ves-
sel, the peak pressure increases with flame speed for two reasons. First, as the flame speed increases the
combustion tends to become more adiabatic because of short combustion times. Second, high flame
speeds are generally associated with high hydrogen concentration in the vessel. The higher the hydrogen
concentration, the higher the flame speed. Figure 10 also shows that the dependence of pressure on flame
speed becomes complex beyond a flame speed of ~ 400 m/s. A peak pressure ratio of 10 or higher indi-
cates the presence of shock waves in the system. Though it is not possible to predict the peak pressure ac-
curately from the measured or calculated flame speeds, approximate values of peak pressures can be
obtained using the relationship

PnJpo =a + 0.0066S, (11)

where pm and po are the peak and initial pressures respectively The value of a ranges from 2.4 to 3.5 with
a mean value of about 2.8 for best fit Where conservative estimates of peak pressure is required, a value
of 3 5 should be used It should be noted that in spite of strong correlation between flame speed and pres-
sure, the relationship indicated b\ Equation (I I) is not general to all vessel shapes and sizes. Application
of Equation (II) for vessels of other geometries should be done with caution..



3.5 Effect of Obstacle Configuration on Flame Speed

An obstacle geometry with higher blockage produces a higher turbulence intensity. It should be noted that
the extent of turbulence produced by an obstacle depends more on the obstacle-edge velocity, i.e., the maxi-
mum velocity reached at the obstacle surface, than on the approach velocity. For a given approach veloc-
it\. l'a. the obstacle- edge velocity. K,. can be expressed as

Vi.= I - V ( l - P ) (12)

where, as before. /3 is the blockage ratio Since u' is a function of the obstacle- edge velocity, V it is ex-
pected that the flame speed should increase with the blockage ratio. Figure 11 compares the flame speeds
for one- and three-column obstacle arrangements for a range of hydrogen concentrations for dry
hydrogen/air mixtures The blockages for the one- and three-column arrangements are 12 and 28% respec-
tively The ratio of the obstacle-edge velocities is 1.22. Thus, a 22% increase in the flame speed is ex-
pected when a one-column obstacle arrangement is replaced by a three-column obstacle arrangement. For
a mixture containing 16% hydrogen, this means an increase in the flame speed from 127 m/s to 154 m/s.
Figure 11 shows that the measured flame speed for this hydrogen concentration is about 310 m/s. Al-
though Equation (12) predicts the trend in flame speed caused by obstacle blockage, it does not fully ex-
plain the observed behaviour It is plausible that turbulence is produced only in the vicinity of the obstacle
with a single-column arrangement, and dissipates rapidly in the adjacent, nearly turbulence-free gas. Since
the effect of blockage factor is already included in deducing the acceleration factor a. it is reasonable to as-
sume that n, is independent of the blockage ratio. However, this assertion needs further substantiation.

Behaviour similar to that of hydrogen/air mixtures is also observed for mixtures containing steam. Since a
more confined obstacle geometry produces a higher intensity of turbulence than a less confined one, the
mitigating effect of steam in a three-column obstacle arrangement is less than that in a one-column
arrangement

3.6 Effect of Obstacle Spacing

The obstacle spacing is expected to have a significant effect on flame acceleration and flame speed. When
the spacing between the obstacles is large compared to the obstacle diameter, the turbulence produced by
the obstacle decays, as docs the flame speed Each obstacle acts singly in accelerating the flame. As the
spacing decreases, the flow over each obstacle is influenced by the previous obstacle, and the turbulence
level is either maintained or increases If the turbulence is maintained, the flame velocity reaches a constant
value depending on the level of turbulence reached. If the turbulence intensity increases as the flame passes
over each obstacle, the flame may continue to accelerate and under appropriate conditions a transition to
detonation may occur

To establish the effects of spacing on the flame acceleration and the flame speed, experiments were per-
formed with reduced obstacle spacings of 0.55 m and 0.275 m respectively. This was done essentially by
reducing the number of obstacles in each of the three columns. Figure 12 shows the effect of obstacle
spacing on flame speeds for dry hydrogen/air mixtures As expected, the flame speed decreased as the
spacing increased A somewhat similar behaviour was observed for mixtures containing steam (Figure 13),
but the reduction in the flame speed with increased spacing appears to be more than for dry mixtures.



3.7 Effect of Igniter Location on Flame Speed

In all the previous experiments, ignition was initiated at the top of the vessel. The method outlined above
for calculating the flame speeds does not specifically assume any directional bias in the calculated flame
speeds For near-limit lean mixtures, the flame speed depends strongly on the direction of propagation.
Thus, upward propagating flames travel at higher velocities than downward propagating flames. For fast
burning mixtures, on the other hand, gravity has no significant effect on the flame speed. It is, therefore,
important, at least from the calculational point of view, to establish that Equations (1) through (10) can be
used to calculate flame speeds without regard for direction. Experiments were therefore performed to study
the effect of igniter location on flame speeds with the igniter located at the bottom of the vessel. Figure 14
shows the flame speeds for hydrogcn/oxvgen/hclium/steam with top and bottom ignition compared. It is
clear that the flame speeds with bottom ignition are lower than those with top ignition. The discrepancy in
the flame speeds between the top and the bottom ignition increases as the hydrogen concentration increases.
At first sight, this appears somewhat contradictory However, it should be pointed out that an upward
moving flame encounters its first obstacle at a height of approximately 1.1 m, while the downward propa-
gating flame encounters its first obstacle at 0.725 m. Since the obstacles are placed at equal distance apart
(0.276 m). and also since the peak flame speed occurs at the mid-height, flame acceleration for an upward
propagating flame occurs in a field consisting of fewer obstacles. Thus, a downward propagating flame ac-
celerates over ten obstacles while an upward propagating flame accelerates over eight obstacles. Taking
these into consideration and noting that the acceleration factor is approximately 1.25, it can be deduced that
the peak flame speeds in the downward and downward directions should differ by a factor of 1.57. For
1X % hydrogen, the factor from Figure 14 is found to be very close to 1.57. Thus, it can be concluded that
there is no directional bias in the flame speeds above a hydrogen concentration of
12%.

4. CONCLUSIONS

The experiments performed in a cylindrical vessel 5.7 m high with an internal diameter of 1.5 m and filled
with obstacles indicate that flames accelerate to very high speeds when obstacles are present. Over the
range investigated, the peak flame speed decreases as the steam concentration increases. It is found that
the flame speeds in closed vessel could be calculated to a reasonable degree of accuracy using simple em-
pineal correlations It is shown that the flame acceleration parameter (r|) remains nearly independent of
hxdrogen and steam concentrations

It is shown that the upper-bound peak pressures required in the reactor safety analysis can be obtained for
all hydrogen/air/steam mixtures from the calculated or measured flame speeds for low and moderate flame
speeds (<300 m/s).

Experiments performed with one and three columns of obstacles with eight obstacles in each column indi-
cate that increased blockage is more significant for mixtures containing steam and the flame speed in-
creases with the blockage. Experiments with different obstacle spacings indicate that the flame speed
varies inversely with the obstacle spacing.
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ABSTRACT

A simple global model for flame acceleration in tubes, caused by repeated obstacles, has
been developed using a "boxcar" approach. The tube is assumed to consist of a series of
chambers separated by obstacles. The feedback mechanism for flame acceleration is
modeled by assuming that the effective burning velocity in the nth chamber depends on
the same quantity in the (n-l)th chamber. The equation for flame propagation is shown
to be a logical difference equation. This equation predicts the various experimentally
observed end results of flame acceleration such as total flame extinguishment after a flame
has reached a certain critical flame speed, sub-sonic steady state flame propagation, and
continuous flame acceleration leading to transition to detonation. This equation models
flame acceleration phenomenologically by associating various terms with effects such as
flame folding, fine-scale turbulence, quenching and gas dynamics. The predicted
maximum flame speeds (subsonic flame propagation) for various mixture compositions,
obstacle-spacings, obstacle blockage-ratios, and initial gas temperatures agree with
experimental results fairly well.
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MODELING MAXIMUM FLAME SPEEDS

C.K. Chan*, J.L. Loesel Sitar*, R. Beauvais+ and F. Mayinger+

INTRODUCTION

A freely expanding flame is intrinsically unstable. It has been demonstrated, both in
laboratory-scale experiments [1,2] and large-scale experiments [3,4], that obstacles
located along the path of an expanding flame can cause rapid flame acceleration.
Qualitatively, the mechanism for this flame acceleration is well understood. Thermal
expansion of the hot combustion products produces movement in the unburned gas. If
obstacles are present, turbulence can be generated in the combustion-induced flow. As a
flame continues to propagate, large scale turbulence in the flow field can enhance the
overall burning rate in the reaction zone by causing a flame to "fold" and "stretch"
resulting in an increase in the flame surface area. Small scale turbulence increases the
local burning rate by increasing the local mass and energy transport. An overall higher
burning rate, in turn, produces a higher flow velocity in the unburned gas. This feedback
loop results in a continuous acceleration of the propagating flame.

Turbulence induced by obstacles in the displacement flow does not always enhance
the burning rate. Depending on the mixture sensitivity, high-intensity turbulence can
quench a flame by excessive flame stretching and by rapid mixing of the burned products
and the cold unburned mixture. If the temperature of the reaction zone is lowered to a
level that can no longer sustain continuous propagation of the flame, a flame can be
extinguished locally. The quenching by turbulence becomes more significant as the flame
speed increases. The weakening of the feedback mechanism eventually causes the flame
to reach a steady-state velocity. Hence, both the rate of flame acceleration and the
eventual steady-state velocity (also referred to as the maximum flame speed) depend on
the competing effects of turbulence on combustion.

In an earlier study of flame propagation in tubes filled with obstacles [5], Lee et al.
observed that obstacle-induced flame acceleration is a highly unstable phenomenon.
Steady state flame propagation with a uniform velocity is not always the end result of
flame acceleration. Depending on the mixture sensitivity (burning velocity) and obstacle
configuration, sometimes the flame may be quenched or extinguished abruptly after it has
accelerated past a critical velocity. Alternatively, the flame may continue to accelerate
until gas dynamic choking of the induced flow limits the maximum velocity or until a
transition to detonation occurs. Even though the mechanism of flame propagation in these
steady-state regimes [5] is fairly well understood, the mechanism that causes the
manifestation of one regime or another is not. At the present time, models that can predict
these end results of flame acceleration are not available.

This paper describes an approach to modeling flame acceleration due to repeated
obstacles where details of the structures of the flow field and the reaction zone are ignored



and flame acceleration is modeled phenomenologically using the effects of flame folding,
fine-scale turbulence, quenching and gas dynamics. The predicted steady-state flame
speeds are compared to the maximum flame speeds measured by Mayinger et al. [6] of the
Technical University of Munich.

MODELING TURBULENT FLAME ACCELERATION

Because of the complex nature of turbulent flame acceleration, "brute-force"
approaches that involve solving the three-dimensional turbulent flow field equations,
together with detailed kinetics for the chemical reactions, are unlikely to produce useful
results in the near future. In the past years, many computer codes have been developed to
model the problem of turbulent flame acceleration by repeated obstacles [7,8,9]. They all
employ various degrees of simplification, such as small flame Mach numbers and no
compressibility effects, etc. As a result, their applications are limited to the initial phase of
flame acceleration. Furthermore, these codes do not include a damping term in the
burning rate model to account for the quenching effects of turbulence on combustion.
Thus, according to these codes, a flame can neither reach a steady-state velocity nor get
quenched abruptly after it has accelerated past a critical velocity. The criterion for
transition to detonation in these codes is usually chosen arbitrarily with no physical
justification. Nevertheless, they all manage to reproduce the trend of the experimental
results reasonably well. Hjertager [10] has attempted to incorporate the negative aspect
of turbulence on combustion by comparing the chemical time and the fluid-dynamic time.
If the former is longer, the burning rate is set to zero. This either "on" or "off1 approach
has be shown to be very successful in modeling flame acceleration. However, this
approach still cannot predict the abrupt jump from one steady-state regime to another. To
obtain better insight into the phenomenon, a new approach to model flame acceleration in
channel or tube filled with obstacles is introduced in this paper.

To model flame propagation in tubes filled with repeated obstacles,«the tube is
assumed to consist of a series of chambers (or boxcars) separated by obstacles, as shown
in Figure 1. The flow properties, such as the turbulent intensity and the burning rate, are
considered uniform everywhere in each chamber. One can define an effective burning
velocity for the combustion zone, S-p, such that

s r ^ ^ (1)
A A

where S/ is the local turbulent burning velocity (uniform along the flame front), da is the
differential flame surface area, A As the total flame surface area, and A is the cross-
sectional area of the tube. Equation 1 implies that the influence of turbulence on the
effective burning velocity is the combined effect of turbulence on local burning velocity
(via turbulent transport of heat and mass) and the flame surface area (via flame folding).

To model the feedback mechanism, the effective burning velocity, Sjn, in the nth
chamber is assumed to depend on the effective burning velocity in the (n-l)th chamber



where f(Sjn_j) is assumed to be a function in the form of a polynomial.

STn = A + BSTn.j + C S ^ + • • • (2)

The present model assumes that the effects of flame folding, fine-scale turbulence,
quenching, and gas dynamics can be modeled independently by various terms in equation
2. On the basis of experimental observation and physical reasoning, the equation of flame
propagation can be expressed as

STn = a + VSTn_j - ySTn.j2 + bSTn.^ (3)

The first two terms on the right-hand side represent an enhancement of the burning
velocity by flame folding and fine-scale turbulence. Quenching by turbulence is assumed
to be the only damping mechanism for flame acceleration and is represented by a second-
order term. The gas dynamic effects (increase in burning rate by the pre-compression
effects of the precursor shock) are represented by a third-order term. It is obvious that
these effects cannot be fully described by individual terms in equation 3. However, a
simple equation allows us to examine qualitatively the dynamic feature of an extremely
complex phenomenon.

The parameter a, P, y and 8 in equation 3 are assumed to depend on the initial and
boundary conditions of the system, such as the burning velocity of the mixture and the
obstacle configuration. Other secondary effects such as heat loss to the wall and
momentum loss due to obstacles are ignored. Equation 3 has the form of a logistic
difference equation. Logistic difference equations are intrinsically unstable, and unique
steady-state solutions as n approaches infinity do not always exist. The convergence of
the solution depends on the coefficients of the various terms. Logistic difference
equations have been used to model complex phenomena that exhibit chaotic behavior
[11,12]. It is proposed that the instability behavior of flame acceleration in an obstacles-
filled tube can also be modeled using this type of equation.

Following the feedback mechanism as described earlier, it can be assumed that the
burning velocity in one chamber is related to the burning velocity in the previous chamber.
At the same time, the burning velocity in a chamber depends on the turbulent fluctuating
velocity in the same chamber. Therefore the burning velocity in the nth chamber can be
assumed to be related to the turbulent fluctuating velocity, u1, in the (n-l)th chamber.

STn =f(STn-j) =f("'n-l) (4)

Local turbulent fluctuating velocity can be assumed to be proportional to (i) the local
mean flame velocity, (Pi/pb * Sj), where p u and p^ are the density of the unburned and
burned gas respectively, (ii) the blockage ratio (BR = blocked area/total cross-sectional



area) because any decrease in flow area causes an increase in the flow velocity and (iii) the
spacing (or pitch) of the obstacles, P, because depending on the spacing of the obstacle,
obstacle-induced turbulence can decay substantially before further enhancement by the
next obstacle occurs. As a result, the following phenomenological expression is assumed,

l-BR P pb

where D is the diameter of the tube and K is an arbitrary constant.
In a non-dimensional form, equation 4 becomes

S T f { S T )T Jy\-BR P pb
 T)

The equation of flame propagation becomes,

STn = SV + B * ( — — * — *?1L
Tn L y\-BR P pb
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where Si is the laminar burning velocity of the mixture and B, C and D are constants. The
flame speed in the nth chamber is simply (pj/pb *

Equation 3 (a general form of equation 5) is a logistic difference equation. The
dynamic behaviour of this equation has been discussed by Chan [13]. Depending on the
coefficients of the equation, a stable long-term solution does not always exist. Four end
results (as n approaches infinity) of flame acceleration are possible for Equation 3. These
end results are illustrated in Figure 2. The values of the coefficients are chosen arbitrarily
for illustration purpose. Physically, these four end results can be interpreted as flame
quenching after an initial acceleration , oscillatory flame propagation, steady-state flame
propagation and continuous flame acceleration, respectively. It should be pointed out that
continuous flame acceleration will eventually lead to transition to detonation. If
acceleration is not possible, the propagation velocity of the reaction front will be limited
by the local gas-dynamic choking condition.

As shown in Fig. 2, the quenching regime and the unbounded flame acceleration
regime are unstable regimes. Stable steady-state solutions are not possible. Steady



solutions are possible for a certain range of y. Furthermore, a single value long-term
solution can be obtained for a narrow range of y only. The long-term solution becomes
unstable when y is increased beyond a certain critical value. At this point, two other long-
term solutions emerge. Sj oscillates between these two values indefinitely. This
branching process is often known as bifurcation. As a result, this regime can only be
considered as quasi-stable. Experimentally, this flame speed oscillation is difficult to
detect due to limited spatial-resolution of the detectors (photo-detectors, thermal couples
or pressure transducers). In most cases, only a mean value can be measured. As a result,
the stable and quasi-stable regimes are often treated as a single regime. Qualitatively,
these end results agree with experimental observation for flame propagation in tubes filled
with obstacles [5]. This phenomenological model has demonstrated that the existence of
these end results of flame acceleration as well as the transition from one regime to another
regime are caused by the inherent instability associated with the feedback mechanism.

MAXIMUM FLAME SPEEDS

The Maximum Flame Speed (MFS) in the phenomenological model is defined as a
steady-state flame speed or the average of the oscillatory flame speeds. Beauvais et al. in
Technical University of Munich [6] have examined flame propagation in a tube filled with
repeated orifice obstacles. The steady-state velocity of the reaction wave (referred to as
the maximum flame speeds) for various H2-air-steam mixtures were measured in their
experiments. Their data included both sub-sonic deflagration speeds and supersonic
detonation speeds. Parameters that were varied in their experiments included the blockage
ratio, the steam concentration, the initial mixture temperature and the spacing of the
obstacles.

To determine whether the simple phenomenological model can predict these
MFSs qualitatively, the parameters considered in the T.U. Munich's experiments were
varied in the model. Typical values for the constants in equation 5 are shown in Table 1.

Table 1: Constants used in the Phenomenological model

SL = from Liu and MacFarlane [14]
STO = 0 m/s
B=1.6
C = 0.001
D = 10"10 (i.e. gas dynamic effects are ignored)
K = 30
pu/pb = from equilibrium calculations using NASA CEC72 [15]

Figures 3 and 4 show the MFS for various hydrogen concentrations, obstacle
spacings and obstacle blockage ratios (orifices). Within a certain range of conditions, the
MFS predicted by the phenomenological model agree with experimental results fairly well.



For obstacle spacings below 200 mm, however, the predicted values are much lower than
the measured results. It is assumed in the model that the combustible mixture in the (n-
l)th chamber is all consumed before a flame propagates into the nth chamber. It was
observed in the experiment that for obstacles very close together, a reaction zone can be
stretched out leaving behind pockets of unburned gas in the wakes of the obstacles. As a
result, assuming burning can occur in only one chamber for all obstacle-spacings is
unrealistic. In reality, a flame can burn in several chambers at the same time. To modify
the present model to account for multiple chamber burning would make the model too
complicated and is beyond the scope of the present study. It was also observed in T.U.
Munich's experiments that for sensitive mixtures (e.g. mixtures containing more than 18%
of H2), flame acceleration could lead to transition to detonation and MFSs over 1000 m/s
(see Fig. 4). Since the present model does not simulate detonation, it cannot predict
super-sonic flame speeds. For those experiments in which transition to detonation had
occurred, the MFSs would be severely under-estimated by the model.

Figures 5 and 6 show the effects of steam and initial temperatures on MFS. In
these series of experiments, the obstacle-spacing was 500 mm and the blockage ratio of
the obstacles was 0.7. Both of these figures show good agreement between the predicted
and the observed MFSs for insensitive mixtures at initial temperatures of 80°C and
200°C. However, for more sensitive mixtures (H2 concentrations higher than 18%), the
measured MFSs are higher than 1000 m/s indicating that transition to detonation had
occurred in these experiments. The present model again under predicts these values.

The above comparisons indicate that a simple phenomenological model can predict
the eventual outcomes and the MFS with limited success. It is understood that the simple
equation of flame propagation (equation 5) is incapable of modeling the flame acceleration
phenomenon in detail. For example, it cannot predict the MFS of stretched out flames or
detonation velocities. However, this equation does provide some new physical insights
into the problem. It has demonstrated that the existence of various staeady-state regimes
is the result of the inherent instability associated to the feedback mechanism.

SUMMARY

A simple global model for flame acceleration caused by repeated obstacles has
been developed using a "boxcar" approach. The feedback mechanism for flame
acceleration is modeled by assuming that the effective burning velocity in the nth chamber
depends on the same quantity in the (n-l)th chamber. The effects of flame folding, fine-
scale turbulence, quenching and gas-dynamics are modeled by separate terms in the
equation. The equation of flame propagation is shown to be a logistic difference equation.
This model suggests that the unstable behaviour of flame acceleration is caused by the
inherent instability of the feedback mechanism. The predicted maximum flame speeds
were compared to the values obtained in experiments. For a certain range of experimental
conditions, the model predicts observed results fairly well.
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ABSTRACT

This paper describes salient aspects of the modeling, analyses, and evaluations for hydrogen detonation in selected regions of
the Advanced Neutron Source (ANS) containment during hypothetical severe accident conditions. Shock wave generation
and transport modeling and analyses were conducted for two stratified configurations in the dome region of the high bay.
Principal tools utilized for these purposes were the CTH and CET89 computer codes. Dynamic pressure loading functions
were generated for key locations and used for evaluating structural response behavior for which a finite-element model was
developed using the ANS YS code. For the range of conditions analyzed in the two critical dome regions, it was revealed that
the ANS containment would be able to withstand detonation loads without failure.

I. INTRODUCTION

The Advanced Neutron Source (ANS) is a user facility currently in the design stage at the Oak Ridge National
Laboratory (ORNL).* ANS is planned to be a 330-MW research reactor using uranium-silicide cermet fuel in a plate-type
configuration. A defense-in-depth philosophy has been adopted. In response to this commitment, ANS Project management
initiated severe accident analyses and related technology development in the conceptual design phase. This was done to aid
in designing a robust containment for retention and controlled release of radionuclides in the event of a severe accident. It
also provides a means for satisfying on- and off-site regulatory requirements, accident-related dose exposures, and
containment response and source-term best estimate analyses for the level-2 and -3 probabilistic risk analyses.

A hydrogen safety study (HSS) was undertaken to complement work done for the ANS conceptual safety analysis
report (CS AR)2. As part of this effort, work was initiated to study the effect of safety of hydrogen from hypothetical severe
accidents. Due to the combination of a large containment and a low hydrogen generation potential, it was found that all of
the hydrogen released during a hypothetical severe accident if uniformly distributed in the containment would give rise to a
concentration of less than 1 vol./o. This indicates that the ANS containment meets and exceeds the U.S. Nuclear Regulatory
Commision's (USNRC's) advanced light water reactor (ALWR) requirement3 for maintaining the containment concentration
to less than 10 voljo by a large margin. However, to accommodate recommendations3 made by the Advisory Committee on
Reactor Safeguards (ACRS), a focused study was undertaken to evaluate threats to the ANS containment from detonations in
stratified configurations. The purpose of this paper is to present the salient aspects of modeling and analyses of postulated
detonations under assumed stratified configurations in the high-bay volume of the ANS containment.

II. DESCRIPTION OF ANS SYSTEM DESIGN

The ANS is currently in an advanced conceptual design stage. As such, design features of the containment and
reactor systems are evolving, based on insights from ongoing studies. Specifically, the 330 MW(f) ANS reactor will use
about 17 kg of highly enriched uranium-silicide fuel in an aluminum matrix with plate-type geometry. The power density of
the ANS will be about 4.S MW/L. Heavy water is used as coolant/moderator with a core outlet temperature of 92 C. Total
core mass is only about 100 kg, which greatly reduces the hydrogen generation potential (viz., about 10 kg of hydrogen for
ANS compared to about 1000 kg for a large power reactor). The base or conceptual ANS containment design is shown in
Fig. 1. As can be seen from Fig. 1, the reactor core is enclosed within a core pressure boundary tube enveloped in a reflector
vessel. The reflector vessel also envelopes two cold sources that contain about 40 kg of deuterium (chemically equivalent to
20 kg of hydrogen). This reactor system is immersed in a large pool of water. The -95,000-m^ primary containment
consists of a steel shell (varying in thickness from 12.S to 25-mm) housed in a 0.8-m-thick, reinforced concrete, secondary
containment wall with a 1.5-m gap in between. Annulus flow is exhausted through filter banks. The targeted design leak rate
for the primary containment is 0.5 vol. %/d, whereas for the secondary containment, the design leak rate is 10 vol. %/d.

III. MODELING AND PROBLEM FORMULATION

This section describes the salient aspects of modeling and problem formulation related to evaluation of dynamic
loads and structural response behavior. For the initiating event, it is postulated that a hypothetical severe accident causes
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Figure 1. Schematic representation of ANS containment (showing deuterium-
air mixture regions of Scenarios 1 and 2 for detonation studies)

rapid aluminum combustion of all the core fuel plates and also causes rupture of both the cold sources. This situation would
give rise to about 30 kg of hydrogen (equivalent to 60 kg of deuterium) bubbling out over the reactor pool surface into the
containment high-bay atmosphere volume. Two limiting scenarios were postulated. For the first scenario (SC-1) it was
postubted that this bubble of hydrogen mixes with the surrounding air in various proportions before undergoing a detonation
event. This was done to arrive at bounding-type estimates for detonations around the pool surface only. Calculated loads
may then be used for initial estimates of structural response. The second scenario (SC-2) postulates that the hydrogen
bubbling out of the pool surface rises over into the containment atmosphere and stratifies under the dome region before
undergoing a detonation event there. The scenarios to be modeled and analyzed are depicted in Fig. 1.

The detailed modeling and analysis of every stage of hydrogen-air explosions can become a formidable task. Considerable
uncertainties associated with complex thermal-hydraulic issues such as mixing patterns, stratification, effect of obstructions
on enhancement of turbulence, randomly occurring ignition sources, and transition from deflagration to detonation. Several
of these issues are still in the research stage. Hence, for the sake of evaluating conservative end-effects from possible
detonations, several simplifying assumptions had to be made. The key assumptions are as follows:



1. Any hydrogen-air mixture (i.e., one that may also include deuterium) in a concentration range of IS to 58 volVo
would be assumed to undergo a classical Chapman-Jougeot (C-J) detonation. While making this assumption, we verified that
the masses and dimensions under consideration would (based upon detonation cell-width requirements) indeed support a
deflagration-to-detonation transition.
2. The hydrogen-air mixture would be assumed to be instantaneously and uniformly distributed in the explosion zone.
That is, no concentration gradients will exist.
3. For evaluation of structural response conditions, a detonation would begin as a point source and propagate outwards
hemispherically. This assumption was relaxed for parametric studies. Additional cases to investigate volumetric heating
(e.g., due to distributed spark) conditions are also investigated; the details of which are described later.
4. Fluid-structure interactions at boundaries and within the air volumes are negligible, and boundaries are treated as
being perfectly reflecting. Thereafter, dynamic loads evaluated will be used as forcing functions in a separate structural
response analysis model using finite-element modeling techniques. While this may miss some important feedback
information, such an assumption has also been used4 in making safety cases for power reactor containments.
5. A two-dimensional (2-D) symmetric simulation of the shock wave generation and transport is adequate for
capturing effects in the high-bay region.

The principal tools being utilized for evaluations are the CTH 5and CET89 6computer codes. CTH is a highly sophisticated
tool developed to evaluate shock wave physics, fluid-structure interactions, missile penetration dynamics, along with
multimaterial motion and response in one, two and three dimensions. A previous version of CTH (viz., CSQ) has also been
used4 in the past for analyzing hydrogen detonations in power reactor containments. CET89 is a chemical equilibrium
thermodynamics code developed to evaluate thermodynamics of reacting substances. For best-estimate evaluations of
hydrogen detonation studies, CET89 results were utilized at the front end to set up appropriate CTH modeling input for
simulating a high explosive burning process. Some of these are given in Table 1. C-J detonation parameters were obtained
for three hydrogen-air volume fractions (viz.. 15, 29 and 58 vol./o) representing (in dry air and standard atmospheric
conditions) the lower detonation limit, stoichiometric composition, and the upper detonation limit, respectively.

Table 1. Key thermodynamic parameters from CET89 for detonation calculations

Hydrogen concentration (vol./o) / Hydrogen Mass (kg)

Parameter

Post-bum mixture density (kg/m3)
Post-bum to pre-bum mixture density ratio
Post-bum specific heat ratio
Ratio of post-bum to pre-bum specific heat ratios
Detonation velocity (m/s)
Shock bum energy (MJ / kg)

III.l Scenario 1 (SC-1) - Detonation in high-hav volume above reactor pool surface

Initially, efforts were made to set up an appropriate 2-D CTH model of the ANS containment high bay volume and
steel shell, to evaluate combined fluid-structure response behavior. However, due to the very large air space and the
relatively minuscule curvilinear thickness of the steel dome, it was concluded that conducting a coupled calculation would be
impractical. This is primarily due to the approximately 12,000 by 12,000 matrix of spatial mesh nodes that would be required
for a proper simulation of fluid-structure interaction and structural response. Due to this feature, it was decided that CTH
would be used to provide time- and space-dependent pressure variations. These values would then be used (as done
conventionally for power reactor analyses) by the ANS Project architect-engineering firm Gilbert Commonwealth (GC) as
forcing functions to evaluate structural response of the ANS steel dome. Such an approach has been used for power reactor
hydrogen detonation simulations4 and is deemed conservative because the absorption characteristics of the steel dome shell
and air outside are not directly factored into the shock wave physics calculations.

It was decided to represent the detonation process in a 1-D spherical framework before embarking on a 2-D modeling effort.
This was done primarily to optimize nodalization and to study effects of parametric variations without having to wait long
periods of time (hours to days) before a result is obtained.
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Fig. 2. 1-D spherical geometry CTH model for 15 v/o hydrogen-air detonation analysis

Several 1-D spherical geometry evaluations were made. For 1-D simulations a spherical geometry representation was
developed. This geometry, shown in Fig. 2, tends to represent best (albeit in 1-D) the overall geometry of the ANS
containment dome. It is realized that reflections off the floor regions are not simulated in this geometry. However, the 1-D
cases provide valuable lessons for modeling in 2-D geometry later on. For CTH simulations, the explosion zone, consisting
of hydrogen-air mixtures, is represented as an equivalent ideal gas mixture where suitable modifications are made using state
properties from CET89 calculations. Energetics of the hydrogen detonation process are represented in two different ways to
represent two different modes of ignition. In the first mode (mode 1), we represent energy generation via time dependent
energy deposition over the entire explosion zone volume. This tends to represent the situation wherein multiple sparks may
be available randomly located in space. Variations about this base case were set up to investigate effects of nodalization, and
time over which energy is deposited in the explosion zone. In the second mode (mode 2), it is assumed that a single ignition
source would be available at the focal point of the hemispherical volume right above the center of the reactor pool. A
detonation beginning from this point would then propagate outward hemispherically. Once again, variations about this base
case (i.e., for mode 2 energy insertion) were set up to investigate effects of nodalization and variation of detonation velocity.
An additional case was also evaluated to see what loadings were generated if a reduced quantity of hydrogen were available
for detonation. For this, the case where the hydrogen content was reduced 50% to 15 kg was also modeled for CTH
calculations. For simulated hydrogen calculations it is not very obvious what should represent the ideal-gas mixture (which
simulates the hydrogen-air-detonation product material mixtures). That is, should the overall mixture be represented with
values for thermodynamic parameters of the initial mixture or of the final mixture (i.e., C-J conditions)? To evaluate the
impact of such a choice, we also investigated the case of representing the gas explosion zone mixture by using the
thermodynamic parameters for the C-J conditions of the mixture (i.e.. after reaction completion).

A 2-D representation of the ANS containment high bay region was evaluated. As mentioned previously, representing the
12.5 mm-thick shell of the ANS steel dome would need a 12,000 by 12,000 matrix of nodes, making it impossible to conduct
practically feasible CTH calculations. Therefore, an alternate representation was modeled with CTH. This model, in 2-D
cyiindhcal geometry, essentially carves out the shape of the ANS containment spherical dome and vertical structure from a
given block of metal. Two different metals were experimented with for this purpose. The first one was steel, whereas, the



second one was lead. As a mathematical device in code input lead was experimented with to allow use of a denser material
and to reduce computational time significantly (due to sonic wave propagation constraints entering the Courant limit). In
reality, some absorption of energy would occur in either the thick lead or steel boundaries adjacent to the air zone inside.
From this view, the use of lead provides a better reflecting boundary. Similar to the 1-D case, the explosion zone was
modeled as an equivalent ideal-gas mixture. Figure 3 schematically shows the model used for this purpose.

Scenario 2
(dome region)

Hydrogen-Air Mixtures
for Two Scenarios

Scenario 1
(pool region)

- • = 6.7 m (Case 1), 8.5 m(Case 2), 10.6 m (Case 3)
29.4 m

Figure 3.2-D cylindrical geometry CTH model for best-estimate load evaluations

m.2 Scenario 2 (SC-21 - Detonation in high bav volume in upper dome region

SC-2 is modeled and analyzed for the situation wherein the 30 kg of H2 rises through the high bay volume and
stratifies under the steel dome. From a practical perspective, it was decided that any such rise would involve significant
dilution of the hydrogen concentration. Therefore, it was assumed that a stratified mixture under the dome would be a lean
detonable mixture at the lower end of the detonation limit (viz., IS volVo). For this configuration, the 2-D CTH model
developed for SC-1 was modified to locate the explosion zone to be under the dome region, as shown in Fig. 3. To represent
the pressure profile on the surrounding structures better, node widths were halved.



III.3 Structural response modeling and failure strain criteria

The dynamic loading functions evaluated using the 2-D CTH model were utilized to drive a containment shell finite-
element structural analysis model developed by GC staff. GC staff conducted modeling with the ANS YS code7. Nonlinear
effects of elastic-plastic material properties along with bilinear kinematic hardening model were included. It is not the intent
of this paper to present modeling details of the nonlinear transient dynamic ANSYS model, but to present only the key
assumptions and results, the details of which have been documented elsewhere2. For determining shell failure, guidelines
developed for severe accident conditions for steel containments (such as the Mark I steel containment) were utilized, rather
than use of American Society of Mechanical Engineers guidelines which are more appropriate for design basis accidents.
Using these criteria, dynamic strain limits (to avoid failure) for the ANS containment were set as being 1% for membrane
strain, 2% for surface strain and 5% for peak strain. Failure from buckling was considered incredible for ANS containment.

IV RESULTS & DISCUSSION

Significant quantities of data were generated from these models and evaluations. From space limitations it was decided to
graphically highlight only those results used for determining structural response of the ANS containment. The results and
discussion section is divided into sub-sections for each of the two scenarios mentioned earlier.

IV. 1 Detonations above pool surface (SC-P

As mentioned earlier, it is not practical (from space limitations) to show plots of all the various quantities affecting
shock generation and transport. For 1-D simulations, only summary descriptions are given for some of the important results.

Insights from simplified 1-D simulations

One-dimensional simulations indicated that mode 1 (i.e., volumetric heating which may represent multiple
sparks or detonation initiation points) of energy deposition gives rise to impulse loadings which can be different from those
of mode 2 (i.e., point initiation of combustion). In the center of the explosion zone, the peak pressure buildup was greater (by
50%), as may be expected for mode 1. However, the pulse does not last as long. Total impulse impressed at the center of the
explosion zone is somewhat larger for mode 2 deposition than for mode 1. Despite the similarities in total impulse delivered,
it is realized that such a variation in actual pressure buildup may become important for structural response calculations. For
other locations the pressure traces looked remarkably similar. Nodalization was seen to play an important role. Doubling the
number of nodes from the base case was seen to result in higher pressure spikes. However, these spikes get very narrow
above the pressure levels seen for the base case, giving rise to impulse loading levels which are quite the same. However,
reducing the number of nodes by a factor of 2 can give rise to considerable dissipation. It was further found that pressure
buildup is not significantly affected by inaccuracies in knowing the precise rate of energy deposition or detonation velocity.
Reasonably large levels of uncertainties (+/-25%) in detonation velocity will not affect significantly the predicted pressure-
time histories at vulnerable locations. An important safety consideration deals with high temperatures. Very high (5000 K)
temperatures may be reached during hydrogen detonation events. The impact of these flame temperatures on safety and non-
safety related equipment may become a cause of concern and will be examined for relevance as the containment design and
associated severe accident analyses evolve. Finally, upon comparing pressure and temperature traces, it was seen that
specification of the gas mixture values upon initial or final conditions does not give rise to results which are significantly
different. Actually, values for pressurization with post-burn parameters are slightly lower than those seen using preburn
conditions. Therefore, to stay on the conservative side, the 2-D simulations for the ANS HSS would be conducted with
specification of the initial mixture based upon properties before combustion.

Results from 2-D simulations for detonations above the pool surface

Based upon 1-D simulation results, it was decided to conduct analyses with point source alone and the
mixture conditions were defined with preburn conditions. Using the 2-D CTH model of Fig. 3, the impact of specifying the
reflecting shell material by steel versus lead were examined. For the atmosphere region, it was found that pressure traces
calculated with use of lead as a boundary versus use of steel are almost exactly the same. The only difference noted was in
the CPU time required, which was lower by more than a factor of two for lead than that required for steel. Therefore, to
conserve computational resources, lead was chosen as a boundary material.



The 2-D CTH model was exercised for three cases covering the detonability range (viz.. Case 1 for the upper detonation limit
of 58 vol./o. Case 2 at the stoichiometric limit of 29 vol./o and Case 3 for the lower detonation limit of 15 vol./o). Sample
pressure trace results from the 2-D model for Case 3 (viz., 15 vol./o) are shown in Fig. 4. Locations at which pressure traces
have been shown are the top of the pool surface, intersection of the steel shell with the floor and right underneath the top of
the containment dome. From Fig. 4 we note that significant differences in timing of pressure front arrival at different
structural boundaries should be expected.

600
Case 3 - 1 5 vol./o hvdroaen concentration

Symbol Location (Scenario)

Pool(SC-1)

Floor-Shell(SC-i)
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Pool (SC-2)
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Static design pressure

200

Figure 4. Variation of pressure with time during hydrogen detonations
in ANS containment (SCI • Scenario 1; SC-2 • Scenario 2)

Very significant variation in pressure variation along the high bay floor was calculated. Pressure levels can vary significantly
from one region of containment to another. For example, for Case 3 (viz., 15 vol./o) pressures vary from more than 500 kPa
at the region directly above the pool region to about 250 kPa at the containment wall-floor boundary. Such information
clearly can not be obtained from 1-D simulations, which underscores the importance of conducting multidimensional
modeling. Overall, the pressures at the containment shell boundary and also in the explosion zone were evaluated to be
significantly lower than those observed from 1-D evaluations, indicating the effects of multidimensional dissipation.

Across the containment shell boundary, the (absolute) pressure levels vary from 220 to 275 kPa. The "static" design pressure
of the ANS containment is 171 kPa (or 10 psig). The dynamic pressures (indicated by triangular symbols) lasting about 40
ms are above this limit, however, this does not mean that the steel shell integrity will be compromised. Only a dynamic
structural response study can properly determine whether allowable strain limits are exceeded, and whether failure will occur.

Overall, it was found that the Case 2 conditions (i.e., stoichiometric H2 concentration) give rise to the most challenging
loadings on the structural boundaries, followed by Case 3 and Case 1, respectively. Case 1 conditions give rise to incomplete
combustion due to the relative lack of oxygen, and account for the resulting low pressures at the structural boundaries, which
are even lower than the ANS static pressure difference design limit of 10 psig (or 71 kPa gage). Maximum vertical
displacements evaluated by GC with the ANSYS model were, 110 mm (4.5 in.) for Case 1, 160 mm (6.3 in.) for Case 2, and
140 mm (5.4 in.)for Case 3 respectively. Membrane and surface strains were found to be sufficiently below the 1% and 2%
limits, respectively. Therefore, we conclude that containment shell integrity is not compromised.



IV.2 Detonations under top of dome (SC-2)

For SC-2, 1-D simulations were not considered useful to conduct due to lack of symmetry, and the many insights
already gleaned from earlier work reported above. Results of pressuhzation for SC-2 (where only the lean mixture detonation
is examined) are also shown in Fig. 4. Compared with SC-1, significantly larger (i.e., 600 kPa vs. 225 kPa) pressure levels
are evaluated under the top region of the steel dome. Due to complex shock wave interactions, it was found that the actual
pressure level right under the top of the dome (midplane) is somewhat lower than at adjacent points. However, the pulse lasts
for a longer duration and hence, may be in a position to cause more damage. Relatively minor loads are evaluated on the
reactor floor level above the pool surface. The structural analysis results indicated a maximum vertical displacement of 250
mm (-10 in.) for the steel shell. Membrane and surface strains were found to be sufficiently below the 1% and 2% limits,
respectively. Therefore, containment shell integrity is not compromised even for this case.

V. SUMMARY & CONCLUSIONS

To summarize, this paper has presented salient aspects of modeling and analysis results for evaluating detonation loads and
containment response behavior in selected regions of the ANS containment during hypothetical severe accident conditions.
As mentioned earlier, the ANS containment meets USNRC ALWR requirements for avoiding detonations on a containment-
wide basis by a wide margin. Stratified configurations were studied based upon following the intent of ACRS
recommendations to evaluate detonations above the pool surface and also below the top of the containment dome. Major
tools employed were the CTH and CET89 codes. The modeling and analysis work was done systematically. First, insights
were derived on required degree of nodalization, inaccuracies associated with knowledge of detonation velocities and pre-
and post- bum mixture representation, and detonation front modeling from 1-D simulations. Nodalization was seen to have a
pronounced influence with relatively minor dependence on other parameters. Volumetric versus point spark initiation of
detonation does give significant differences in predicted peak pressures, however, the resulting impulse levels are
approximately the same. Use of lead versus steel for the containment boundary model significantly reduces the
computational time for 2-D simulations with no noticeable difference in pressure time-position history for the atmosphere
regions of the containment. Significant spatial effects were possible to capture with 2-D simulations which was not possible
from 1-D simulations. From 2-D simulations, dynamic pressure loadings were generated for key locations and used for
evaluating structural response behavior for which a finite-element model was developed using ANSYS. Even though the
static design pressure limit is exceeded for short durations of time, dynamic structural analysis indicated that, for the range of
conditions analyzed in the two critical dome regions the ANS containment would be able to withstand detonation loads
without failure. Detonation loadings are most severe for stoichiometric mixtures, followed by mixtures at the hydrogen lean
and rich limits, respectively.
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TEST RESEARCH & ANALYSIS FOR
ULTIMATE CAPACITY OF QINSHAN NPP PCCV

Xia Zufeng

ABSTRACT

This paper introduces design and research for containment of Qinshan NPP which is

the first PWR in CHINA designed and constructed by ourselves. The PCCV design* is

basically in conformity to ASME code. To verify the structural integrity capacity of

Qinshan NPP containment, we fulfilled SIT & ILRT successfully in June, 1991.

The special attention of the paper is focused on the ultimate capacity of the PCCV

under severe accidents and earthquake. A study comprised of five different

independent parts has been performed for the development of containment model test

and corresponding nonlinear analysis. There are two prestressed concrete

containment models with equipment hatch. One is 1/15 scale with steel liner tested

on shake table and then moved out loaded with atmospheric pressure. The other is

1/10 scale without steel liner loaded with water pressure until destruction.

From different methods including model test and nonlinear analysis, all obtained

unanimous conclusion. The capacity under internal pressure and earthquake is

reliable. The safety margin is enough. Consequently, in the second phase of Qinshan

NPP and other PWR NPP under design, PCCV should be a better selection in China

since it's more economic, rational and safe.

Chinese Nuclear Society



TEST RESEARCH & ANALYSIS FOR
ULTIMATE CAPACITY OF QINSHAN NPP PCCV

Xia Zufeng

1.0 INTRODUCTION

The function of the containment is to enclose the NSSS and to provide a leak light

vessel under accident conditions and to prevent the environment pollution exceeding

the acceptable limit, therefore the health of residents in the vicinity can be

guaranteed.

In the selection of structure type of containment for Qinshan NPP, analysis and

comparison have been made with many containments currently used for other NPP

through out the world. There are three kinds of structures: i.e. steel, conventional

reinforced concrete and prestressed concrete structures. We also analyzed domestic

engineering technical level, economics and reliability of capacity one after another.

We finally chose post tensioning prestressed concrete containment structure.

The construction of the Qinshan containment was begun in May, 1985 and completed

in May 1990. We fulfilled SIT & ILRT of this containment successfully in Jun., 1991.

2.0 STRUCTURAL DESCRIPTION AND DESIGN ARRANGEMENT

The containment of Qinshan NPP is a vertically cylindrical structure with shallow

dome, ring girder and a flat foundation mat. The dimensions of the containment are:

36m inside diameter, 55.1m height of cylinder part, total height 73m, 1.0m wall and

dome thickness as shown in Fig. 1.

The cylinder is prestressed by hoop and vertical tendons. The dome is prestressed by

three groups of tendons in three layers oriented at 120 to each other and anchored on

the outer face of ring girder. There are three buttresses equally spaced around the

containment and each hoop tendons anchored at buttresses 240 apart, bypassing the

intermediate buttress. The vertical tendon is anchored at the top of the ring girder

and to the ceiling of tendon gallery located in foundation mat. The hoop and vertical

tendon in cylinder is arranged in two layers (1).

The containment structure and containment interior structure on a common

foundation mat are structurally separated. The foundation' mat is conventionally

reinforced concrete. The entire inside face of the containment is steel-lined as to



ensure a high degree of leak-tightness. The thickness of the liner of the base plate

and containment wall is 6mm and dome, 8mm.

The cylinder wall has various sized openings of more than 160 ( all of them have leak

tight and isolating measures). Among them equipment hatch, 5.8m in diameter, is

provided. Equipments such as steam generators can be transferred, if necessary, out

and into the containment through this equipment hatch. For transfer of the reactor

vessel and other equipments during the construction period. The temporary opening

as a sleeve for equipment hatch is 7m in diameter.

The concrete used for the containment wall and dome is 40MPa in cubic strength, for

foundation mat it is 30MPa, all of those are 60 days strength.

Containment design is basically conformed to ASME code (2) and also RCC-G(3) as a

reference. Although, there are some changes partly.

The lithology of the bed rock is tuff. The slope of the Qinshan mountain is stable. No

significant faults were found the site. According to the study report on the Basic

Earthquake Intensity for Qinshan NPP, the Base Intensity is VI, for SSE, the

horizontal ground acceleration of 150 gal used in design for conservation. Based on

the free volume of containment, the peak pressure under DBA evaluated by nuclear

engineers is equal to 0.26MPa. Design loads also include tornado, exterior explore.

We checked by airplane crash, even though it isn't considered by relevant code. The

containment is analyzed using mature FEM programs. The thin-shell element or the

axisymmetric element is widely used.(l)

3.0 DESIGN OF POST-TENSIONING SYSTEM

The main design load for the containment is accident interior pressure. As to the post

tensioning prestressed concrete shell, the shell membrane tensile force resulting from

interior pressure should be fully born by prestressed tendon, so the selection of post

tensioning system is vitally the design of the containment.

In preliminary design, the BBRV button head anchorage prestressing system was

adopted in the containment design. For this, 150 o5mm steel wires were used in each

tendon. It is a unbounded system. An arc section model test and then full-scale 36m

diameter, 1.2m height annular ring model test have been conducted in 1978(4).

Seventeen groups of tendons different material ducts with various lubricating

materials were tested. When suitable lubricating material is chose, friction of u<0.12

can be selected to meet design requirements very well. In detail design phase,

according to requirement of construction subcontractor, 9 & 10 ol5.7mm seven-wire

strands tendon is used. It is a high quality VSL bonded system. According to the



result of the new test, the lubricating material is changed for the purpose of grouting

cement and u<0.17 would be used for engineering design.

4.0 THE STRUCTURAL INTEGRITY TESTS OF THE CONTAINMENT

To verify the structural integrity capacity of the Qinshan NPP containment, two tests

are necessary: one is the structural integrity test (SIT), the other is the containment

integrity leakage rate test (ILRT). SIT is an acceptance test in which the internal

pressure is increased from atmospheric pressure to 1.15 times the containment

Design Pressure in six pressure increments. It was implemented according to RG

1.18(5) and ASME code (2) CC-6000. ILRT was implemented to inspect leak tightness

of the containment according to 10 CFR(6) part 50 Appendix J. in Qinshan NPP,

those tests were carried out simultaneously within 11 days. Those tests adopted

advanced experiment technique, got reliable data, brought forth new ideas in method

of experiment, result of SIT (7) point: (a) Any force cracks are not found at the

concrete face in course of pressure. No yielding in reinforcement and no visible

permanent damage, (b) Within 24 hours after completed pressurization, deflection

recovery of measured at points max. deflection is 99%. (c) Measured at points of max.

deflection is 84% of design predicted values.

The designed leakage rate of the Qinshan NPP containment accident is 0.3%, and at

a test cold condition is 0.165%. In ILRT of Qinshan NPP containment, measured

leakage rate is 0.045% only (8).

According to those tests between measured and design predicted deflections are

matched well, capacity function is good, leak tightness is more lower than design

requirement.

5.0 TEST RESEARCH AND ANALYSIS OF ULTIMATE CAPACITY

For the sake of anticipating the ultimate capacity of Qinshan NPP containment

under severe accidents and earthquake, a study task has been fulfilled for the

development of containment model test and corresponding nonlinear analysis. Whole

study task is divided into five different independent parts. There are two prestressed

concrete containment models, one is 1/15 scale with stee liner, the other is 1/10 scale

without steel liner. Each of those models has a equipment hatch which has same

scale of the model.

The first study sub task report(9) point: By the test of prestressed concrete

containment model (Scale 1/15) laid on a 5m*5m large sized shake table under



earthquake SSE, the natural frequency from measured is coincided with design

analysis value, total input of 14 sets, response from measured and analysis is

basically matched. It means that the methods of structural response analysis are

correct in engineering sense. The max. pull stress is less than allowable in concrete

even if accident pressures combine with SSE earthquake, consequently, the

containment of Qinshan NPP is very safe under SSE earthquake.

The second study subtask report (10) point: 1/15 scale model of Qinshan NPP PCCV

with steel liner is also moved to outdoors after dynamic test, loaded with atmospheric

pressure until it is fully destroyed. When interior pressure reached 0.82MPa, the

cracks near the equipment hatch, intersection of cylinder wall with foundation mat

and cylinder wall with ring girder are very serious, the deflection is excessive. It

means that the model reached limit condition, the capacity safety margin of the

model of PCCV is 3.15 while the leak tightness is not so good.

The third study sub task report (11) point: According to the nonlinear analysis of

Qinshan NPP containment subjected to internal pressure, it turns out that the

structure would bring it to the state of limit failure when the ratio of total stiffness

stiff=0.05, the ultimate internal pressure was 0.714 MPa, which was 2.75 times

design pressure (take no account of steel liner).

The forth study sub task report (12) point: According to the engineering sense, take

account of tendon, rebar and stee liner and also consider concrete participation from

occuring crack until withdrawing. A nonlinear membrane analysis which conformed

limit design criterion of liner tension strain within 0.003 was implemented. The

ultimate internal pressure of Qinshan NPP containment is 0.76 MPa ( take no

account of steel liner )—0.84 MPa ( take account of liner), i.e. the capacity safety

margin of Qinshan NPP PCCV is 2.92-3.23.

The fifth study subtask report (13) point: 1/10 scale model of Qinshan NPP PCCV ( no

steel liner ) loaded with water pressure until destruction, the model test showed that

interior pressure increased to 0.54 MPa, the face began cracking, then cracking grew

extension until destroyed. It was a good plastic model. The Qinshan NPP PCCV 1/10

scale model was failed at ultimate internal pressure 0.82 MPa. The corresponding

capacity margin of the model was 3.15 as same as 1/15 model with steel liner. There

are smaller cracks and lower stresses of rebar near the equipment hatch in this test.

It demonstrated that reinforcing measure in hatch is rational.

According to those five aspects of the study subject, we have different methods

including model test and nonliner analysis, all obtained unanimous conclusion. The

design of Qinshan NPP PCCV is rational. The capacity under internal pressure and

earthquake is reliable. The safety margin is enough.



6.0 DESIGN IMPROVE

Looking back on practice of Qinshan NPP PCCV in the first phase, some

improvements are performed in next one:

(a). Capacity of every tendon is doubled, two-layer-tendon arrangment is replaced by

single one. It means that 19 seven-wire strands are grouped together for.

(b). According to safety requirement of concrete containment, ultimate capacity

coupled on steel liner indeed a set of tests for liner plate bucking and behavior of

anchors indicate that some construction treatment in design can be improved in

next design,

(c). For the first phase of Qinshan NPP design to cope with non-core melt accident.

the thickness of foundation mat underneath the reactor it is only 3m. Next design

in this location, the thickness is increased to 5.6m for safety.

7.0 CONCLUSION

According to successful experience of design of Qinshan NPP PCCV and test research

& analysis in ultimate capacity of the PCCV, PCCV is the more reasonable selection.

Consequently, in the second phase of Qinshan NPP and other PWR NPP under

design, PCCV should be the only selection since it's more economic, rational and safe.
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QINSHANG II PWR POWER PLANT CONTAINMENT DESING

by G.C.Zhang. Z. W. Gou, J .L .Zhuang , LiuWei

Abstract

Qinshang II is a 2X600MW PWR power plant which is to

be located on the east coast of China. As a standardized

commercial nuclear power plant in China, it is scheduled ot

be put into operation by the end of this century. The

containment chosen for the plant is prestressed concrete

structure. However this containment has only two horizontal

preatressing buttresses instead of three or four usaully

seen on most PWR prestressed concrete containment. What are

the advantages of such modification? And is this modified

containment safe enough? The paper here is going to answer

all these questions through our analyses on the whole

containment. Detail analyses have been performed for the

arrangement of the Prestressing system and for the

contaniment behaviours under all possible severe accident.

Following accidents are taken into considerations:

Loss of coolant accident CLOCA) which create high

temperature and high pressure on the internal wall

of containment

Secondary system piping break accident which brings

high temperature. jet impingement and increaced

local pressure



Internal missiles

External missiles including airplane crash

External explosion shock wave

Furthermore, China is an area where earthquakes occour

frequently and strong tornado often attack Chinese east

coast. Therefore following accidents have to be included:

Seismic effect

Combination of LOCA and Safe Shutdown earthquake

Tornado effect including wind pressure and missile

In this paper, we will present the above analyses and

results. Then, we will compare those results with that of

other prestressed concrete containments (with three or four

butresses) Which undergo the same loadings. Finally, we will

show the advantages and conveniences brought by such new

containment.
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ABSTRACT

Penetration assemblies are parts required to be provided in the
containment wall/dome to permit piping, mechanical devices,
equipments, electrical cables, personnel movements etc. Integrity
of arrangements with respect to leak tightness at or around these
penetration assemblies, is of utmost importance for achieving safe
functioning of containment. Considering the feasibilities in
controlling leakages along different possible paths, it has been
found necessary to examine in detail the leakage possibilities at
concrete - steel interfaces at and around penetration assemblies.
The present paper addresses this issue with respect to the
important related aspects like constructional detials, testing
conditions, normal operating conditions, and the accidental
situation associated with containment structures.
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EXAMINATION OF LEAKAGE ASPECTS THROUGH CONCRETE - STEEL

INTERFACES AT AND AROUND CONTAINMENT PENETRATION ASSEMBLIES

Sekhar K. Chakrabarti, Adidam S.R. Sai, and Prabir C. Basu

1. INTRODUCTION

Assurance of safety of public and occupational workers, and
protection of environment against unacceptable radiological
hazards, are the main objectives in the design, construction and
operation of a nuclear power plant (NPP). These objectives are
required to be achieved during both normal and accident
conditions. The reactor containment structure of a NPP is the last
passive defense line to achieve these objectives.

The concrete containment structure, which are relatively common,
has penetrations for various purposes. Penetration assemblies are
parts required to permit piping, mechanical devices and equipments,
electrical cables, personnel movements etc. Penetration assemblies
used for mechanical services are referred as mechanical
penetration. An electrical penetration assembly provides means for
the passage of the electrical cables. The penetrations for
movements of personnel, equipments etc. are typically known as
airlocks. Generally, a number of such penetrations are provided in
the containment shells at different locations. Shapes, sizes
and other details of the penetrations vary, depending on the system
requirements. Adequate arrangements for leak tightness are required
to be provided at and around penetrations in order to achieve the
desired functional requirements fulfilled in terms of containment
pressure boundary. The integrity of these arrangements at/around
the penetration area is important from safety considerations.

Although, the containment structure should, ideally be designed for
no-leakage condition, but in practice this is not feasible. In view
of this,one of the functional requirements of a containment is to
restrict these leakages to an acceptable limit. If these allowable
limits are exceeded, the containment may be considered to have
failed in terms of leakage requirements, although structural
failure in terms of strength and stability may not have occured.

Studies have been conducted to investigate the possibilities of
leakage at/around the penetration assemblies of containments [1,2].
There may be two general types of leakage paths at or around each
penetration : one through the sealing arrangement provided between



the embedded part and the system components; and the second one
through the interface zone of the steel embedded part with concrete
(Fig.1).

The present paper addresses the issues related to the problem of
leakage - possibilities through the interface zone of the steel
embedded part with the concrete. Scope of the paper includes this
aspect with respect to Indian prestressed concrete containment.

2. PAST STUDIES

In an analytical study on stress - distribution around the
equipment hatch opening in a prestressed concrete containment
wall, Harrop had shown that the equipment hatch opening is a
zone of stress concentration. He observed that the tensile stress
limit of concrete is first attained in the local extreme fiber
hoop stress around the hatch opening at an internal pressure of
1.5 times the design pressure.

In a report by a committee on containment capability an
overview of the state - of - the - art for containment integrity
has been presented. It has been demonstrated that the local
strains around the periphery of a large opening varies from point
to point, thus causing an oval ling of the opening. It has also
been reported that for concrete containments designers attempt to
compensate for the ovalling by carefully balancing strains by
varying amount of reinforcements in different directions.

Kumar has made a study on the possible causes of leakage
through the interface at the embedded parts of the steam generator
openings in the inner containment dome of a typical Indian
reactor.

[3,4]
3. CONTAINMENT STRUCTURE

The containment structure of the Reactor Building of a typical
Indian nuclear power plant (NPP)(Fig.2) based on pressurised heavy
water reactor (PHWR), has been considered in the present context.
The reactor building consists of internal structures, inner
containment structures (ICW and IC - Dome), outer containment
structures (OCW and OC - Dome), and base raft. Inner containment
structures along with base raft provide pressure boundary in the
event of Design Basis Accidents (DBA). It is a double containment
system with inner containment (IC) structure as prestressed
concrete and outer containment (OC) as reinforced concrete
structure. The typical cross - section of the containment structure
being considered, is shown in Fig. 3.



4. POSSIBLE LEAKAGE PATH THROUGH CONCRETE - STEEL
INTERFACE ZONE.

Adequate steps can possibly be taken at the design and
construction stages to control leakages through individual
components, e.g., embedded steel, concrete, system components, and
sealing between embedded steel and system component. However, the
phenomenon of leakage through the interface zone, is not well
understood. It needs to be appreciated that once the construction
is over, it becomes extremely difficult to implement any
corrective measures in case any leakage paths are identified in
the interface zone of embedded steel and concrete.

In concrete containment shells, the leakage paths may occur through
cracks/holes which are developed due to interaction between
concrete and steel under the action of loads, secondary effects of
concrete, permeability of hardened concrete,inherent constructional
defects (e.g., construction joints, etc.) etc.

4.1 Interface Zone

The term interface, normally refers to the surface of contact
between steel and concrete. Steel being inert, does not react with
the constituents of the cement paste, and the bond between the two
is largely due to van der Waal's force of attraction between
chemcial compounds present at the interface, friction, and
mechanical interlocking. However, the presence of embedded steel
at the penetration assemblies may alter the properties of concrete
in the proximity of the interface due to bleeding, shrinkage,
creep etc., and, thus, a transition zone (Fig. 4) is formed; this
transition zone has been termed as interface zone.

4.2 Possible Causes of Leakage

The leakages at the concrete - steel interface requre paths such
as cracks, or separations of the two surfaces, or simply the
connected channels of pores, to exist in the interface zone. Such
paths may originally exist due to the development of interface -
zone during construction, with additional paths developed due to
different causes as listed below.

4.2.1 Flaws in Construction.

The following flaws in construction may be attributed to the
development of leakage paths :



. Improper concreting - Permanent through passages may be left in
the interface zone due to improper concreting arising out of the
type of design details for installation of embedded parts at the
penetration assemblies. Generally, the zones are heavily
reinforced, and, concrete pouring becomes really constrained. Due
to the presence of embedded parts, it becomes extremely difficult
to verify the quality of concrete by normal visual inspection.

Improper materials - Normal technical specifications of the
materials (e.g. concrete, steel etc.) used in construction, may not
be adequate for producing good interface zones (from the view -
point of leakage) while ensuring strength and durability aspects.

Bleeding - At the penetration assemblies, existence of
embedded parts provides barrier for the bleeding water accumulated
in the vicinity. Thus, the water/cement ratio of the interface -
zone concrete becomes higher than that of the bulk concrete. It is
obvious that relatively higher accumulation of bleeding water in
the interface zone causes lowering of strength and impermeability.

4.2.2 Construction joints.

If construction joints, in casting the containment structure, fall
in the areas of the penetration assemblies, the same may give rise
to potential leakage paths.

4.2.3 Effect of secondary properties of concrete.

Heat of hydration of concrete - Hydration of cement is
exothermic reaction and during the time of hydration the concrete -
steel bond formation takes place. After the hydration is over,
there may be local slip between steel and concrete or local
stresses generated at the interface due to differential
expansion/contraction of concrete and steel at a temperature other
than that at the time of hydration.

Shrinkage of concrete - Shrinkage of concrete is a time -
dependent phenomenon which starts from the time of concreting.
Shrinkage, alone, generates different types of stresses in the
interface zone, depending on the details of the embedded parts
relative to the directions of shrinkage strain. Containment
prestressing should also be considered in relation to shrinkage, in
order to predict the resultant effects on leakage possibilities.

Creep of concrete - For the present containment structure,
prestressing can be considered as the only sustained loading on the
concrete . The time - dependent deformations of concrete due to
creep, caused by prestressing force, in the areas surrounding each



penetration assembly, may induce stresses in the interface zones.
Such induced stresses can cause possible leakages.

4. 2. 4 Effects of Prestressing.

The basic sequence of construction of the containment shell in
relation to the penetration assemblies, that is normally followed
is given below :

Erection of formwork.
Placement of reinforcing bars and cable sheaths.
Fixing the embedded parts.
Concrete pouring.
Removal of formwork.
Prestressing.

It is important to consider the above sequence as well as details
of embedded parts while designing/detailing the prestressing system
(including sequence of prestressing), and to study the effects of
stresses and deformations towards possible leakage paths.

4.2.5 Effects of Loading.

The following two types of loads are considered :

Internal pressure - Containment is pressurised from inside by
air during the time of testing. Generally, the test pressure is
kept at 1.15 times the design basis accident pressure. Analysis of
stresses and deformations are required to be performed at each
penetration assembly in order to know the effects for possible
leakage paths. It is to be noted that the pressure gradients
through the interface zone due to the presence of air in the voids,
can cause additional pressure forces.

Temperature - The thermal loading on the interface zone can
possibly cause differential movement of concrete shell and embedded
parts, which in turn may lead to leakage paths.

5. CONCLUSIONS

The following conclusions are made on the issue related to leakage
- possibilities through concrete-steel interfaces at and around
penetration assemblies :

It is important to consider the aspect of leakage through the
interface-zones adjacent to embedded parts of each penetration
assembly. For primary containments (e.g. prestressed concrete



containments) this should form one needed safety requirement to be
fulfilled over other normal strength and stability requirements.

Once the construction is over, normally, the task of sealing
leakages identified in the interface zones of embedded parts, is
extremely difficult, if not infeasible; hence, adequate confidence
needs to be gained in this area so that such leakages are kept well
within limits through suitable means adopted in the construction
stage.

To understand the phenomenon of leakage possibilities around
penetration assemblies, an interface zone (concrete) of some extent
into the main concrete body, needs to be identified and studied for
its properties and behaviour since the time of construction and
onwards upto testing, operating and accident conditions.

The major sources of problems for leakages in the interface
zone may come from difficulties in concreting, bleeding,
construction joints,secondary effects of concrete (heat of
hydration of concrete, shrinkage and creep of concrete),
prestressing and external loadings. While recognising these causes
individually, a realistic approach has to be taken encompassing all
of them as sequence of events in relation to the methods of
construction, testing, and operation of containment.
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Studying the thermal fluid dynamics of a gas deflagration is a general activity

which also involves most of the so-called conventional technologies where

combustion is possible.

In the nuclear field this study is important for assessing the risks connected

with the effects of hydrogen explosions inside a nuclear plant containment. This

hydrogen is produced during a core-melting accident.

HYDRA is a lumped parameter code with all its well-known advantages and

disadvantages. This technique allows us to calculate with acceptable CPU-time.

The differential equation system is analogous to other containment codes, but

the volume of zones is updated in every time step.

The change of volume of the zone is calculated as quasi-stationary with the

propagation velocity of the flame.

The computer code HYDRA allows the calculation of the following three typical

effects:

- the convection flame with slow flame velocity and buoyancy,

- the jet ignition with very high flame velocity,

- the full developed deflagration without a convection term.

HYDRA can be used

- as a stand-alone model in a multicompartment geometry (with the HYDRA-

multicompartment-version),

- coupled with RALOC in a multicompartment geometry.
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Description of the physical model of burning used in the code:

The real geometrical dimensions of the zones allow us to assume a

2-node-flame-front model. There we treat a zone of unburned gas and a zone

of burned gas with a real geometrical dimension and the flame front with

"zero-thickness". The heat source of flame is located in the zone of burned gas.

For the thermodynamic determination of this physical model, we use a

differential equation system based on a thermodynamic balance.

Comparing calculation results with several experiments we have found that the

turbulent burning velocity has the main influence on a realistic simulation of the

burning process. We turn our attention to three effects:

First, to the well known dependence of the laminar burning velocity on concen-

tration of hydrogen and vapour.

Secondly, we recognize a self-produced turbulence in front of the flame due to

the expansion. With growing expansion velocity the turbulence increases and

reaches a maximum. With a further increasing of the expansion velocity the

flame is extinguished.

Thirdly, is necessary to take into consideration the influence of existing

obstacles in the path of flame in the form of a turbulence factor.

Summarizing all these effects, we use various models to calculate the burning

velocity.

Calculations of several test problems

The calculations concern experiments in Munich, Battelle and Pisa. For the

tests in Pisa in a glass parallelepiped with a volume of about 1 cubic metre in

the middle of the flame path, tubes as turbulence promoters are located in the

cross section of the compartment.

In the near future we will carry out calculations of additional test problems at

Battelle, the HDR-containment, Munich and Pisa. The general aim of this work

will be the further qualification of the burning velocity model and the further

development of the jet ignition model.
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tn 1987, Hydro-Quebec embarked on an ambitious development program to provide the
Gerrtilly-2 Nuclear Power Station with an effective and practical Reactor Building Containment
Integrity Test (CIT).

In October 1992, the inaugural low pressure (3 kPa(gJ nominal) CIT at 100% F.P was perfor-
med. The test was conclusive and the CIT was declared In-Servloe for containment integrity
verification on-line. Five subsequent CITs performed in 1993 and 1994 have demonstrated the
expected leak rate results and good reliability. The outstanding feature of the CITs is the
demonstrated aoourary of better than 5% of the measured leak rate.

The CIT was developed with the primary goal of demonstrating "overall" containment availabi-
lity. Specifically it was designed to detect a 25 mm. diameter leak or hole in the Reactor
Building. However, the remarkable CIT accuracy allows reliable detection of a 2 mm. note.

The Gentilly-2 CIT is an innovative approach based on the Temperature Compensation
Method (TCM) which uses a reference volume composed of an extensive tubular network of
several different diameters. This eliminates the need to track numerous temperature points. A
second independent tubular network includes numerous humidity sampling points, thereby
enabling the measurement o1 minute pressure variations inside the Reactor BuBding, indepen-
dent of the spatial and temporal humidity behaviour.

This GentRly-2 TCM System has been demonstrated to work at both high and low test
pressures. The Gerniiiy-2 design allows the CIT to be performed at a nominal 3 kPa(g) test
pressure during a 12-hour period (28 hours total with alignment time) with the reactor at full
power. The traditional Reactor Building Pressure Test (RBPT) is typically performed at high
pressure (124 kPa(g) in a 5-day critical path window (7 days total with alignment time) during
an annual shutdown.

The high precision of the Gentitty 2 CIT and the observed stable Reactor Building leak charac-
teristics pormit extrapolation of the CIT leak rate reeutt to an equivalent RBPT leak rate. Con-
tinued demonstration of the precision and feasibility of this extrapolation should constitute suf-
ficient grounds for the reduction of the RBPT frequency. However, several years of successful
CITs are required in order to confirm the usefulness of this extrapolation.

This paper provides a general review and overall assessment of the Gentilly-2 CIT to the end
ot September 1994. In addition, the Safety and Licensing implications are examined in light of
the current regulatory position.



In conclusion, the actual performance of the CIT allows Hydrc-Qu6bec to claim a significant
advance in Reactor Safety in 3 ways:

1. Hydro-Qu6bec is aDle to identify a Level 3 impairment of containment (>6% Vol/day)
using the on-line CIT.

2. Hydro-Qu6bec is able to monitor the degradation of containment between RBPTs

3. Hydro-Quebec has demonstrated the possibility of extrapolation of the CIT leak-rate
result to thg equivalent RBPT leak rate-

Hydro-Quebec Qentilly 2 Nuclear Power Station
4900 DOUl. Becancour, GentHly (Quebec) Canada GOX 1G0



ON-LINE REACTOR BUILDING INTEGRITY TESTING AT GENTILLY-2
(SUMMARY OF RESULTS 1987-1994)

Normand Collins, System Engineer
Paul Lafreniere, Technical Manager

Hydro-Quebec Gentilly 2 Nuclear Power Station

1. INTRODUCTION

In 1987, Hydro-Quebec embarked on an ambitious development program to provide
the Gentilly-2 Nuclear Power Station with an effective and practical Reactor Building
Containment Integrity Test (CIT).

In October 1992, the inaugural low pressure (3 kPa(g) nominal) CIT at 100% F.P was
performed. The test was conclusive and the CIT was declared In-Service for
containment integrity verification on-line. Five subsequent CITs performed in 1993 and
1994 have demonstrated the expected leak rate results and good reliability. The
outstanding feature of the CITs is the demonstrated accurary of better than 5% of the
measured leak rate.

The CIT was developed with the primary goal of demonstrating "overall" containment
availability. Specifically it was designed to detect a 25 mm. diameter leak or hole in the
Reactor Building. However, the remarkable CIT accuracy allows reliable detection of a
2 mm. hole.

The Gentilly-2 CIT is an innovative approach based on the Temperature Compensation
Method (TCM) which uses a reference volume composed of an extensive tubular
network of several different diameters. This eliminates the need to track numerous
temperature points. A second independent tubular network includes numerous
humidity sampling points, thereby enabling the measurement of minute pressure
variations inside the Reactor Building, independant of the spatial and temporal humidity
behaviour.

This Gentilly-2 TCM System has been demonstrated to work at both high and low test
pressures. The Gentilly-2 design allows the CfT to be performed at a nominal 3 kPa(g)
test pressure during a 12-hour period (28 hours total with alignment time) with the
reactor at full power. The traditional Reactor Building Pressure Test (RBPT) is typically
performed at high pressure (124 kPa(g) in a 5-day critical path window (7 days total
with alignment time) during an annual shutdown.



The high precision of the Gentilly 2 CIT and the observed stable Reactor Building leak
characteristics permit extrapolation of the CIT leak rate result to an equivalent RBPT
leak rate. Continued demonstration of the precision and feasibility of this extrapolation
should constitute sufficient grounds for the reduction of the RBPT frequency. However,
several years of successful CITs are required in order to confirm the usefulness of this
extrapolation.
This paper provides a general review and overall assessment of the Gentilly-2 CIT to
the end of September 1994. In addition, the Safety and Licensing implications are
examined in light of the current regulatory position.

2. TEMPERATURE COMPENSATION METHOD SYSTEM PRINCIPLES

General Description

The Gentilly-2 TCM System can be used at any test pressure. The rapidity and high
precision of the TCM System has, in fact, allowed it to replace the traditional method as
the primary measurement system employed during the Reactor Building Pressure Test.

The originality of the Gentilly-2 TCM System Integrity Test stems from the:

- low test pressure of 3 kPa(g)
- reference volume or "temperature" tubular network
- air humidity sampling tubular network
- "known leak rate" test validation procedure
- on-line computerized leak rate determination with on-line bounding error analysis
- extrapolation capability to allow estimation of the leak rate at 124 kPa(g)

Temperature compensation

The extensive tubular network reference volume enables the determination, by
analogy, of the "equivalent" or "weighted" Reactor Building temperature. The reference
volume simulates the overall Reactor Building behaviour and allows the leak rate
determination to be independent of Reactor Building temperature fluctuation.

The ideal gas law can be used to show that, when a confined mass of air in a leak tight
reference volume is itself contained in another fixed volume of air, the differential
pressure is independent of temperature. However, the geometry of the reference
volume must be such that the two volumes are characterized by the same temperature
without delay.



The appropriate reference volume was obtained at Gentilly-2 by installing a leak-tight
network of copper tubing, about 0,75 km., throughout all significant volumes of the
Reactor Building. The tubing is dimensioned and routed in such a way that the
reference volume fraction contained within each room is proportional to the volume of
the room.

The differential pressure between the tubular network reference volume and the
Reactor Building constitutes the critical process variable. The Reactor Building leak
rate is obtained from a simple linear regression of this process variable, after
application of several corrections. The test procedure can be summarized as follows:

1. The leak tightness of the tubular network reference volume is verified.

2. The tubular network reference volume and the Reactor Building internal
pressures are equilibrated and then isolated from each other.

3. Any decrease in the differential pressure can be directly related to the Reactor
Building leakage since the tubular network reference volume continuously
replicates the overall Reactor Building temperature.

Pressure Drop During Test

A major difficulty of a low pressure test is the extremely small pressure drop observed.
During an 8-hour CIT performed at 2.75 kPa(g), a typical pressure drop could be 0.043
kPa(g). The equivalent pressure drop during an 8-hour Pressure Test at 124 kPa(g) is
0.376 kPa(g). These figures presume a 0.5% of Reactor Building volume per day leak
rate and 100% turbulent flow.

Vapour Partial Pressure

The precision of the TCM System is highly dependent upon the time behaviour of the
Reactor Building vapour pressure and its spatial distribution. This is further
complicated by any perturbations experienced during the test period.

Gentilly-2 uses a second distributed tubular network sampling circuit with two
hygrometers to obtain the "weighted" Reactor Building dew point measurement. The
copper tubing network is sized, routed and designed with orifice flow control to insure
the intake of the correct amount of air from each of the 11 Reactor Building zones
defined for "weighting" purposes. The circuit also consists of a suction pump and
flowmeters for verification of the loop calibration.



Barometric Pressure Variation

The atmospheric pressure represents an independent variable and may vary
dramatically during the test period. It is possible that the positive differential pressure
of the Reactor Building with respect to the atmosphere (which governs the rate) may
be reduced by as much as 50% during the test as a result of a weather perturbation.

Test Validation bv a "Known" Leak Rate

In order to verify each specific CIT result, a post-test validation procedure was
developed. A "known" leak rate, of magnitude comparable to the "unknown" leak rate,
is superimposed upon the latter directly upon conclusion of the "unknown" leak rate
measurement. This procedure uses an artificially created "known" leak rate which, by
aid of a high precision flowmeter, allows validation of the TCM System methodology
and the particular test set-up. The magnitude of the error between the two values of
the "known" leak rate conservatively estimates the maximum possible error associated
with the CIT leak rate result.

3. VARIABLES CRITICAL TO THE CONTAINMENT INTEGRITY TEST

The meaningful interpretation of the minute pressure drop experienced during the test
imposes a heavy burden upon the TCM System. Hence, the system and its
components must be engineered to exacting precision requirements. Moreover, they
must maintain their performance during process perturbations due to Mother Nature
and the Reactor Building environment.
The behaviour of Reactor Building humidity plays a major role during the CIT. During

the June 1989 test, under ideal conditions, the dew point increased from 4.5 to 5.0°C.
The increase in vapour partial pressure of 0.8653 to 0.8959 kPa represents a factor of
three over the test pressure drop of 0.00937 kPa. Hence a precise determination of
average Reactor Building humidity and its variation in time and space is critical to the
CIT. The humidity and temperature mapping exercise conducted during the 1990
annual shutdown has confirmed the ability of the humidity sampling tubular network
layout to adequately track Reactor Building humidity. A detailed error analysis indicates
that the humidity sampling circuit placed a 3.2% error upon the leak-pressure drop.

The tubular network reference volume is required to track the average Reactor Building
temperature and its variations in time and space in order to provide a significant leak-
pressure drop. Field data has confirmed the temperature gradients in time and space
to be negligible. Reactor Building conditions, off-line, are very stable.



The three Reactor Building instrument air tanks varied in pressure between 815.86 kPa
and 816.33 kPa over a 6-minute period during the 1990 test (using a special Instrument
Air System configuration). The air exchange with the Reactor Building environment
produced an error of 1.3% on the leak-pressure drop.

The pressure and differential pressure measurement errors are of minor significance.

Any increase in the atmospheric pressure during a test is reflected by a decrease in the
test differential pressure. A 1 kPa increase produces a 20% decrease in leak-pressure
drop and an amplification (a non-linear increase) of the relevant TCM System
component errors.

4. CIT ON-LINE AT 100 % F.P.

The primary goal of the CIT development program was to provide an "on-line" leak test
capability. The TCM System has been demonstrated on numerous occasions to
function reliably, with high precision, with the reactor in the cold garanteed shutdown
state (GSS) during annual outages. However, several additional difficulties had to be
overcome in order to prove the feasibility of the CIT at full power.

It is not possible to fully isolate several process gas systems inside the Reactor Building
at power. Hence, gas leakage from the various Reactor Auxiliary systems during
normal operation, will contribute to the existing water vapour partial pressure. These
gases include helium, carbon dioxide and nitrogen. The resulting contribution has been
shown to be minor (less than 2% of the CIT leak rate).

The Reactor Building temperature distribution "on-line" is governed by the hot PHT
System and differs greatly from the cold shutdown condition. It is also less uniform.
However, CIT data indicates that the temperature remains relatively stable "on-line"
and does not affect the TCM System. However, it is important for measurement
precision to avoid temperature upsets in the Reactor Building such as a loss of cooling
water to the Local Air Coolers (LACs).

5. CIT RESULTS TO SEPTEMBER 1994

Table I summarizes all available TCM System results including the CIT results to the
end of September 1994.



Figure 4 presents the CIT results as a function of time. It is clear that both the "cold"
off-line CIT and the "hot" on-line CIT provide reliable and precise measurements of
Reactor Building leakage at a nominal test pressure of 3 kPa(g). The maximum error is
conservatively estimated at 15 %.

The feasibility, precision and stability of the on-line CIT has been demonstrated.
However, it appears that a PHT system, reactor at high power and potentially a small
containment bypass by a process system, contribute to the 20% increase in the on-line
CIT leak rate over the "cold" leak rate.

It is known that the June 1993 CIT result of 0.305% V/D is upperbound. A containment
bypass to the Spent Fuel Discharge Bay (SFDB) due to a value alignment discrepancy
was subsequently discovered. Hence the usefulness of the CIT was demonstrated.

6. INTEGRITY TEST LEAK RATE EXTRAPOLATION TO 124 kPa(g)

The secondary goal of the CIT program was to study the possibility of deriving a
meaningful leak measurement from the CIT result which can be directly compared
against the Pressure Test criteria (eg. 0.5% of Reactor Building volume per day at 124
kPa(g).

A complex non-linear extrapolation equation is required to transform a low-pressure
test leak rate to the equivalent result for the nominal Pressure Test conditions. This
equation is heavily dependent on the "R|_" factor which represents the ratio of laminar
to turbulent flow. Reactor Building leakage is characterized by a combination of
turbulent and laminar gas flow. This factor is dependent on the nature of the Reactor
Building, its condition as well as the actual test and extrapolation pressures.

The leak rate (% V/D) extrapolation ratio between the 3 kPa and 124 kPa nominal test
conditions varies from 3.7 for purely turbulent flow to 30.8 for purely laminar flow. The
extrapolated leak rate error depends heavily on the uncertainty of the "R|_" factor. The
extrapolated leak rate percentage error is roughly equivalent to the "R|_" percentage
error for purely turbulent flow. However, this error ratio increases tenfold for purely
laminar flow.

In order to quantify precisely the turbulent component of "R|_" and to identify its time-
dependent nature, a series of leak rate measurements at various pressure hold points
were incorporated into the 1990 and 1993 RBPT.



Figure 5 represents leak rate data collected at the pressure hold points during the 1990
and 1993 RBPTs. This preliminary information supports the premise that the Reactor
Building leak characteristic is stable and permits extrapolation of the CIT result to the
Pressure Test value. However, the database must be expanded to demonstrate the
correlation conclusively and its time-dependant nature.

7. CIT SAFETY AND LICENSING IMPLICATIONS

Figure 6 presents the Gentilly-2 RBPT results over time for various pressure hold
points.

The AECB criteria for an acceptable RBPT is the design limit of 0.5% volume per day.
Hydro-Quebec interprets this criteria to exclude leakage to the SFDB. This position is
based on the Gentilly-2 Safety Report and analysis confirming SFDB integrity during
the postulated design basic events.

It has been noted that the degradation rate of containment performance (with and
without SFDB leakage) has been reduced significantly by the Reactor Building liner
painting program.

Figure 7 provides a graphical representation of the containment impairment criteria
applied at Gentilly-2 by Hydro-Quebec. Note that a Level 2 impairment requires reactor
shutdown within 8 hours should immediate repair not be possible. Level 1 impairment
requires reactor shutdown within 4 hours. Level 3 impairment imposes the requirement
of containment repair at the next planned reactor shutdown.

Figure 7, also indicates that the original CIT acceptance criteria is able to identify a
Level 1 impairment. However, the original CIT criteria will not identify a Level 2 or 3
impairment (eg: a leak rate as high as 30.4 % V/D).

8. CONCLUSIONS

The Gentilly-2 CIT has been conclusively demonstrated with the reactor "off-line". It is
capable of measuring the Reactor Building leak rate at a nominal test pressure of 3
kPa(g). The error associated with this measurement has been confirmed to lie well
within a band of ±15% under some typical test conditions. The available data from the
"known" leak rate validation procedure suggests that the actual error is less than ± 5%.

The original CIT objective was to detect a leak corresponding to that of a 25 mm.
diameter pipe. This objective has been attained with remarkable results. The Gentilly-
2 CIT is able to detect a leak corresponding to a 2-3 mm. 'diameter pipe, with high
precision in a relatively short test period. Both the "cold" "off-line" CFT and the "hot"



"on-line" CIT have been demonstrated several times to provide the expected and stable
leak rate.

The TCM System now procures (3) significant advantages to Hydro-Quebec:

1. Hydro-Quebec is able to use the on-line CIT to identify a level 3 impairment of
containment following an outage or at any other time.

2. Hydro-Quebec is able to use the on-line CIT to detect and monitor the
degradation of the containment leak rate between RBPTs.

3. Hydro-Quebec has demonstrated the possibility of extrapolation of the on-line
CIT leak rate result to the equivalent RBPT leak rate.
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FIGURE 2
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FIGURE 3

1989 R/B INTEGRITY TEST LEAK RATE
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FIGURE 7
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Design Questions of the Hydrogen Danger in a Containment
of the VVER Type of PWR NPPs
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1. Introduction

The more detailed study of Hydrogen generation and its danger during and after
Loss Of Coolant Accidents (LOCA)s began after the Three Mile Island NPP accident in
the USA, as a result of its analysis. During this accident, experts discussed the possibility
of Hydrogen generation and its cumulation and a probability of its explosion. Theoretical
research and development were followed by development of devices and systems, that
could avoid or mitigate the Hydrogen explosion danger. Since that time, many of recent
operated NPPs have installed supplementary systems of Hydrogen monitoring and
neutralizing its danger. In the majority of NPPs in construction phase, such systems are
included in their design.

Under pressure of public opinion, scientists and designers were forced to take into
account more and more severe scenarios of LOCA. Those scenarios have included more
and more potential sources of Hydrogen and after the Chernobyl accident the most
severe scenarios are based on the total blackout of any active emergency systems with
consequent melting of the reactor vessel and dehermetization of containment.
Acceptance of those scenarios leads to the more complicated and expensive emergency
systems design as for example venting with filtering system. The Hydrogen monitoring
and prevention of its explosion have to take the most important role in the reactor safety
analysis and design solutions to avoid the possibility of uncontrolled containment
dehermetization during LOCA.



2. Purpose

The purpose of this paper is to present the design analysis of Hydrogen
generation and distribution during some accident scenarios of the Temelin NPP
provided in ENERGOPROJEKT. The analysis is focused particularly on relation of
Hydrogen generation to the accident development in time, and its distribution and
possible combustion in various locations (rooms) of the containment.

3. Input Data

a) Reactor

thermal power 3 000 MWth
fuel burn-up 40 000 MWday/t
zirconium alloy quantity in the reactor core 20 t
zirconium alloy composition 97.5% Zr + 2.5% Nb
zirconium alloy surface 5 000 m2

b) Primary Circuit

number of loops
primary coolant volume
primary coolant temperature
primary coolant pressure
Hydrogen concentration in the primary coolant

c) Containment

inner diameter
height
free volume of the inner space
max. design inner temperature
max. design inner pressure
surface painted with materials
containing Zn, affected by spraying

4
300
300
16

30-50

45
38

60 000
150
0,49

10 000

m3

°C
MPa
STP ml/kg

m
m
m3

°C
MPa

m2



4. Analysis Model and Process

4.1 Calculation Scheme

a) From potential sources of Hydrogen during an accident as are

• Hydrogen dissolved in the primary coolant,
• oxidation of: Zirconium,

Zinc,
Aluminum,
Austenitic Steel,
Uranium Oxide,

• radiolysis of: Water,
Ammonia,
Hydrazine,

• pyrolysis of: Water,
Concrete,

as the input data for Hydrogen generation calculation were chosen the most
important processes:

- release of Hydrogen from primary coolant,
- radiolysis of primary coolant,
- oxidation of Zirconium Fuel Elements Cladding,
- oxidation of Zinc contained in painted surfaces of containment systems

b) Input data, for calculation of parameters of Hydrogen - air mixture in the
containment, during an accident, were calculated by the code RELAP
IV/M0D5 and by the air - steam mixture distribution code TRACO V/M0D1.

c) The Hydrogen generation during an accident was calculated by code
VOGEN.

d) The Hydrogen distribution during an accident was calculated by code
VODIS.

e) The containment atmosphere parameters during a Hydrogen combustion
were calculated by code VOHOR.

The programs VOGEN, VODIS and VOHOR were developed in
ENERGOPROJEKT Praha a.s.

The code VOGEN allows to include in calculations any source of Hydrogen in
separate time levels and its output is the speed of Hydrogen generation and its total
volume.

The code VODIS divides the containment volume into separate rooms, that are
important for the Hydrogen distribution modeling during an accident. The scheme of
the containment division is in the Figure 7.
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The code VOHOR calculates the Hydrogen distribution during an accident
similarly as the code VODIS with that difference, that this code enables to include
into calculation an impact of various devices or systems for Hydrogen combustion as
well as external (e.g., products of ROCKWELL type) as internal (thermal or catalytic
recombiners, spark or thermal igniters, etc.).

Both programs VODIS and VOHOR calculate also other important parameters
of the gaseous mixture in the separate parts of containment as temperature,
pressure, volumetric concentration of Hydrogen, and others.

SCHEME OF CALCULATION

Step
1

2

3

4

5

Input Data
reactor parameters,
primary circuit parameters,
containment parameters,
etc.
parameters of containment
atmosphere, T(0), P(0)

reactor parameters,
primary circuit parameters,
containment parameters,
etc.
parameters of containment
atmosphere in time, T(t),
P(t), X(t)
and
Hydrogen generation
parameters G(t), G'(t)
containment atmosphere
parameters T(t), P(t), X(t),
H(t)
and
Hydrogen combustion
devices parameters R(H)

Code
RELAP IV
/M0D5

TRACO V
/M0D1

VOGEN

VODIS

VOHOR

Output Data
parameters of containment
atmosphere, T(0), P(0)

parameters of containment
atmosphere in time, T(t),
P(t), X(t)
Hydrogen generation
parameters G(t), G'(t)

containment atmosphere
parameters T(t), P(t), X(t),
H(t)

containment atmosphere
parameters T(t), P(t), X(t),
H(t)



4.2 Analyzed Scenarios

The above mentioned calculation process has been used in following scenarios
of LOCA:

a) Small loss of coolant from pipe of DN 32mm,

b) Medium loss of coolant from pipe of DN 180mm,

c) Design-Basis Accident (DBA) NPP Temelin as defined in the design, that
includes the both-sided full diameter loss of coolant from main circulation
loop DN 850mm,

d) DBA with a short-term black-out and with restart of active emergency
systems before dehermetization of the containment,

e) DBA with a long-term black-out and without restart of active emergency
systems before dehermetization of the containment,

The purpose of the analysis of scenarios a) and b) was to verify any possibility
of Hydrogen generation during accidents smaller then DBA, under conditions that:

- loss of coolant occurs at the reactor side of primary loop without possibility to
stop the leakage,

- emergency systems and especially full hermeticity of the containment are in
operation (from the point of view of Hydrogen cumulation)

Small leakage or failures of hermeticity of equipment were not included in
calculations.

4.3 Hydrogen Generation Calculation

In the scenarios a) and b) lower than DBA, only two sources of Hydrogen
generation has been included in the calculation code; the Hydrogen release from
reactor coolant and radiolysis of water. During these LOCAs the fuel elements
temperature does not exceed the operational limits, therefore the oxidation of
Zirconium could be avoid. The Hydrogen generation in these LOCAs is calculated
similar as in the case of DBA, despite that the process of its generation is not the
same. Its contribution to the total generated amount of Hydrogen release from
primary coolant represents only few percents, and the real generated amount would
be smaller.

Scenarios with DBA without black-out calculate only with short-term exceed of
the fuel elements cladding temperature and therefore only with oxidation of
approximately 0.7% of Zirconium inventory in the reactor. Scenarios with DBA with
black-out calculate with reactor core melting and with oxidation of approximately
40% of Zirconium inventory in the reactor.



4.4 Distribution Calculation

The design of the containment allows excellent air communication between its
parts, due the sufficient dimensions of openings between rooms. For purposes of
Hydrogen distribution calculation by code VODIS, the containment is divided in the
parts as follows:

1. Steam Generator Room (SGR)
2. Lower Part of Containment
3. Reactor Shaft
4. Containment Dome

The other rooms, connected with SGR, could contain less or the same
concentration of Hydrogen as the Reactor Shaft.

In scenarios up the DBA included, Hydrogen distribution calculations are based
on premise, that approximately within 15 minutes from the beginning of the accident,
begin the total stagnation of the containment atmosphere. That presume that
generated Hydrogen will transpire to rooms adjacent to SGR only due to very small
difference of pressure and by diffusion. Such total containment atmosphere
stagnation could be possible only if HVAC systems are out of operation, temperature
of all construction and equipment parts is equal, the reactor cooling is stabilized, etc.
To reach that conditions in reality is practically impossible and the real Hydrogen
distribution will be more homogenous as it is calculated. Therefore we consider the
results of Hydrogen distribution calculation, in mentioned scenarios, as very
conservative.

Input data for Hydrogen distribution calculation of scenarios a) and b) are
different from scenarios with DBA. In the case of scenarios with DBA the 100 days
distribution period has been included in the calculation, what is in relation to the
international convention. For the cases with lower leakage of primary coolant only 10
days distribution period has been included in the calculation, because the total
amount of released activity is significantly lower as in the DBAs and we can expect
that during that period it is possible to drain the released water from containment
and restart operation of the filtration and HVAC systems and clean-up of the
containment atmosphere.

In some cases, the effect of the sprinkler systems has been included in the
analysis. What concerns the Hydrogen distribution, sprinkling causes intensive
turbulence of containment atmosphere. That leads in decreasing of differences of
Hydrogen distribution during the sprinkling period, in comparison to the first phase of
the accident development with high speed of Hydrogen generation. After the
sprinkling period, the radiolytic Hydrogen generation is relatively slow and its
distribution in the different containment parts is practically equable.

Hydrogen distribution analysis of scenarios with DBA with black-out calculates
with permanent turbulence of containment atmosphere and the of Hydrogen is
relatively equivalent in all parts of containment, except the phase of Zirconium
oxidation, when the high speed of Hydrogen generation causes some differences in
its distribution .



4.5 Combustion Calculation

The conditions of combustion calculation with code VOHOR are the same as in
the distribution calculation with code VODIS. Code VOHOR includes the influence of
different Hydrogen combustion equipment.

5. Results of Calculations

Some results of calculations in graphic form are presented in figures in Annex.

5.1 Hydrogen Generation

The results of Hydrogen generation calculations for above mentioned scenarios
and various conditions lead into following general conclusions:

Ratio of generated Hydrogen by sources (%)

Scenario

DBA
Accident with
medium leakage
Accident with small
leakage

Release from
Water
0,01
0,01

0,02

Is Oxidation

0,3
-

-

Radiolysis

99,7
99,9

99,8

These results show, that dominant role in most of scenarios plays radiolysis of
primary circuit coolant - water. Total amount of generated Hydrogen changes
approximately from 100 kg in the case of the Accident with small leakage to 1000 kg
in the case of the DBA. Speed of the Hydrogen generation is between 100 kg/hour

(Zirconium oxidation) and 1 kg/hour (Radiolysis).

In the case of the DBA with Black-out as result of the reactor core melting the
speed of generation could reach 300 kg/hour, within the period of 30 minutes.

In the calculations is not included the process of a suppression of radiolysis,
that is the result of the increase of Hydrogen concentration in the containment (up to
15%) and consequently concetration of Hydrogen in water (up to 0.5%). The speed
of the Hydrogen generation could be, by our opinion, 10% lower as calculated. On
other hand the concentration of Hydrogen have to be kept as low as possible,
therefore this effect cannot significantly change the calculated results.
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5.2 Hydrogen Distribution

For all scenarios, average concentrations of Hydrogen in containment and in its
separate parts were calculated. Also were calculated concentrations of other
components of containment atmosphere (Oxygen, Nitrogen, Steam) and
Temperature and Pressure.

The results of calculation lead to the conclusion, that the maximum
concentration of Hydrogen is in the space with the source, that is in our case the
SGR. Differences of Hydrogen concentration between different parts of containment
do not exceed 50%. In calculations of Hydrogen distribution is not included
absorption of Hydrogen in liquids and construction materials, as well the diffusion of
Hydrogen through containment wall. Those effects could change the results of
Hydrogen distribution in the range 1 -10 kg, that is in the range of calculation
deviation. Also the thermal diffusion is not taken into account, but the deviation of
calculations in this case could not exceed 0.3%.



6. Conclusions

Presented results of discussed calculations lead to the following conclusions.

a) At LOCA Smaller than DBA,

the Hydrogen danger is very low and there is not any necessity to take
into account special preventive actions (monitoring and combustion of Hydrogen) to
avoid Hydrogen explosion.

b) Hydrogen Danger Appears

in the case of DBA after more than 20 days after the beginning of
Accident only in the critical part of the containment, that is the SGR. In other parts of
the containment this danger appears later and the speed of Hydrogen generation is
given by radiolysis of water and that is less than 1 kg/hour. Prevention of Hydrogen
danger is important and its realization is possible with commercial equipment.

in the case of DBA with Black-out appears substantially sooner as in
the above mentioned DBA, within the first hour after the beginning of Accident. The
requirements on Hydrogen explosion prevention equipment are high. Together with
recombiners the igniters could be taken into account in critical parts of the
Containment.

c) Local Excess of Hydrogen Concentration,

in all scenarios up to DBA is not probable, even in the most
conservative approach, because of:

- relatively low speed of Hydrogen generation
- low possibility of redistribution of Hydrogen
- good design solution of containment.
in scenarios of DBA with Black-out, in the initial phase of the accident, there

exists a few hours period of different Hydrogen concentration in different parts of the
containment, due to the high speed of Hydrogen generation.
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7. Annex

1. NPP Temelfn - Hydrogen Generation during a DBA with Black-out

2. NPP Temelin - Hydrogen Generation from a Steam-Zirconium Reaction

3. NPP Temelin - Hydrogen Distribution - Long-term Blackout

4. NPP Temelfn - Hydrogen Combustion - Long-term Blackout

5. NPP Temelin - Hydrogen Combustion - Short-term Blackout

6. NPP Temelfn - Hydrogen Combustion - Short-term Blackout - Spray effect
comparation

7. NPP Temelin - Postaccident Hydrogen Monitoring System Design
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NPP Temelin Hydrogen Generation
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NPP Temelin Hydrogen Generation
from a small Steam-Zirconium reaction
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NPP Temelin Hydrogen Generation
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NPP Temelin Hydrogen Distribution
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NPP Temelin Hydrogen Combustion
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NPP Temelin Hydrogen Combustion
Short-term Black-out
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NPP Temelin Hydrogen Combustion
Short-term Black-out

Spray intensity comparatiDD
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A NEW CANDO-600 CONTAINMENT STRUCTURE

This paper is presenting a new structure made of reinforced concrete
with rectangular cross-section, block-divided prefabricated and
modulled on a bay of 6.5m wide and 4.5m high, provided with steel
liner.

The building has an overall basement in which the steel liner is
embeded and which is supporting the building walls.

The inner structure is common to the containment as well and it is
carried out for each room (generally 6.5m by 6.5m) having
intermediar floors at the necessary elevations.

The containment is closed in A-C direction by a prefabricated
semi-cylinder which is supported by the side walls and 5 intermediate
arches.

The fuel transfer deck structure is common to the inner structure and
the containment structure.

The calandria voult is a separate individual structure located above
El. 100.

With the CANDO-600 main equipment the same arrangement was
maintained, some unsignificant modifications being made, for example
the access areas located in the four corners of the building as well
as the location of some auxiliary systems.

The paper is also including a perspective overall drawing as well as
four of the most representative floor sections at 1:200 scale
drawings.

The suggested solution is evidencing economical benefits, advantages
in construction and operation of the plant and it is recommended for
areas with poor soil conditions and high seismic events. The
technical solutions proposed for manufacturing decrease the stress in
the steel liner in the area of the wall conections.

The new type of CANDU-600 containment structure as well as some
detail solutions for manufacturing and assembling the prefabricated
blocks have been patented in Romania by our team under no.
C/1421/09.25.1994.



ADVANTAGES OF THE PROPOSED CONTAINMENT SYSTEM

1. The system is a structure fabricated of reinforced and/or
precompressed concrete modulated elements with quick possibilities
for Jointing and casting-in-place.

2. The system offers the possibility to construct modulated
honeycomb type structures which evidence very good behaviour at
static and dynamic loads.

3. A low work volume on site associated with a sharp time-cut in the
NPP construction schedule is involved.

4. The finishes carried out on prefabricated elements in the
factory, offer the posibility to rapidly adjust them on site, if
required.

5. The structural elements are relatively light in weight and small-
sized, which lead to large savings of structural concrete and steel
allowing for earring-out an adequate structure to take over the
static and dynamic loads.

6. The system offers an adequate seismic behaviour on any type of
ground, especially on a low stiffness (alluvial) ground since the
structure elements resonant phenomena are avoided, the structure
assembly having a relatively higher frequency than the seismic
movement harmonics.

7. There are the possibilities to easly carry-out some temporary
openings for the equipment transfer durring the NPP operation.

8. The system of construction by self-supporting steel liner stuck
on the prefabricated elements leads to savings of steel sheets and a
lower work volume on site.

9. The high-quality of the standard precast concrete elements
carried out under factory conditions.



DISADVANTAGES OF THE TRADITIONAL CONTAINMENT SYSTEM

1. It's a construction system employing cast-in-place and/or post-
stressed reinforced concrete without the posibility of precasting and
modular fabrication.

2. A construction consisting of very wide opening structures which
may have a non-steady behaviour, especially during dynamic loads.

3. Large work volume on site leading to a long construction period.

4. Finishes are defficult to be carried-out and imply a large work
amount.

5. Big-sized structural elements resulted from the geometric
configurations, unadequate to take over the large loads imposed by
the requirement to accomodate the inner structures into the minimum
space within the containment sezes; a feature which implies a large
consumption of concrete and steel.

6. Unadequate seismic behaviour, especially for grounds evidencing
low (alluvial) stiffness since there is the possibility of resonance
occurranee among the containment, the inner structures and the
movement of the entire building.

7. A large consumption of steel sheets to carry out a self-
supporting steel liner as well as the labour costs for its
construction on site.

8. The quite low quality of the cast-in-place structure carried-out
on site since the construction conditions are difficult.

9. The quite low quality of the cast-in-place structure carried out
on site since the construction conditions are difficult.
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A NEW CANDU-60O CONTAINMENT STRUCTURE. ABSTRACT

This paper is presenting a structure made of reinforced
concrete with rectanular cross-section, box-divided, prefabricated
and modulled on a bay 6.5m wide and 4.5m high, and provided with a
steel liner.

The building has an overall basement in which the steel liner
is embedded and which is supporting the building walls.

The inner structure is common to the containment as well and it
is carried out for each room (generally 6.5m by 6.5m) having
intermediar floors at the necessary elevations

the containment dimensions, on horizontal plane are 6 >: 6.5m by
5 x 6.5m and the total hight of the side walls is 30.5m

The containment is closed in A-C direction by a prefabricatef
semi-cylinder which is supported by the side walls and 5 intermediate
arches.

The fuel transfer deck structure is common to the inner
structure and the containment structure.

The Calandria voult is a separate individual structure located
above El. 100. .

For CANDU-600 main equipment the same arrangement was
mentained, some unsignificant modifications being made, for example
the access areas located in the four corners of the building as well
as the location of some auxiliary systems.

The paper is also including a set of 1:200 scale drawings,
comments on the construction manner and the results cf the building
structural analysis.

The. suggested solution is evidencing economical benefits
facilities in the operation and construction of the plant and it is
specially recommended for areas with high seismic events.

Authors,

Doct. V.Serban
Eng. li.Bobei
Eng. M.Gheorghiu
Eng. M.Popescu
Eng. M.Stanciu
Eng. D.Dinica
Analyst C.Alexandru
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AN ANALYSIS ON LOCAL HYDROGEN CONCENTRATION IN THE LARGE DRY
PWR CONTAINMENT OF ULCHIN 3,4 IN KOREA

S.W. Hong, H.D. Kim*, and SJH. Chung**

ABSTRACT

The local hydrogen concentration was analyzed during two different severe accident scenarios
(TMLB' and medium size LOCA) using CONTAIN code for the Ulchin 3,4 PWR containment
type which is under construction in Korea. Sensitivity studies on the equivalent fraction of
zirconium oxidation in the reactor vessel and the flow loss coefficient in the flow path between
compartments were also carried out in order to investigate the effect of the these parameters on
the local hydrogen concentration. Finally, the effect of temperature and turbulence intensity on the
flame velocity was evaluated, and a sample calculation was performed by updating the model of
the CONTAIN code. The calculated results show that the maximum local hydrogen concentration
appears in the cavity compartment. The hydrogen burn, however, is not likely to occur in this
compartment for both scenarios due to low oxygen concentrations. Hydrogen bums are more
likely to occur at the steam generator compartments for TMLB' accident and at the reactor vessel
annulus compartment during medium size LOCA. When the equivalent fraction of in-vessel
zirconium oxidation is assumed to be 75 %, the possibility of detonation is much more increased.
The change of flow loss coefficients between flow paths about 2 times affects on the magnitude
of the maximum local hydrogen concentration but nearly no influence on the timing and the
location of the compartment attaining the maximum local hydrogen concentration. The local
hydrogen concentration in the compartments seems to be stratified after vessel failure but to be
stabilized afterwards. When temperature and turbulence intensity are considered in the flame
velocity model, the flame speed is much greater than the previous results, but the containment
load is not increased very much.

* : Korea Atomic Energy Research Institute
** : Seoul National University
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1. INTRODUCTION

Since TMI-2 accident demonstrated that a large quantity of hydrogen could be generated during a
severe accident, extensive research has been performed on the hydrogen combustion and control
in light water reactor containment. In the NUREG-1150[l] report, it is pointed out that one of
the important issues during the severe accident is the hydrogen combustion since it may cause the
early containment failure together with direct containment heating.

For a large dry PWR containment, it is generally believed that hydrogen deflagration itself may
not threaten the containment integrity. If hydrogen is locally concentrated, however, the
deflagration to detonation transition(DDT) might occur and threaten the containment integrity.
Thus, to maintain the containment integrity and mitigate the possibility of detonation during a
severe accident, it is necessary to control the hydrogen combustion by reducing the local
hydrogen concentration such as through deliberately burning the hydrogen with igniters.

In order to determine the number and location of igniters, analysis of local hydrogen
concentration in the containment is essential. The local hydrogen concentration is affected by
accident scenarios that determine the release location of source data, the flow model between
compartments, and the equivalent fraction of in-vessel zirconium oxidation. The compart-
mentalization of containment is also important and has to be divided by considering the
characteristics of containment geometric structure,

This paper focuses on the prediction of the local hydrogen concentration during two different
severe accident scenarios of the TMLB' and the medium LOCA using CONTAIN code[2]. The
reference plant are Ulchin 3,4 units, which are under construction in Korea and equipped with
Westinghouse type of large dry PWR containment. The containment is divided by sixteen sub-
compartments by taking into account the containment geometric characteristics. The thermal
hydraulic source data and the corium composition data for the TMLB' and medium LOCA
scenarios were obtained from the results of MAAP 3B[3] calculation. The sensitivity studies were
performed for the equivalent fraction of in-vessel zirconium oxidation and the effect of flow loss
coefficient between flow paths.



The regulatory position in Korea for the hydrogen bum issue during a severe accident is not
established yet, but planned to comply with the 10 CFR 50.34(f) for Ulchin 3,4 units. The 10
CFR 50.34(0 requires that 100 % metal water reaction of active core should be controlled, that
the global hydrogen concentration should be maintained below 10 %, and that hydrogen control
devices must be installed. It is expected that the results of this study could be used as base data to
suggest the locations for of hydrogen igniters to be installed in order to prevent and mitigate
hydrogen combustion when the postulated severe accidents occurred in Ulchin 3,4.

2. ANALYSIS OF LOCAL HYDROGEN CONCENTRATION

In numerous analyses for PWRs with large dry containment, hydrogen concentration has been
calculated under the assumption of uniform hydrogen distribution in the containment. This
assumption implies that the hydrogen in the containment is well mixed and only a global burning is
considered However, this can not be fully validated with the actual accident condition since
containment is separated by many small compartments and hydrogen with steam would be
released either from the reactor vessel or from the break position of the primary system to a
specific location of a containment compartment.

Recent experimental and analytical studies show that the hydrogen mixing phenomena and local
hydrogen concentration in the containment should be carefully investigated. According to the
results of ISP-29[4], the HDR Hydrogen Distribution Experiment El 1.2 post-test analysis, it is
pointed out that the flow loss coefficient is important when lumped parameter code such as
CONTAIN and MELCOR [5] code are used. The analyses of the NUPEC and HDR experiments
using the CONATIN code [6] show also the limitations of the code for prediction of hydrogen
stratification due to the lumped model. Nevertheless, CONTAIN code predicts the local
hydrogen concentration reasonably except for the region of cells such as source compartment and
dead-end compartment.

2.1 Input Model and Definition for Calculation Cases

The Ulchin 3,4 containment, which is Westinghouse type of large dry PWR containment, has a
large containment volume of 2.73E6 ft-*. It is larger than that of typical PWR containment such as
Zion(2.71E6 ft3) and Surry(1.80E6 ft3). In addition, the heat structure surface area is about 2
times bigger than that of Zion or Surry plant One may expect that these large containment
volume and heat structure surface area could decrease global hydrogen concentration and reduce
the possibility of the hydrogen bum during a severe accident The plant is also designed that the
cavity is directly connected to the steam generator compartment so as to easily establish the
natural convection flow inside the containment. The geometry and volume of cavity under the
reactor vessel are another distinguished features of this containment. It has a large floor area to



satisfy the coolability conditions of the corium and a small capture volume to mitigate the direct
containment heating which are recommended in the EPRIAPWR URD.

Figure 1 shows the nodalization of the containment. It is nodalized into sixteen sub-compartments
by taking into account containment geometric characteristics, including an external environment.
The sum of each compartment volume and surface area of the structures corresponds to the data
designated in the PSAR[7] of Ulchin 3,4 units. The detail information of the compartments such
as compartment name, volume, number of heat structure, and compartment height between lower
and upper for the each sub-containment, are described in Table 1.

Table 2 shows junction data between compartments. All the flow paths are normally open paths
except the junctions of 2 and 24. The junction no. 2 connecting compartment 1 and 3 is normally
closed by the cavity access door with size of 3'x7'. This door can be open to the outside of the
cavity by pressure difference of 3 psi between each side of door. The junction no. 24 represents
the flow path connected from the instrument tube exit to the refueling pool through cavity vertical
column. This flow path can be formed to cavity outside by pressure difference of 9 psi between
each side of door. Generally, the flow loss coefficient is a function of the concentration coefficient
and a Reynolds number. However, it is difficult to determine the proper values for accident
analysis since flow junctions have complicate paths and flow rates between junctions are not
constant. , The values of the flow loss coefficient used in this paper remain in the range of
between 0.5 for nearly opened flow path and 1.5 for complicate flow path.

Figure 2 shows the overflow water transport processes and Table 3 presents the overflow data
for water stream. When steam is condensed on the compartment wall and water level inside the
compartment is above the designated height, water overflows and transports to other
compartments. Finally, all overflowed water is collected into the cavity(compartment no.l) and a
sump located at the containment annulus(compartment no. 8, 11). From these overflow data, the
cavity condition is determined to be either wet or dry when corium is released into the cavity after
reactor vessel failure.

The amount of released materials from the primary system to various locations of containment
such as steam, liquid water, hydrogen, molten core debris, and radioactive gases and aerosols, so-
called source data, is taken from the calculation results of MAAP code for both scenarios.

Before the vessel failure, the materials from the primary system are released through the safety
relief valves in case of TMLB', whereas for medium size LOCA accident, those are released
through the broken part into the steam generator compartment. After the reactor vessel failure,
the remaining source materials inside the primary system are puff-released into the reactor cavity
for both scenarios. For both accident sequences, liquid, steam and hydrogen are released into the
cavity during 58 s and 10 s after vessel failure, respectively. To model CORCON and VANESA
module in CONTAIN code, molten corium is assumed to be released when the reactor vessel
fails. The MCCI(Molten Core Concrete Interaction) in the cavity is assumed to start at the vessel
failure for both scenarios.



Calculations were performed for six different cases(Table 4). Base case is to predict local
hydrogen concentration for the TMLB' scenarios. Case 1 is carried out for evaluation of the
effects on the local concentration when 75% of in-vessel zirconium oxidation was assumed since
MAAP 3B code predicted rather low in-vessel zirconium oxidation about 33.8% compared with
other code results. Case 2 is to assess containment loads in case of the auto ignition. Case 3 is for
the case of medium LOCA scenarios that the primary system pressure is low. Case 4 and 5 are to
examine effects of the flow loss coefficients on the local hydrogen concentration. In case 4, the
same value of the flow loss coefficient l.S was applied for the whole flow path. In case 5, the
flow loss coefficients of 0.5 for junction no. 20, 21, 22, 23, are used because these junctions are
totally opened. Otherwise 1.5 is used for other junctions.

22 Results

In all cases, the magnitudes of the pressure with time in all of the compartments were nearly same.
Maximum pressure for non-burning case appeared when the release of inventory in the reactor
vessel finished In case 2 where auto ignition was assumed, the first bum occurred in the steam
generator compartment at 11,400 s, that is, 94 s elapsed after the vessel failure. After then, many
bums occurred in reactor vessel annulus, cavity door area, steam generator compartment, and,
containment annulus intermittently. The bums propagated four times in one compartment into
other compartments when propagation condition was satisfied. The first propagation occurred
from steam generator compartment(comp. no. 4) to containment annulus (comp. no. 8) and to
pressurizer compartment(comp. no. 15) at 15,489 s, the second propagation from steam generator
compartment(comp. no. 5) to containment annulus (comp. no. 11) and to polar crane
compartment(comp. no. 14) at 15,724 s, the third propagation from steam generator
compartment(comp. no. 4) to and to pressurizer compartment(comp. no. 15) at 19,746 s, and the
last propagation from steam generator compaitment(comp. no. 4) to steam generator
compartment comp. no. 5) at 33,199 s. In case 2, maximum pressure appeared at the first bum
propagation. In all cases, maximum pressure was not over the design pressure(54 psig) of Ulchin
3,4 containment even though the local hydrogen bums occurred. The accident scenario after the
reactor vessel failure is described for the base case here.

Figure 3 describes the general flow direction/pattern at 14,006 s after the accident initiation. The
gases flow according to the sequential order started from the cavity(comp. no 1) to the cavity
door area(comp. no 3), steam generator B(comp. no 4), polar crane compartment B(comp. no
10), upper dome compartment B(comp. no 12), upper dome compartment A(comp. no 13), polar
crane compartment A(comp. no 14), steam generator compartment A(comp. no 5), and steam
generator compartment B. Similar flow pattern is maintained until end of the calculation time
40,000 s.

Figure 4 shows the accumulation energy consumed to boil the coolant in the cavity and the
amount mass of steam generated by boiling. After vessel failure, steam is rapidly generated during



about 2,000 s because high corium sensible heat is transferred to the coolant. This rapid
generation of steam results in the decrease the mole fraction of the hydrogen concentration in the
cavity.

Figure 5 shows the amount of the zirconium consumed by the oxidation with steam and the
hydrogen generated during the reaction after the unoxidized zirconium in the reactor vessel is
released into the cavity. The zirconium was completely oxidized within 30 minutes. In base case,
the highest hydrogen concentration appeared in the cavity compartment when the unoxidized
zirconium within the reactor vessel was completely oxidized after released in the cavity(Figure 6).
The maximum hydrogen concentration at steam generator compartment reached at the end of the
hydrogen release from the reactor vessel because the amount of hydrogen released from the vessel
is added to the amount of hydrogen generated by zirconium oxidation

Table 5 shows the time of the maximum hydrogen concentration for the cavity and steam
generator compartments. The local hydrogen bum in the cavity(comp. no. 1) is not likely to
occur because the oxygen concentration is nearly zero percent. With the same reason, the local
hydrogen bums are not also likely to occur in the reactor vessel annulus(comp. no. 2) and cavity
door area compartment(comp. no. 3) though the local hydrogen concentrations are higher than
those of steam generator compartments. In the steam generator compartments(comp. no 4,5),
however, although oxygen concentration is lower and steam concentration is higher than the
generally accepted spontaneous bum criteria, the possibility of hydrogen bum and DDT can not
be excluded because the hydrogen concentration is high as much as 11 % and would be increased
if steam condenses or spray is operating. Figure 7 shows the hydrogen concentration distribution
in the containment 1 minute after the vessel failure.

When the in-vessel zirconium oxidation fraction is assumed up to 75% (case 1), the hydrogen
concentrations are higher than that of the base case. The local detonation is still not likely to occur
due to low oxygen concentration in cavity door and reactor vessel annulus area. However, the
possibility of hydrogen bum and DDT in steam generator compartments(comp. no. 4,5) increases
because hydrogen concentration about 22% is much higher than the hydrogen concentration
needed for detonation. For case 1, the maximum hydrogen concentration in the cavity reaches
after reactor vessel failure since much of hydrogen which is not released and remains in the vessel
was puff-released at that time (Figure 6). Therefore, the time to be reached to the highest hydrogen
concentration in the cavity could be changed according to the zirconium oxidation fraction in the
reactor vessel.

In case of the medium LOCA (case 2), unlike to base case, the high hydrogen concentration
appears in the reactor vessel annulus compartment. This is because the cavity door connecting the
cavity and steam generator compartment is not allowed to open during medium LOCA accident
since the primary system pressure is low. Therefore, the flow path is mainly formed through the
reactor vessel annulus. Figure 8 shows the hydrogen distribution in the containment at 80,000 s
after the accident initiation. The hydrogen concentration in all compartments except for the cavity
and dead-end volume(comp. no. 6 and 7) is nearly uniform. In the cavity compartment, various



gases during MCCI are generated. CONTAIN code is not seemed to describe properly the
hydrogen distribution in the dead-end compartment as indicated from the previous studies.

Figure 9 shows the effect of the flow loss coefficient on the hydrogen concentration in the cavity.
Although same values of the flow loss coefficients for the junction connected with the cavity are
used(see the Table 2 and Table 4), the magnitude of the hydrogen concentration in the cavity is
different. Figure 10 shows the distribution of hydrogen concentration with time in the steam
generator compartment (comp. no 4). The change of the flow loss coefficient affects to the
magnitude of the maximum local hydrogen concentration, but the difference of the maximum
hydrogen concentration is rather small in this case. The location and the time for the maximum
local hydrogen concentration in the containment are not changed Therefore, a little change in the
flow loss coefficient does not have much influence on the local hydrogen concentration in the
steam generator compartment even though it affects the redistribution process of the hydrogen
concentration and the decrease rate of mole fraction of hydrogen from the peak value to 0.04 is
different for each case.

3. UPDATE OF THE FLAME VELOCITY

The treatment of combustible gases such as hydrogen and carbon monoxide in the CONTAIN
code was adopted from the HECTR[8] code developed at SNL for hydrogen behavior analysis in
the containment. In this model, flame speed is internally calculated based on the initial mole
fraction only. However, it is known that when flames pass through obstacles, flames accelerate
and the effective deflagration speed can be greatly increased. This is due to both the increase in
flame front area by flame folding and the local increase of burning velocity by increase turbulence.
Also, initial gas temperature and pressure have an effect on the burning velocity. Therefore, the
flame speed has to be determined by the initial temperature and pressure, as well as initial mole
fraction. The geometry of the compartment should also be considered because the presence of
obstacles such as various components and structures in the containment is important factor to
increase the flame velocity.

3.1 Model

The model for the flame speed in CONTIAN code was updated using turbulent-burning velocity
suggested by Koroll, Kumar and Bowles[9]. They measured laminar and turbulent burning
velocities of hydrogen-air mixture experimentally using the double-kernel technique for a range of
hydrogen concentrations between 9% and 70% by volume and suggested simple correlation for
the turbulent-burning velocity. This correlation can accommodate the flame speed depended on
the initial mole fraction, initial temperature and pressure, and geometry of the compartment. The
detail model for flame speed is as follows:

SU(T) - S u o (298) (a/Oo)l/2 [1 - jfrQ (T/298)n (1)



Su(T,st) « SU(T) (^03)1 /2 [1 - Xst/XLstl (2)

St = Su [1 + B (u'/Su )
2] V2 + U" (3)

From equation (1) and (2), it can be seen that laminar burning velocity increases as temperature
increases and decreases as the steam concentration increases. In equation (3), the turbulent
burning velocity is expressed as a function of the turbulence intensity, u', and flame generated
turbulence, u", that can be approximated by the relationship as:

u" - Su[l - exp ( -u' /Su )] ( E - 1)/ /3 (4)

From the above correlation, the following relationship between flame velocity and burning
velocity can be obtained from the conservation of mass if the burnt gases are stationary and the
pressure is constant.

Vf- S p u / p b (5)

3.2 Results

To examine the effect of the new flame velocity, a sample calculation was carried out for large
break LOCA scenarios. The containment was modeled as a single compartment. The composition
of atmosphere conditions at the time when the burn has occurred consists of the hydrogen 12.39
%, oxygen 7.51 %, steam 55 % and nitrogen 24.8 %. The initial gas temperature is 391.8K and
pressure is 2.47E5 Pa, respectively.

Figure 11 shows the turbulent velocity used in the CONTAIN code and in the updated model.
The laminar flame velocity which is the function of temperature and pressure variations during the
hydrogen burn, increases as the temperature increases. Also, it can be seen that steam can
decrease the flame velocity. The turbulent flame velocity in updated model is much larger than
those from the original CONTAIN code in the range 25 to 35 times. The turbulent flame velocity
decreases with temperature since the density ratio of unburned to burnt gas decreases as
temperature increases. Therefore, the temperature and turbulence effect can transfer the
deflagration to the DDT because the flame velocity rapidly increases. The increase of the flame
velocity is expected to reduce the burn time as is shown Figure 12. The bum time is about 50 s in
the original CONTAIN code but it is about 2 s in the update model. This shortening of burn time
increases the containment loads. The containment pressure in the original CONTAIN code and
updated model is about 7.5E5 Pa and 8.5E5 Pa, respectively. In addition to the initial gas
conditions, when turbulent effect is considered to the flame velocity, the possibility of DDT
increases even though containment loads are not increase largely.



4. CONCLUSIONS AND DISCUSSIONS

The local hydrogen concentrations for containment types which are under construction in Korea,
were predicted using the CONTAIN code. Local detonation might possibly occur at the steam
generator compartments in TMLB' and in the reactor vessel annulus compartment during medium
LOCA since the hydrogen and oxygen concentration in these compartments are rather higher
compared with other compartments. When the equivalent fraction of zirconium oxidation in the
reactor vessel is assumed to be 75 %, the possibility of detonation exists in many compartments.
Therefore, if one want to maintain the hydrogen concentration below the value stated in the
10CFR 50.34(f) with the 100 % oxidation of zirconium, it is necessary to install hydrogen
concentration control devices such as igniters. It would also decrease the possibility of DDT. The
change of the flow loss coefficient about 2 times between the flow path has an effect on the
magnitude of the maximum local hydrogen concentration, but no influence on time and location of
compartments appearing the maximum local hydrogen concentration. The local hydrogen
concentration in the compartments does not seem to be uniformed soon after the vessel failure but
to be stratified afterwards. It is noted that the time for maximum local hydrogen concentration is
within one minute after the reactor vessel failure for both scenarios. In the future, the sensitivity
calculations for spray operation are to be continued.

The model for the flame speed in the CONTIAN code was updated to consider the effect of the
initial mole fraction, initial temperature and pressure, and turbulence intensity using the suggested
model of Koroll, Kumar and Bowles[9]. The flame velocity is set as constant in original
CONTAIN code as 0.6 m/s but increases up to 25m/s in the updated model when the hydrogen
mole fraction is 12.5%. Although, the containment loads in die updated model are not much
increased than those of the original CONTAIN code, the possibility of DDT increases because
flame velocity is considerably increased. This updated model for the flame velocity is to be
investigated further by verifying with the experiment results.

REFERENCE

1. USNRC, "Severe Accident Risks: An Assessment for Five Nuclear Power Plants", NUREG-
1150 (Vol. 1,2), Junel989.

2. K.K. Murate, et al., "Users Manual for CONTAIN 1.1: A Computer Code for Severe
Nuclear Accident Containment Analysis", SNL, NUREG-CR5206, SAND87-2306, R4,
Nov. 1989.

3. MAAP Version 3.0B Manual.
4. H. Karwat "Distribution of the Hydrogen within the HDR-Containment under Severe

Accident Conditions, Final Comparison Report", OECD-CSNI-ISP-29, Aug. 1992
5. SNL, "MELCOR 1.8.2 Computer Code Manual", Feb. 1993.



6. ISP-35 Individual Presentation, "Notification of the Second Workshop on International
Standard Program No. 35, NUPEC Hydrogen Distribution Test", NEA/SEN/SIN/WG4,
Sep. 1993.

7. Ulchin 3&4 PSAR, KEPCO
8. S.E. Dingman et al., "HECTR Version 1.5 User's Manual", SNL, NUREG/CR-4507,Apr.

1986.
9. G.W. Koroll, R.K Kumar, and E.M. Bowles, "Burning Velocities of Hydrogen-Air

Mixtures", COMBUSTION and FLAME 94 : 330-340,1993.

NOMENCLATURE

B-16
j = Unburned gas
Po* Initial pressure
R = Gas constant
St = Turbulent burning velocity
T= Gas temperature
TMW=Total molecular weight of unburned gas
Tf = Gas temperature after burn
st= Steam
a a - Thermal diffusivity of H2/air mixture
ast= Thermal diffusivity of H2/air/steam mixture
X = Mole fraction of diluent gas in mixture
n = Mole ratio H2-oxygen
e » Density ratio
Pb = Burned gas density.

i " Burned gas
M= Mole
Q = Reaction heat
S = Burning velocity
Su • Laminar burning velocity
Ti * Initial temperature
TMWB=Total molecular weight of burned gas
u' = Turbulence intensity
<x= Thermal diffusivity of mixture
OQ* Thermal diffusivity of H2/oxygen
Xst " Steam mole fraction in the mixture
XH * Oxygen mole fraction
na = Mole ratio of H2-air
Pu - Unbumed gas density

CORRELATIONS
n = A + C(0.42 - XH)
where,

A= 1.571,C- 0.3839,
= - 0.2476,

for [XH]<<>-42
for [xa]>0A2

S u o = 0.00166n5 - 0.053n4 + 0.674q3 - 4.251n2 + 11.84n - 0.604
TMW =xs*mws + (l-xs-xh)*mwa + xh * mwh
TMWB = (xs + xh) * mws - (l-xs-xh)*mwa - 0.5 * xh * mwo



Tf
Q + ( I MiCpi)Ti

IMjCpj

XLst - 50.7 - 24.43 ln(na) -18.5 [ln(na)]2 . for 0.2 < na < 3
XL m 83.1 + 6.14 ln(n) - 9.68 fln(n)]2

e - Pu / Pb
Pu- PoTNfW/(RTi)
Pb= Po*TMWB/(RTf).

Table 1. Nodalization of the Containment

Comapartment
#

1

2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Compartment Name

Reactor cavity
& instrument tunnel
Reactor vessel annlus
Cavity door area
S/G comp. B
S/G comp. A
RDTcomp.
Regenerative Hx room
C/V annulus area A
Refilling pool
Polar crane comp. B
C/V annulus area B
Upper dome comp. B
Upper dome comp. A
Polar crane comp. A
PZRcomp.
Environment

Volume
(m3)

475

74
111

3205
3313
111
66

5263
1609
17332
5168
11065
11065
17801
305

1E+15

Number of Heat
Structure

8

6
4
9
9
3
4
11
4
8
11
2
2
6
3
0

Compartment
Height (ft)

55-112

80.6-116
86-114
86 - 167
86 - 167
86-99

114-138
86-142

100.5 - 142
142 - 230
86 -142

230 - 302
230 - 302
142 - 230
122 - 185

100



Table 2. Junction Data between Compartments

Junction

1
2
3
4
5
6
7
8
9
10
11
12
13

From

1
1
2
2
2
3
3
3
4
4
4
5
5

To

2
3
4
5
9
4
5
7
5
10
11
8
14

Flow
Area

1.25
1.67
5.61
5.61
3.26
7.92
7.92
1.38
14.14
152.70
3.80
5.07

149.00

AVL

0.39
0.70
0.39
0.39
0.45
1.48
1.48
3.89
1.32
16.3
0.15
0.18
16.3

CFC

1.5
1.5
1.5
1.5
0.5
0.5
0.5
0.5
1.0
0.5
1.5
1.5
0.5

Junction

14
15
16
17
18
19
20
21
22
23
24
25
26

From

6
8
8
9
9
10
10
10
12
13
1
11
15

To

11
11
14
10
14
11
12
14
13
14
9
15
10

Flow
Area

1.76
65.22
32.09
105.60
87.75

28.903
756.51
1177.51
756.51
756.51

3.9
1.95

28.50

CFC

1.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
1.0
1.0
0.5

Table 3. Flood Data of the Each Compartment

Comp. #
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Floor Area(m2)
64.8

15
14
119
119
22
6

290
89

445
253
756
756
503
13

Max Depth (m)
10

0.001
0.001
0.01
0.01
0.001
0.001

10
0.01
0.01

10
0.01
0.01
0.01
0.01

Overflood Comp. #
1
1
1
3
8
11
3
8
2
11
11
10
14
8
11

Elevation Drop (m)

7.28
9.45
0.01
0.01
0.01
8.53
0.01
6.05
26.82
10.01
26.82
26.82
26.82
10.97



Table 4. Matrix of Calculation

Cases

Base Case
Casel
Case2
Case3
Case 4
Case 5

Accident
Scenarios
TMLB'
TMLB'
TMLB'
MLOCA
TMLB'
TMLB'

Wor
w/oBum
w/o Burn
w/oBum
Bum
w/o Bum
w/o Bum
w/o Bum

Zr oxidation
Fraction(%) in R.X

33.8
75.0
33.8
27.8
33.8
33.8

CFC
Same as Table 1
Same as Table 1
Same as Table 1
Same as Table 1
1.5 for all junctions
0.5 for junction 20,21,22,23
1.5 for others

Table 5. Maximum Hydrogen Concentration and Gas Concentration in the
Compartments

Base
Case

Casel

Case 3

Comp. #
1
2
3
4
5
1
2
3
4
5
2
3
4
5

Time(sec)
13,200
11,356
11,356
11,356
11,356
11,356
11,356
11,356
11,356
11,356
25,078
75,000
79,078
79,078

o,
-0.0
-0.0
-0.0

1.5
2.0

-0 .0
-0.0
-0.0

1.3
1.7
2.4
11.6
11.3
11.3

H,OV

75.3
87.5
87.5
82.0
79.7
75.8
76.0
75.8
71.6
70.7
24.9
18.1
18.8
19.1

H,
21.5
12.2
12.2
11.0
10.8
24.2
24.0
24.1
21.9
21.5
12.1
9.2
9.1
9.1

CO
2.7E-7
1.3E-7
2.3E-7
3.9E-7
3.2E-7
1.4E-7
1.4E-7
1.4E-7
2.4E-7
2.4E-7

5.1
13.1
13.2
13.2

CO,
9.5E-6
1.9E-6
1.9E-6
1.3E-6
1.2E-6
1.3E-6
1.3E-6
1.3E-6
1.0E-6
1.0E-6
3.2E-5

4.6
5.2
5.2
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Fig. 3 Main Flow Pattern at 3,000 sec after Reactor Vesser Failure
(Accident Time : 14,000 sec)
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A STUDY ON THE HYDROGEN RECOMBINATION RATES
OF CATALYTIC RECOMBINERS AND DELIBERATE IGNITION

F. Fineschi, M. Bazzichi, M. Carcassi

ABSTRACT

A study is being carried out by the Department of Nuclear and Mechanical Constructions
(DCMN) at the University of Pisa on catalytic recombiners and on deliberately induced weak
deflagration. These are the most practical methods for recombining hydrogen released into large
nuclear containments during severe accidents.
The recombination rates of different types of catalytic devices were obtained from a thorough
analysis of published experimental data. The main parameter that affects the effectiveness of
these devices seems to be the molar density of the deficiency reactant rather than its volumetric
concentration.

The recombination rate of weak deflagrations in vented compartments has been assessed with
experimental tests carried out in a small scale glass vessel. Through a computerized system of
analysis of video recordings of the deflagrations, the flame surface and the burned gas volume
were obtained as functions of time. Although approximations are inevitable, the method adopted
to identify the position of the flame during propagation is more reliable than other non-visual
methods (thermocouples and ion-probes). It can only easily be applied to vented weak
deflagrations, i.e. when the hydrogen concentration is far from stoichiometric conditions and
near to flammability limits, because the pressurization has to be limited due to the low
mechanical resistance of the glass. The values of flame surface and burned gas volume were
used as inputs for a computer code to calculate the recombining rate, the burning velocity and the
pressure transient in the experimental test. The code is being validated with a methodology
principally based on a comparison of the measurements of pressure with the calculated values.
The research gave some very interesting results on a small scale which should in the future be
compared with large scale data. Two objectives which are not dependent on scale have already
been reached: (i) a facility has been set up to validate instruments for measuring the flame
surface and the burned gas volume inside steel vessels (e.g. thermocouples and ion-probes), and
(ii) a method has been developed to assess the recombination rate of slow deflagrations on the
basis of experimental data on flame surface and burned gas volume.

Dipartimento di costruzioni meccaniche e nucleari (DCMN) - Universita di Pisa
Address: via Diotisalvi 2 • 56126 Pisa - Italy



A STUDY ON THE HYDROGEN RECOMBINATION RATES

OF CATALYTIC RECOMBINERS AND DELIBERATE IGNITION

F. Fineschi, M. Bazzichi, M. Carcassi

1. INTRODUCTION

To recombine hydrogen and oxygen, two types of devices can be installed in the containments of
water nuclear reactors, to avoid strong deflagrations or detonations during severe accidents:
recombiners and ignitors.

Recombiners can treat even non-flammable mixtures but they eliminate hydrogen slowly. They
do not cause loading on structures or on the safety related equipment, but a great number need to
be installed in a non-inerted containment in order to deal with a rapid hydrogen release.
Assessing their recombination rate though necessary is not enough if their number and the
technical practicability of the system are to be evaluated.

Deliberate ignition rapidly removes hydrogen from a flammable gas mixture through a weak
deflagration but also causes overpressures and overtemperatures. Knowledge of the
recombination rates of slow deflagrations is important for evaluating overpressures in multi-
compartment containments, rather than for evaluating the effectiveness of the system, because a
slow deflagration is certainly able to bum hydrogen with a rate greater than any rapid hydrogen
generation and release.

2. CATALYTIC RECOMBINERS

Two types of catalytic recombiner have recently come on the market from Germany, one by the
NIS Company and another by Siemens, for hydrogen control in nuclear plants. They catalyze the
reaction H2 + O2 -> H2O by lowering the threshold so that the reaction takes place at a low
temperature and concentration.

They are "passive", i.e. they are self-starting and self-feeding, they have no moving parts and
require no external energization. They come into action spontaneously as soon as the hydrogen
concentration begins to increase in the atmosphere in the safety containment. The gas mixture
flows through the containments and is pushed by natural convection from the gas heated as a
result of the reaction.

In the literature there is more information on the recombiner NIS [1,2], and this will be analyzed
and compared with the information available on the Siemens recombiner [3, 4]. This will be
done in order to verify the confidence level in
• guaranteeing that their intervention is reliable, and that they will function continuously and

steadily during post-accident conditions;
• assessing their start-up times;
• evaluating their recombination rate and mixing capability, as well as the temperature of the

gas leaving the recombiner, when chemical composition and temperature are varied in the
containment atmosphere.



2.1 The NIS recombiner

The hydrogen-oxygen recombiner PAR
(Passive Autocatalytic Recombiner) was
developed by the NIS Company and
qualified in Germany, in cooperation
with the Battelle Institute, Frankfurt, and
the Technical University of Munich.
The German utility RWE Energie
sponsored its development

The PAR device is a molecular diffusion
filter (Fig. 1). While the gas flows
upwards along the 1 cm spaces between
88 flat 44cm x 20cm x lcm cartridges
containing catalyst pellets (2.4+4 mm
spheres of inert sintered aluminum oxide
coated by an active 0.5 mm thick Pd-
impregnated shell), reactant moles
diffuse transversely to the catalyst and
the reaction product (water vapor)
diffuses away from the catalyst. Mass
transfer takes place due to the differences in molar density (moles per unit volume) between the
zone where the gas flows and the zone that is in contact with the catalyst, which represents both a
sink where the reactants disappear and a steam source. This design makes plugging of the pellet
surface highly unlikely by heavier particles or aerosols flowing through the open channels, but
the diffusive processes reduce the recombination rate with respect to the value that it would have
had if it had only been affected by the gas flow rate and by the kinetics of the reaction.

The outer dimensions of the inlet at the bottom of the device are lm x lm. The spherical outer
surface area of all pellets is estimated to be -140 m2 while the total reactive surface area of the
pellets, consisting of the surface area of the Pd-impregnated inner pores, is estimated to be -1.26
million m2. The cartridges are spaced 1 cm apart and these spaces serve as ventilation channels
for the gas sucked in at the bottom. The gas inlet area is -0.4 m2, equal to the outlet area at the
top of the 26 cm tall truncated-pyramid-shaped chimney.

Fig. 1 • PAR device (NIS design)

2.2 Functional features of the NIS recombiner

The recombination rate is the hydrogen mass that is recombined in a unit of time by a recombiner
and it is the most indicative measure of the capacity of the facility. It can be expressed as

TR =
vy- W- — W w t PM PMo

/ : - W U ) P M H = Q W I W . W U _ L "2. = Q . TlPMHi
x 1 H 2

If the hydrogen concentration in the inlet tends to increase, then the average molar density of the
hydrogen in the recombiner rises as well, and with it the diffusion of reactants and products, and
thus the recombination rate too. This tends to partially rebalance the initial increase in the
average molar density of the hydrogen. However, in the meanwhile the average temperature in
the recombiner increases because of the greater power released by the combustion and, therefore,
also the kinetics of the reaction. This generates a positive feedback which, in steady state, is
counterbalanced by the negative action due to the greater cooling produced by the increase in the



gas flow rate due to natural convection. In normal operation, therefore, when [H2L increases Qi
and TR will also increase.

The input parameters in the recombiner, which the recombination rate depends on, are generally
also functions of the features of the system outside the recombiner, which the recombiner, in
turn, affects. On the other hand, the recombination rate of a given type of passive catalytic
recombiner becomes a function of the only thermodynamic features of the gas mixture in the
volume where the recombiner is located, provided that these features are made uniform, perhaps
by the natural convection itself generated by the operating recombiner. In fact, in this case the
thermodynamic features of the mixture in the recombiner inlet are equal to the conditions of the
system outside the recombiner. NIS and Siemens tests were limited to this situation [1+4]. They
were carried out to obtain some simple semi-empirical correlations which will be discussed later.

With 4% volumetric concentrations of hydrogen, the flow rate towards the recombiner is
-900 m3/h; with 10%, 20 recombiners could produce a circulation of 3 104 m3/h [1]. A semi-
empirical correlation for the steady-state volumetric flow rate could be: Q; = a Cb with
a = 0.67m3/s and b = 0.307 [2]. This correlation was obtained by simulating experimental
transients of hydrogen in the multi-compartment 640 m3 Battelle Model Containment (BMC),
where hydrogen was continuously injected in the presence of a recombiner; how this correlation
was obtained has not yet been made known. The reliability of the experimental data was not
sufficient to obtain a correlation directly from experimental data on the volumetric flow vs.
hydrogen volumetric concentration at the recombiner inlet [2].

To make an estimate of the upper value of the temperature leaving the recombiner, the reaction
can be assumed at a constant pressure (isobaric) in an adiabatic gas system (isoenthalpic). When
the hydrogen/oxygen ratio at the inlet is stoichiometric, the temperature in the outlet has its
maximum value (= 2370 K, if TI = 1 and the mixture in the inlet is in standard conditions and only
consists of hydrogen and air). From this value the temperature decreases when TI decreases (but
TI has been estimated as constant, = 0.846, in [2]), when the composition of the mixture goes
away from the stoichiometric value and the steam increases. The temperature of the gas
increases through the recombiner roughly by -80 K for each 1% decrease in the volumetric
concentration of hydrogen.

The transient behavior of the PAR device is similar to a first-order system with a time constant of
1800 s [2]. There is a slight delay in the presence of water or steam when a water-repellent
coating is not used, because part of the heat from the reaction is used to dry the catalyst.
However, the water-repellent coating is damaged at temperatures above 523 K.

The catalyst does not deteriorate over time, but to avoid any alterations caused by settling or
plateout of contaminants present in the containment atmosphere, it can easily be inspected and
maintained. During an accident, modifications to the porosity of the material caused by aerosols
and particulates that are deposited should be negligible according to experimental tests and
theoretical assessments. No significant effect has been found due to water or steam on operating
conditions. Iodine vapor has a negligible effect on reducing the recombination rate, if the
volumetric concentration of the hydrogen is less than 3%. Above this value, high temperatures
have a self-cleaning effect. The small CO molecule is likely to spread toward the catalyst, but
when CO has a concentration of less than 1%, experimental tests have proved that there are no
significant consequences.
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2.3 The Siemens recombiners

The active plates in a Siemens recombiner are around
12-1-13 cm tall and made of stainless steel and coated
with platinum which is catalytically active and water-
repellent.

The dimensions (width, height, depth - in mm) of the
recombiner depend on the model:
• FR 90/1-1500: 1500 x 1400 x 300 [large, 1];
• FR 90/1- 960: 1000 x 1000 x 150 [medium, m];
• FR 90/1- 320: 400 x 1000 x 150 [small, s].

The recombination rates are given graphically by
Siemens, for only two volumetric concentrations of
hydrogen (4% and 8%) as a function of the pressure in
the containment. In the range 1 + 4.2 bar, the trend is
linear. The parameters of the linear correlation have
different values depending on the size of the device
and the volumetric concentration of H2.

Table 1 gives an estimate of these parameters obtained from graphs supplied by Siemens [3,4].

Table 1

Parameters for the correlations TR (kg/h) = kl + k2 P (bar) of Siemens recombiners

Catalyst sheets Inspection
cover > *

3?Catalyst
insert

Fig. 2 - Siemens catalytic recombiner

Size

H2 vol. cone.

kl

k2

small

4%

0.06

0.26

8%

0.64

0.26

medium

4%

0.58

0.50

8%

1.34

0.86

large

4%

2.44

1.95

8%

4.40

4.10

The other features of the Siemens recombiners (start-up times, behavior in the presence of
inhibitors and contaminants) are similar to the NIS recombiner, so only the recombination rates
need to be compared.

2.4 Recombination rates

The curves in Fig. 3 have been derived from graphs supplied by EPRI [1] and Siemens [3, 4].
These graphs were obtained by observing the decrease in hydrogen caused by the presence of a
recombiner in the atmosphere, probably almost perfectly mixed, of a closed vessel. Figure 3 also
shows the analytical correlations which, assuming uniform thermodynamic conditions in the
mixture, should link TR to C, for the various types of recombiner and pressures. Another
author [5] gives a table for TR of the NIS device, with lower values than Fig. 3 at C < 3% and
higher values at C > 5%.

Lacking more precise information, the semi-empirical curves supplied by the companies were
assumed to have been obtained on the basis of tests in a closed vessel where steam and hydrogen
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were released in air, initially at standard conditions (Po = 101325 Pa, To = 273.15 K,
[airjo = 44.64 mol/m3, [O2] = 0.21 [air]), until saturation was reached at the desired temperature
T. The pressure outlined in the graphs is only due to air and steam; for the NIS recombiner the
so-called '1 bar' curve refers to T = 273.15 K, while the '2 bar' refers to T = 373.15 K. It is thus
possible to find the molar density of steam, [H2O], and its vapor pressure, Pv, as a function of T.
With these assumptions, the molar density of hydrogen and the fuel equivalence ratio, *, which
is proportional to [H2] if the molar density of the air is really the same for all the data supplied by
NIS and Siemens, can be calculated:

-

c~
In addition, for the Siemens recombiners:

TR = k l+k2P

(%/%
0.21[air]0

2 Atoich

In Fig. 4 the recombination rate is drawn as a function of <P or [H2].

Comparing Figs. 3 and 4 shows that in these operating conditions the recombination rate does
not depend so much on the volumetric concentration of hydrogen as much as on its molar
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density, and is virtually independent of other thermodynamic features, such as the temperature
and steam concentration. This is because both molecular diffusion and reaction velocity are
generally functions of the molar densities of reactants and products and not their volumetric
concentrations. In this case,
• the molar density of steam should not affect the recombination rate because the equilibrium

of the reaction is very much shifted toward the product;
• it is not possible to see whether the recombination rate also depends on the molar density of

the oxidizer, because the molar density of oxygen was probably constant and the same in all
the tests, that is along all the curves in Fig. 4. In any case, the more the oxidizer is in excess
the less evident the effect of limited variation in it should be, and in all the mixtures
considered in the figures the oxygen is in excess, * < 1).

The semi-empirical correlations of Figs. 3 and 4 are only applicable if the thermodynamic
conditions (i) are uniform in the volume where the recombiner is located, (ii) do not vary too fast
with respect to the promptness with which the recombiner reaches the steady-state. These are the
implied conditions in any lump in the classic containment codes; however further tests are
needed to determine the maximum volume in which a recombiner can guarantee thermodynamic
uniformity with its buoyancy effect.



2.5 Some conclusions on catalytic recombiners

Experimental tests carried out on catalytic recombiners by NIS and Siemens, the manufacturers,
were sufficient to guarantee their reliable, continuous and stable operation. They reach the
steady-state quite rapidly, especially if the catalyst is coated with a water-repellent film. Their
effectiveness would not seem to significantly be affected by contaminants or inhibitors.

The steady-state recombination rate is experimentally calculated in volumes with uniform
thermodynamic conditions. It is supplied by the manufacturers as a function of the volumetric
concentration of hydrogen and of the atmospheric pressure in which the recombiners are
installed. In reality, it would seem to be only a function of the molar densities of the reactants.
More specifically, the data that the manufacturers have so far supplied highlight that the
recombination rate is really only a function of the molar density of hydrogen when the molar
density of oxygen is kept constant.

In fact, the values of the recombination rate are only known for hypostoichiometric mixtures and
only when the density of the oxygen is the same as in the safety containment of a nuclear reactor
during normal operation. During an accident, however, some zones may be leaner in oxygen,
both because they may be richer in steam and/or hydrogen (for example, those near to the release
point of the hydrogen-steam mixture into the containment) and because the action of the
recombiner lowers the oxygen/nitrogen ratio with respect to the normal air value.

In other words, existing data on the recombination rate is certainly suitable for assessing the
capacity of catalytic recombiners in controlling the hydrogen concentration in zones where the
chemical composition is gradually variable and not very different from the average value and
where the molar density of oxygen is initially so much in excess as not to be significantly
modified by the recombination. However, recombiners increase mixing and therefore facilitate
the uniformity of the chemical composition, though the effect might be predominantly local, i.e.
only inside the compartments where at least one recombiner is installed, rather than in overall
containment.

Details on the procedure which, using experimental data, allowed the manufacturers to estimate
the recombination rate, have not, however, as yet been published and analyzed by international
experts.

3. RECOMBINING HYDROGEN BY BURNING

Hydrogen can also be controlled by deliberate ignition which is primed when the hydrogen-air-
steam mixture reaches flammability.

The capacity of recombination of the combustion is higher than for catalytic recombination and,
depending on the chemical and thermohydraulic features of the mixture, it may be particularly
violent. In fact, if the burning rate is low (slow deflagration), combustion gives rise to static
overpressures which can be contained by current containment systems, but, if the speed of flame
is near to the speed of sound (fast deflagration or detonation), it may cause shock waves which
the containment structures may be unable to contain.

Many calculation codes developed to simulate this transient in nuclear reactor containment are
based on phenomenological models, that find the parameter in the "burning velocity" on which
the recombination rate of the phenomenon depends on.

The laminar burning velocity (SO is defined as the speed of flame relative to the unburned gas
when the gas is moving with a laminar flow. S\ can be measured experimentally and predicted



theoretically. It derives from the thermodynamic conditions of the mixture and, in particular,
from the chemical composition. However, the combustion itself primes turbulence which
increases the burning rate over what would have been the laminar value. This is due both to the
facts that the flame surface becomes wrinkled, with a greater fluctuating area, and the burning
velocity becomes higher as a result of greater heat and mass diffusivities. In phenomenological
models, an effective value of the burning velocity, called turbulent (Sj), is coupled with an
average macroscopic value of the flame surface area (Am) to give the turbulent volumetric
burning rate (VBR = S A )

The values of Am and S j can only be obtained from semi-empirical correlations, but the
evaluation of Am is difficult and ST cannot be measured directly in deflagration tests. In order to
find a method to solve these problems, the Department of Mechanical and Nuclear Constructions
(DCMN) of the University of Pisa started the VIEW program.

3.1 The VIEW program

Vented deflagration tests have been carried out with VIEW, a facility with a glass container
which allows flame propagation to be visually observed. Through a computerized system of
analysis of video recordings of the deflagrations, the flame surface and the burned gas volume
can be obtained as a function of time. Although approximations are inevitable, the method
adopted to identify the position of the flame during propagation is more reliable than other non-
visual methods (thermocouples and ion-probes). Unfortunately, it can only easily be applied to
vented "weak" deflagrations, when the mixture composition is far from the stoichiometric value
and near to the flammability limits, because the pressurization has to be limited due to the low
mechanical resistance of the glass. However, VIEW may be very useful to test the reliability of
the non-visual methods adopted in larger and stronger facilities.

In addition, a computer code, NEVE, has been developed, on the basis of a physicomathematical
model derived at the DCMN [6], to calculate volumetric burning rate and burning velocity from
experimental data of pressure, flame surface area and burned gas volume. An objective of the
program is to verify the code capability in simulating the phenomenon through a particular
procedure based on the comparison between code output and VIEW data. Once the code is
validated, it can also be used for large scale experiments. The values of the burning velocity
obtained with the small scale VIEW tests are not directly interesting for the large nuclear
containment, although they could be useful to understand possible scale effects if compared with
data obtained in larger vessels.

VIEW consists of the following systems:
a container;
a hydrogen injection system;
an aerosol injection system;
an ignition system with a spark ignitor;
pressure and temperature measurement systems;
a telecamera and a video tape recorder.

The container is a square parallelepiped in glass and stainless steel, 2 m long with a 0.65 m inner
side, split by a holed steel diaphragm into two chambers communicating via a 0.17 m diameter
orifice (Fig. 5). A stainless steel plate, clamped onto a frame, closes the container at one end (in
the right-hand chamber); the other end (in the left-hand chamber) is open so as to allow venting
toward the atmosphere. Of the four lateral faces, only the lower one is in stainless steel.
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Fig. 5 - The VIEW facility

After the vent opening toward the
atmosphere has been closed with a thin
unstretched polyethylene sheet, initially
an air fraction equal to the desired
hydrogen volumetric concentration is
extracted and then hydrogen is injected
and mixed with a fan, so as to bring the
container close to the initial pressure and
volume conditions. However, as this
system cannot give the exact hydrogen
concentration, this is assessed on the basis
of the constant flow rate of hydrogen
measured in a flow-meter for the entire
duration of the injection.

The ignition system consists of two
electrodes installed in the right-hand
chamber (for this reason called the "first"
or "ignition" chamber) and connected to a

remote-controlled capacitive discharge circuit. It was designed to prevent ignition during the
injecting and mixing procedures. The fan can be extracted from the container immediately
before the ignition, so as not to disturb flame propagation.

Pressure and temperature measurements are made with piezoresistive pressure transducers and
0.25 mm K-type thermocouples.

The measurements of the burned gas volume and of the flame surface are the main objectives of
the experimental program. To make the position of the hydrogen flame visible to the human eye,
an aerosol of 10 mm drops of a water solution of NaCl is added to the gas mixture. The
measurements were made using the video-recorded images of a telecamera located at about five
meters from the containment. A 2.5 m x 1 m mirror, supported by a steel framework, was
erected and 45° inclined on the container, so that the same telecamera can get simultaneously
both a front view of the flame and a view from above. Sufficient information on the shape of the
flame surface was thus obtained.

The telecamera cannot shoot flame speeds greater than 50 m/s: it only takes 25 frames a second
and the maximum length of a chamber is 2 m.

The images were digitalized on a micro computer Apple Macintosh and analyzed to obtain the
burned gas volume and the flame surfaces over time. The software used can calculate the area
and the perimeter of an image, simply by counting the pixels on the monitor while the user traces
the edges of the visualised object with the mouse. The volumes and surfaces of the objects are
roughly calculated by the user on the basis of the areas and perimeters of the images.

The facility was designed so that the following can be varied:
• the position of the diaphragm between the two chambers and thus their sizes;
• the vertical position of" the orifice on the centre-line of the diaphragm;
• the ignition point on the longitudinal middle section plane of the first chamber.

In the first series of tests the position of the diaphragm was kept constant so that the two
chambers were both one meter long; it was thus possible to observe not only the propagation of
the flame before it reached the diaphragm, but also the evolution of the phenomenon in the
second chamber.
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Fig. 6 - Positions of the ignitor and orifice in VIEW

For the ignition, five points were
identified as being the most suitable for
analysing the evolution of the flame
front (Fig. 6). These points are
indicated with two letters: one relating
to the three positions along the
longitudinal axis, "Orifice, Medium,
End", and the other to the two vertical
positions, "Top, Bottom". For the
position of the orifice in the diaphragm,
three possible configurations were
chosen: Top, Central and Bottom.

Of the 15 possible tests, 12 were carried out which were considered to be the most representative
and whose configurations are shown in Table 2.

The hydrogen volumetric concentration was kept at about 8.5% in all the tests, sufficiently high
to cause a complete combustion and sufficiently low so as not to jeopardize the container. Apart
from local steam inerted zones, hypostoichiometric deflagrations should not occur above this
concentration when a deliberate ignition system is installed in the nuclear reactor containment.

The phenomenological analysis of the experimental results was published in [7].

Table 2

Matrix of the experimental tests

Test

1

2

3
4

5
6
7

8

9

10

11

12

13/7b

Orif. Pos.
(height, mm)

Central (325)

Central (325

Central (325)

Central (325)

Central (325)

Top (545)

Top (545)

Top (545)

Top (545)

Bottom (105)

Bottom (105)

Bottom (105)

Top (545)

[% Vol.]

8.7

8.7

8.5
8.7

8.7

8.5

8.5

8.5

8.5

8.6

8.5

8.7

8.5

Ignitor
Position

End Top

Orifice Top

End Bottom

Medium Bottom

Orifice Bottom

Orifice Top

End Bottom

Orifice Bottom

End Top

Orifice Bottom

End Top

End Bottom

End Bottom



3.2 The NEVE code

The computer code NEVE [6] was created on the basis of a physicomathematical model which
describes the deflagration transients of flammable gas mixtures in partially confined
environments. The model assumes that, at each instant, the combustion of the elementary mass
is isobaric, i.e. the internal pressure is assumed to be uniform between the burned and unburned
phases. The other thermodynamic co-ordinates are different between the two phases, but
uniform within each of them. As boundary conditions, the system is adiabatic and the outside
pressure may be variable but not above the internal pressure. Other simulation codes for
deflagrations assess the transients of the thermodynamic quantities of the gas mixture (effects) on
the basis of a known evolution in the volumetric burning rate (cause). Inversely, NEVE
calculates the variation in time of the volumetric burning rate, which in a vented compartment
would give rise to the pressure transient, or burned volume transient, given in input, provided
that the deflagration model of NEVE is truly representative of reality. If the evolution of the
flame surface is also known, then also Sy can be obtained from VBR. Besides the pressure
transient (or the burned volume transient), the external pressure and the flame surface, the code
also needs to know the variation in time of the venting areas of burned and unburned gas.

If the transient pressure is given in input, then the code also gives the burned volume transient
among other output quantities. This can be compared with experimental data for an assessment
of the quality of simulation. Inversely, the comparison can be made on the pressure data, if the
transient of the burned volume fraction is given in input.

The transients of the quantities in input are supplied to the code via a sampling of the values
measured during the evolution of the phenomenon. The code reconstructs a continuous trend in
the transients by using a broken line with the sampling data as vertices ("linearization").

Even if the physicomathematical model were able to simulate the phenomenon perfectly, there
would still be errors connected with the variables computed, due to:
• errors associated with sampling values of the input quantities;
• reconstructing a continuous trend in the transient using linearization;
• the numerical integration of differential equations that make up the NEVE model.

The maximum mathematical error in the numerical integration could be set as low as is wanted.
In reality, if it is excessively low with respect to the error in the input values and/or to the
roughness of the linearization (which increases in proportion to a decrease in the number of the
sampling points), the integrating procedure may not converge. In fact, to calculate the values of
the output quantities at the end of a time-step, provided that the initial values are known, the
current version of the code also needs to know the values of the input quantities outside the time-
step. At present, these values are calculated with the same linear law that is assumed to be valid
within the time-step ("extrapolation"). This approximation becomes increasingly rougher in
proportion to greater differences in the trends of the input quantities outside the time-step. The
error due to linearization and extrapolation therefore becomes increasingly accentuated in
relation to how sudden the variations in the quantity trends are from one step to another.

The burned volume always increases; therefore, if it is given in input, even a rough linearization
will not lead to a shift in its general trend. So a rougher linearization will lead to a greater error
in the integrated quantities, but the code in any case always manages to follow the evolution of
the phenomenon. Oscillatory behavior in the pressure trend, on the other hand, may lead to
significant errors in the calculation that may cause an untimely interruption in the execution or
give unrealistic calculated transients. The error in the calculation results can be reduced by using
a better sampling (both from a quantitative and qualitative point of view). This allows one to set



acceptable values for mathematical errors without causing an untimely interruption in the code
due to a lack of convergence in the numerical integration procedure.

3 3 VIEW tests analyzed with NEVE

The measuring instruments used in VIEW and the methodology for extracting data from video-
recordings, which could still be enhanced, allow a significantly high amount of information to be
acquired. This is true at least for the first chamber of VIEW, in which the burning rate remains
relatively low with respect to the one in the second chamber, which is affected by jet ignition
phenomena [7]. NEVE has therefore only been applied to data relating to the first chamber. For
each test examined, a simulation was made with the burned volume transient supplied in input.
In addition, for those tests where there were significant overpressures, the recorded pressure
transient was also given in input. The greatest difficulty encountered in obtaining data on the
transients of the burned volume and the flame surface area was to get a three-dimensional
representation of the fire ball from video pictures. This representation depends on the operator's
skill.

In the first phase of the analysis, the schematizations of the transients given in input were based
on limited samplings (12+15 points for deflagrations that last 1.2+4 s), but which were
considered as being sufficient for describing the evolution of the burned volume. Initially, the
venting area transients are schematized very roughly, generally with a step (once the burned gas
reaches the orifice, it suddenly takes the place of the unburned gas in the venting flow).

The pressure transients calculated with the burned volume in input are compared in Fig. 7 with
the data recorded during the related tests, for the tests that provided significant data. In some of
these tests, the trend and values of pressure calculated by the code satisfactorily agree with those
recorded. In other tests, the calculated pressure transient significantly differs from the recorded
data, both in terms of the peak and in the time in which it occurred (e.g. tests 7 and 10), although
the relative errors in terms of absolute pressure are limited (< 10%).

With the recorded pressure transients in input and with the same samplings as in the previous
executions, the calculated burned volume transients in some cases are very different from what
was revealed by the analysis of the video-recordings, while, in other cases, although occasionally
showing significant relative errors (even 200%), follow the "experimental" trend (Fig. 8). In any
case, it was verified that the results given by the code are increasingly further from the
experimental trend in proportion to how great the frequency and the amplitude are in the
schematization of the pressure given in input, as said in Sect. 3.2.

Even in the tests where significant maximum overpressures occurred (around 20-30 mbar), the
experimental pressure transient for most of its evolution oscillates by some mbars with the same
magnitude as the sensitivity of the instrumentation used; thus it might not even be very
representative of the phenomenon. Moreover, in some tests, the pressure in the second chamber
occasionally becomes greater than that in the first chamber and, since the mathematical model is
not able to deal with this situation, this fact could lead to results that are very far from reality.

This rough analysis would seem to show that there is basically a good agreement between the
results of the code and the experimental data, at least for the executions with burned volume in
input. On the other hand, the disagreement in the results in the executions with the pressure
transient as input, would in many cases seem to be due to insufficient data sampling. However,
it should be noted that, when the burned volume is given in input, venting is a negative feedback
with a stabilizing effect on the pressure transient, so the influence of possible errors in the burned
volume can be counterbalanced, at least partially. There is not the same feedback when the
pressure is given in input.



3

103

102,5

r
I 102

i 101,5

101

100,5

102,5

102

101,5

100,5

100

103

,102,5

102

101,5

101

TEST 2 TEST 4
• O

•

<Q.*

1 1

—G— Pexp
--•--Peal

k i I

%l 1
i i

-

-n
-n

-

0 0,5 1 1,5
Time (s)

TEST 5

2,5

-

..At

'-

•

J
•

)

/

©

1 1 I

G— Pexp
- - • - - P e a l

i i i

-

—

:

:

0,5 1 1,5 2 2,5 3 3,5 4
Time (s)

TEST 10

T

iv

LS-© K
!

—0— Pexp
--•--Peal

i

i

-

-

102,6

102,4

1? 102,2

- 102

2 101,8

£ 101,6

101,4

101,2

0

-
•

;

•

-

.: ^ A "J

Pexp
Peal ?"•

..'tA

i |
•

f b v

-

"

0

110

108

106

I 104

102
4

100

0,5 1
Time (s)

TEST 7

1,5

-

-

•

A

i*

i '
i '

'•
-•

' I |
—6— Pexp
--•--Peal

i..\a 1

j

•S. :

i

-

-

-

-

0 0,2 0,4 0,6 0,8 1 1,2 1,4
Time (s)

0 2 3
Time (s)

101 9

101,8

2 101,7

a 101,6

1 1 0 1 ' 5

101,4

101,3 <

T E S T
! !

I!
- lib

I j
: /
" "1
'IF-,

i
; ; '

12
! ! !

—0— Pexp
--•--Peal

- H

;

z

I

\

\

0 0,5 1 1,5 2 2,5
Time (s)

3,5

Fig. 7 - Experimental and calculated pressure transients



Burned volume fraction, x

23
TO

00

E?
n
3.

S3

a.
ft

69

I

i
i
I
5"

re

p © g ©
00 —'

Bumed volume fraction, x
© o © ©

riN

-U) —

* . —

1 ' •

. 1 .

. . . . . . .

•1 *
II
*i

, , , j , • ,

1

• c

x ><

1

1

A
(

1 t 1

-

i- « T T ^

i . . .

©
©< H

00 H-

O
In

C/}

H

o w>

L
\

^ t

4 <
j

i "^

. . . i . . .

• (
1
i
X >exp

cal 
I

Si-;.

i

\

K

in
H
in

Bumed volume fraction, x Bumed volume fraction, x

Bumed volume fraction, x
©

r

o
o "•-

© «

<
i

o< >
In 4

<-n

Bumed volume fraction, x

©© © ©

T T

. . I ,

T T
1
1

•
1

X
s

()

X
S

H



TEST 2

0 0,5 1 1,5
Time (s)

r 0,025
£0,0227
< 0,02
3]

g 0,015
cd

•S 0,01

1
•g 0,005

8 5 0)

•

• if

JHftJ 1

i

I

TEST £

• • -

!>*•
" • • • • •

• • -

— •• - -
K

-

\

-

BVA/old

BV A/new

0 0,5 1 1,5 2 2,5 3 3,5 4
Time (s)

-s 0,025
10,0227
< 0,02
>
oa
g 0,015

so
S 0,01

I
•g 0,005

TEST 7

o 0!

1 
: 

j

-

f
f

I I I -

+ i- •>

- - • • - BVA/old

—X BV A/new

j j j -

0 0,2 0,4 0,6 0,8 1 1,2 1,4
Time (s)

Fig. 9 - Old/new burned venting area

The conformity of the calculations to the
experiments alone cannot guarantee that the
model implemented in the code represents the
real phenomenon. Furthermore, one needs to
verify whether the errors in the calculation results
due to model assumptions are negligible or not
with respect to the errors associated with the data
in input and the linearization procedure. The first
step in this verification is to reduce, where
possible, errors associated with values given in
input, and then increase the number of sampling
points. If this produces a significant
improvement in the results, one can reasonably
say that this model interprets the physical
phenomenon well.

The input values were improved by enhancing
the description of the transients of the venting
areas which in the first set of executions were
schematized roughly. In fact, a more careful
analysis of the video-recordings showed that the
unburned gas is also vented during burned gas
venting, or rather, the unburned gas, pushed by
the expansion of the burned gas, manages to keep
leaking out through the orifice, even when the
orifice is partially occupied by the flow of burned
gas. As the unburned gas leaves the first
chamber with the burned gas, it burns thus
causing a standing flame that spreads into the
second chamber from the orifice, like a beam of
an oxyhydrogen torch, until the combustion has
terminated in the first chamber [7]. The estimate
was particularly critical of the evaluation of the
partitioning of the whole venting area between
burned and unburned gas. So far only tests 2, 5
and 7 have been revised with new values in the
venting areas, but using the previous samplings.

The new schematizations of the venting areas
with respect to the ones used previously show
less differences until the first time instances after
the beginning of the burned gas venting and
significant differences only in the final part of the
transient, though they coincide at the end
(Fig. 9).

Identifying how correct the results of the new
calculations are, when compared to the old ones,
is made again by a two-fold comparison between
pressures (the experimental transient and the
transients calculated with the burned volume as
input) and between burned volumes (that



obtained from an analysis of the video-recordings and those calculated with the pressure transient
as input). At the same time, the calculated volumetric burning rates are also compared.

The comparison made for tests 2, 5 and 7 gave the following results:
• with the burned volume transient in input, the pressure transients calculated in the new

executions are better than the previous ones, though the differences are minimal (Fig. 10a).
Where there are still disagreements between the recorded and calculated pressures (e.g. test
7), the input for the burned volume fraction may need to be revised as well. The burning
volumetric rates are different even if the pressure trends calculated in the two executions are
similar (Fig. 10b).

• with the experimental pressure transient in input, the descriptions of the burned volume
transients practically do not vary with respect to the previous ones, though they may
occasionally differ more from the experimental data.

Considering the modifications to the input data of the code, the minimum differences between
new and old simulations would seem to imply that, in the descriptions of the transients of the
venting area, the partitioning between the burned and unburned gas is particularly important
around the time when the burned gas begins to be vented into the second chamber and then
occupies most of the vent orifice. For the rest of the transient, even substantial variations in the
data of the venting areas do not seem to lead to significant variations in the results of the
calculation; although the "oxyhydrogen torch" phenomenon still exists, it can be neglected, as if
there were only a vent of burned gas.

Persistent errors between calculations and experiments would seem to be due to errors related to
the other input quantities (basically burned volume or pressure) and to the process of sampling,
linearization and extrapolation.

These positive initial findings show how efficient the model is at simulating the phenomenology
of the deflagrations carried out in VIEW. A definitive validation of NEVE can only be made by
eliminating extrapolation errors and, above all, extending the analysis to all the tests, improving
the input data, when possible, and enhancing the sampling. This should also help to identify the
level of precision of the input data and sampling that can be used to reduce profitably the error
associated with the calculation results.

3.4 Some conclusions on deliberate ignition

Recent studies on hydrogen recombination through deliberately primed deflagration have led to
computer codes being set up, which are increasingly efficient in terms of calculating the effects
of hydrogen deflagration in a containment of a nuclear reactor. Worldwide studies being carried
out on the behavior of a flame spreading through several compartments are aimed at a greater
understanding and modeling of the transient that evolves in the various compartments. The
codes thus need more efficient semi-empirical correlations to assess better the volumetric
burning rate and the burning velocity that occur during these combustions.

The VIEW studies seem interesting, at least in the case of weak deflagrations in environments
which gas can flow from but not enter, because they show that it would be really possible to
experimentally evaluate the volumetric burning rate and the burning velocity, though indirectly
via a computer code, NEVE. In fact, the first results of the code validation process made on the
basis of the VIEW experimental data, seem to give positive indications on the reliability of the
physicomathematical model used in formulation of NEVE.
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However, the code is still under validation and some improvements will be made in its numeric
integration process to eliminate extrapolation errors. Moreover, it has to be established how
much weight the model assumptions have on the differences between calculations and
experiments, in comparison to the weight of the errors associated with the input data and the
linearization process which is used to reconstruct a continuous trend in the input quantities. It is
difficult to quantify the errors in the data obtained from the analysis of video-recordings because
these errors also depend on the operator's skill.

To get a complete validation of the code, a set of new tests is being scheduled. These will be
carried out in a new facility which is similar to the current one but can reach higher pressure
peaks. This should:
• eliminate uncertainties on the significance of the pressure measurements;
• enable tests consistent with the model, in which the pressure inside the chamber where the

analyzed deflagration occurs is greater than the outside pressure.

4. GENERAL CONCLUSIONS

A catalyst can also make hydrogen and oxygen react before the gas mixture reaches the
flammability limit. A system of catalytic recombiners installed in the safety containment of a
nuclear reactor thus may avoid explosions, or even combustions, in an accident. The greater the
recombination rate and the number of recombiners, the lower the gas mixture reactivity can be
kept in a given accident or, inversely, the more severe the accident that can successfully be
managed, once a safety limit has been identified for the chemical composition of the gas mixture
(e.g. a 10% H2 volumetric concentration, according to 10 CFR 50.340-

The number of recombiners to be installed also depends on the rates of hydrogen production,
release and mixing, not only on the recombination rate of catalytic devices. In fact, there should
be enough recombiners so that the rise in the concentration of hydrogen is blocked when it
reaches the safety limit. At present, many studies are being carried out, with promising results,
to evaluate the hydrogen production rate, release and mixing, but as yet the computer codes are
unable to give very reliable estimates.

For this reason and since the number of recombiners needed to keep under control the most
severe accidents might be so high as to be impracticable (at least in the current nuclear safety
containments), hydrogen mitigation might be achieved by installing an ignitor system as well,
which primes a deflagration as soon as the gas mixture becomes flammable, so as to have a
burning rate as low as possible and loads thus better tolerated by containment structures and
safety related equipment. Also in this case, there are improvements in the capacity of estimating
burning rates and induced loads, but uncertainties still persist particularly about phenomena of
flame acceleration and deflagration-detonation transition. Deliberate ignition, however, never
increases the severity of the accident, because a flammable mixture sooner or later would
deflagrate in any case, because there certainly are uncontrolled ignition sources in the
containment.

Even in the presence of an ignitor system, catalytic recombiners might be useful to prevent
combustion in the least dangerous (and the most frequent) accidents and to delay ignition in the
most severe accidents. In addition, they can remove hydrogen before a possible venting, even if
the containment atmosphere has been inerted by steam released together with the hydrogen;
hence they could avoid explosions in the vent ducts or expensive inerting procedures in the
venting system. They would also reduce the marginal risk related to the uncertainties on
phenomena concerning flame propagation.



NOMENCLATURE

A
C

kl,k2 =
n =
P
PM =
Q
S
TR

V
VBR =
w =
X =

[X] =

flame surface area.
H2 molar fraction at the
recombiner inlet.
dimensional parameters.
number of moles.
pressure.
molecular weight.
volumetric flow rate.
burning velocity.
recombination rate of catalytic
devices.
volume.
volumetric burning rate.
hydrogen molar flow.
burned fraction of the volume
where a deflagration occurs.
molar density of X.

Tl
P
<t> =

Subscripts

a =
b
f
i =
1
m =
T
t =
u =
v =
0

recombiner efficiency
gas density.
fuel equivalence ratio.

air.
burned.
fuel.
inlet.
laminar.
macroscopic.
turbulent.
total.
outlet.
water vapor.
standard.
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Large steel containments are attractive because of their passive

ccolability from the outside, based on air natural convection.

However , in order to obtain an efficient heat removal from the

internal atmosphere, stratification should be avoided and an

Adequate internal air circulation should be assured. In this paper

the convection problem inside a large steel containment is

addressed and the related computational methodology investigated.

If the occurrence of a severe accident, i.e. core melting, ie

taken into account, the heat production is increased by

contribution due to water-metal reactions and hydrogen combustion.

The potential of natural convection in order to face these

accidental thermal sources must be evaluated as well as possible

degradation of the heat removal efficiency produced by the

consequences of core melting. The limits of natural convection

from thic point of view are therefore studied in the paper.

Finally, a study is performed to evaluate the consistency of the

heat removal requirements, which are to be met during a severe

accident, with possible safety provisions concerning the

protection of the containment shell from missiles or hydrogen

detonation effects. In this context, special regard has been given

to the relationship existing between air circulation and the

diffusion and transport or hydrogen inside the containment.



THE CANDU 3 CONTAINMENT STRUCTURE
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Introduction:

The design of the CANDU 3 nuclear power plant is being developed by AECL CANDU's
Saskatchewan office. CANDU 3 rated at 450 MW of net electrical power output is a smaller and
advanced version of the successfully operating CANDU plants. There are 24 CANDU nuclear
power plant units operating in Canada and abroad and eight units are under construction in
Romania and South Korea. The design of the CANDU 3 plant has evolved on the basis of the
proven CANDU design. The experiences gained during construction, commissioning and operation
of the existing CANDU plants are considered in the design. Many technological enhancements
have been implemented in the design processes in all areas. The object has been to develop an
improved reactor design that is suitable for the current and the future markets worldwide.

The existing design of CANDU containment structure is low pressure design with epoxy liner. It
can be constructed reasonably fast and relives overpressures gracefully. For such containments,
alternative liners can be applied to improve leak tightness or fibre reinforced concrete can be used
for future designs. Benefits of even faster construction schedule and simplification of designs
leads to higher design pressure containment concept for CANDU 3. The use of steel liner is
needed for the higher design pressure, further reduction of leak rate and the steel liner can be used
as formwork during construction for further reduction of construction schedule.

Throughout the design phase of CANDU 3, emphasis has been placed in reducing the cost and
construction schedule of the plant. This has been achieved by implementing design improvements
and using new construction techniques. Appropriate changes and improvements to the design to
suit new requirements are also adopted. In CANDU plants, the containment structure acts as an
ultimate barrier against the leakage of radioactive substances during normal operations and
postulated accident conditions. The concept of the structural design of the containment structure
has been examined in considerable detail. This has resulted in development of a new conceptual
design for the containment structure for CANDU 3. This paper deals with this new design of the
containment structure.

Functions of Containment Structure:

The main function of the containment structure is to provide a leak tight enclosure for the reactor
and associated equipment and systems. In addition to acting as a leak tight barrier, the thick
concrete wall of the containment structure acts as a shielding wall and protects personnel from
radiation. The containment structure houses and protects the reactor, fuelling machine, heat
transport systems, equipment and various systems in the reactor building from environmental
hazards such as the earthquake, wind and rainfall. The concrete walls of the containment are



designed to stop tornado generated missiles. The containment structure is capable of sustaining
internal pressures due to postulated accident conditions without the need of water sprays. It also
supports a variety of operational loads and is designed to withstand the effects of earthquakes.
It is also necessary that the construction of the containment structure be integrated with the
modular scheme of plant construction.

Containment Structure Concept:

The containment structure constitutes the outer boundary of the CANDU 3 reactor building. It
consists of a thick perimeter wall in the shape of a cylinder founded on a circular base slab at the
bottom and topped by a dome in the shape of a tori-sphere. The configuration of the containment
structure is shown in Figure 1, which gives a cross-section through the reactor building. The
containment structure is designed and constructed using reinforced concrete. In reinforced
concrete structures, steel reinforcing bars are placed in the formwork before placing concrete.
There is a steel liner located at the inner surface. The steel liner is used to obtain the leak
tightness of the containment structure. The liner is supported with the use of embedments from
the concrete wall. The steel liner also acts as a formwork during placement of concrete. The liner
for the perimeter wall is welded to the liner at the base slab and to the inner surface of the dome
so as to form a continuous barrier. In the base slab the liner is placed after completion of
concreting. A layer of concrete will be placed on top of the liner in the base slab for protection.
The dome liner also acts as the formwork for placement of concrete.

CANDU 3 containment structure is about 41 m in diameter and 47 meter in height. A change in
the design philosophy has eliminated the need for the dousing tank and the dousing system located
near the top of the reactor building of the CANDU 6. This reduces the height requirement of the
containment structure.

Structural Design Aspects:

Reinforced concrete is selected as the material for the construction of the containment structure.
Reinforced concrete is very versatile and common structural materials used in all forms of civil
construction. The long history of design, testing and experience from actual use of such structures
are available. This provides necessary assurance of the strength and durability of such form of
construction. Reinforced concrete has been widely used for construction of containment structures
in different parts of the world. Reinforced concrete structure is permeable and it is very normal
to have small hairline cracks due to tension. To eliminate the permeability of concrete a liner is
necessary. In the CANDU 6, the containment structure is made of prestressed concrete. A system
of postensioning with cables is used. The use of prestressed concrete eliminated tensile stresses
at the inside face and thereby reduced the potential of cracking. As a result, an application of an
epoxy liner is used. The postensioning however involves added complexity in the design and
construction requiring additional cost. In the CANDU 3 design concept, a reinforced concrete
structure with the steel liner is used to provide the leak tight barrier. The materials and structural
design of the containment structure must conform to the Canadian standards (References 1 and 2).



Containment Liner:

For CANDU 3, steel plates are used to form the liner in the inside surface of the containment
structure. The steel liner is attached to the concrete surface using designed embedments and
anchors. The materials used for fabrication of this liner follow the requirements in the CSA
standard (Ref. 1). The concept of the liner for CANDU 3 is different from other existing plants
where epoxy coating has been used. The use of a steel liner provides advantages in constructing
the containment structure in a relatively shorter time period.

Construction Schedule:

The reduction of the construction schedule played an important role in determining the conceptual
design of the CANDU 3 plant. The design concept is selected such that the construction schedule
can be substantially reduced compared with previous CANDU plants. In CANDU 3 plant, the
open top concept of construction has been adopted. The use of open top concept together with
modulerization is used to reduced the construction and installation time considerably.

The method and sequence of construction for the containment structure for CANDU 3 is different
from previous plants. The perimeter wall will be constructed using the jump form technique in
segments of several meters in height. The liner for the perimeter wall will be acting as the inner
formwork for placement of concrete. The external form will be advanced upwards in sequence
until construction of the wall is completed. In CANDU 3 the open top construction method will
be used. In this method, the top of the containment structure will be kept open for installation
of modules and equipment. Major equipment and modules are placed in the reactor building using
a very heavy lift (VHL) crane through the opening in the top. After installation of all equipment,
modules and structural steel the dome is closed to complete the containment structure. The
scheme of installation of modules through the top of the containment structure is shown in Figure
2. In existing CANDU 6 plants the perimeter wall is slipformed taking about three weeks of
around the clock operation. After that, the dome is constructed. Temporary openings are kept in
the perimeter wall to bring in the materials for construction of the internal structure and
installation of equipment. After completion of the work the temporary openings are closed. The
installation of equipment through the construction openings created many constraints in the
erection and installation works at the site. This concept has required a construction schedule of
60 months or more from the first concrete to in-service. This can be reduced by up to 12 months
for new CANDU 6 plants by incorporating "open top" construction.

The use of modulerization is a major factor contributing to a short construction schedule; 38
months from the first concrete to in-service for the first unit and for subsequent units 36 months.
Modular construction also requires that construction of modules and manufacturing of major
equipment must start before the first concrete date. In that way, many activities can be carried
out at the site in a parallel mode instead of a series mode. As a result, less numbers of site crew
will be working inside the reactor building at any time.



Pressure and Leakage consideration:

CANDU 3 containment structure is designed for a much higher pressures than the CANDU 6 ,
largely due to elimination of dousing. The design pressure due to LOCA without ECC of 230
kPa(g) is about 1.9 times higher than that for CANDU 6. At this design pressure the structural
integrity and leak tightness will have to be maintained. Additionally the containment structure
maintains its structural integrity during the steam main break condition.

For CANDU 3 the steel liner is considered to be a superior form of barrier. It is expected to
provide a higher degree of leak-tightness with increased reliability over epoxy. It is also
expected to be immune from degradation and aging will requiring maintenance and rework. As
a result a lower leakage rate is expected for CANDU 3 containment structure. The containment
structure will be subjected to the inaugural proof pressure and leakage testing according to
Canadian standard (Reference 2).

Maintenance Consideration:

CANDU 3 plant is designed for a design life of 100 years. Therefor, provisions are made to
replace components whose design life is less than 100 years. One of the major components that
may need replacement is the steam generator. To replace the steam generator it will be necessary
to cut holes in the top of the dome during a planned outage; the steam generator would then be
exchanged using a VHL crane. After replacement the hole will be closed. This aspect of steam
generator replacement has been considered in the concept of the containment structure. The use
of reinforced concrete as the construction material provides this flexibility to cut holes in the
structure and reconstruct at a later time.

Advantages of the CANDU 3 Design:

The current design for the CANDU 3 has the following advantages:

(a) Similar concept has been successfully used for other power plants in the USA, Japan and
Europe. Consequently information is available from experience in other plants which can be
utilized.

(b) The concept is economically attractive. Cost comparisons show a lower effective cost over
other alternative concepts that have been evaluated.

(c) The design is integrated with the project objective of reducing the construction schedule and
is well coordinated with the modular open top construction scheme. This results in reduction of
the total project cost.



(d) The design and construction efforts will be less for reinforced concrete compared with
prestressed concrete. Prestressed concrete design involve additional complexity. Moreover selection
of the vendor for the prestressing system affects the design details. Construction of prestressed
concrete requires additional materials and more number of operations are necessary. This also
eliminates inspection and retensioning requirements for post tensioning cables - likely a
requirement for new plants.

(e) The containment is expected to exhibit superior leak-tight performance and be less susceptible
to degradation due to aging.

CADD Modelling Consideration:

In the recent years there have been dramatic advancements in the CADD design area due to use
of powerful computers and software. The design of CANDU 3 takes full advantage of the
currently available technology in design work. CADD's three dimensional modelling capability
has been utilised in creating the graphic model of the whole plant. Project data resides in an
integrated data base which is kept updated and accessed by users in different disciplines. The
same data can be transferred to various analysis and design software avoiding manual interfacing.
Using software intelligence, interferences can be detected early and corrected. This is likely to
generate designs having more uniformity and less inconsistency of technical information.

Analysis and Design:

Canadian standards for the concrete containment structure (Reference 3) are used for design and
analysis works. Analysis is done using the finite element based computer programs which needs
the use of high performance computers. The structural design of the containment structure requires
repetitive calculations which can be effectively programmed. Specially developed design software
are used for the design of the containment structure. The simulation of the containment structure
commonly called the analysis model will be created using the integrated database for the CADD's
graphic model.

Three dimensional finite element models of the containment structure using plate elements have
been created for the containment structure using the ANSYS computer program. Such models have
be analyzed for postulated loading conditions. In addition to normal operating loads severe loads
during postulated accident condition or environmental conditions are considered. Such analyses
have provided assurance of the validity of the concept. The finite element model for the
containment structure showing the airlock opening used for stress analysis is shown in Figure 3.



Conclusions:

The CANDU 3 containment structure is an advancement in the concept and possess superior
design features. The concept is economic and provides necessary protection against normal and
abnormal loads. Construction of such structure has been integrated in an efficient construction
schedule using the open top construction approach. Such containment structure has been
standardised for CANDU 3. Further evolutionary concepts to incorporate passive heat sink
concepts are being developed for future CANDU plants.
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ABSTRACT

Containment system integrity for both PWRs and BWRs
can be assured by passive measures highlighted the use
of an accessory Bubble Tower. The utilization of the
Bubble Tower precludes the possibility of containment
overpressurization. From the thermodynamic stand-
point, the Bubble Tower is simply water column of about
120 ft. height attached to the containment and connected
to the air space above the suppression pool of a BWR,
or a PWR In-containment Refueling Water Storage Tank.
From the radiological protection standpoint, the Bubble
Tower is a water column sufficient to effect decontami-
nation factors of at least 100 for nuclide species other
than the noble gases, and with the addition of organic
solubilizers sufficient to effect decontamination factors
of at least 10 iodides and at least 100 for other nuclide
species. When containment steam or noncondensible
gas passes through the Bubble Tower, a significant frac-
tion of the radionuclides is absorbed by the water col-
umn. When a cost-benefit dose evaluation is performed
relative to the utilization of a Bubble Tower, even under
conditions where the dollars per man-rem is taken as
$1000, the results are favorable. They are substantially
more favorable when the dollars per man-rem is taken
as $5000 or $10,000 as are the current trends.

DESIGN BASIS ACCIDENT (DBA) AND PASSIVE
CONTAINMENT SAFETY SYSTEM MITIGATION

When a postulated loss of coolant accident (LOCA) takes
place simultaneously with a station blackout (SBO), but
the integrity of the core is maintained (no core melt) for
an extended period of time, it has been demonstrated
that passive containment cooling system features alone
such as natural convection and radiation can reduce
reactor decay heat following a design basis accident
(DBA), and assure containment integrity (Ref 1,2, and
3). In this scheme, ambient air enters the annular air
space between the containment steel shell and the sur-
rounding concrete shield building through inlets at the
shield building lower elevations, is heated by the con-
tainment steel shell via natural convection and radia-
tion, rises, and exits the shield building through an open-

ing located above the containment dome. Although this
passive air cooling is adequate to reduce reactor decay
heat for the New Production Reactor (NPR) and the
Advanced Neutron Source (ANS), the high energy re-
leased to the containment immediately following a
LOCA in power reactors requires additional means of
passive cooling during the early phases of a LOCA.

Reference 3 demonstrates that the boiling water
reactor's (BWR) suppression pool scheme when supple-
menting the passive air cooling scheme described in
References 1 and 2, can provide sufficient passive con-
tainment cooling for CE's System 80+ power reactor.
Similarly, according to Reference 3, Westinghouse's AP
600 plant employs water dowsing from the top of the
containment steel shell initially until the tank water is
exhausted, after which passive air cooling is engen-
dered.

THE BUBBLE TOWER AND CONTAINMENT
INTEGRITY DURING A SEVERE ACCIDENT

When a DBA transforms into a severe accident due to
significant core melt and/or the failure of safety miti-
gation systems, containment pressure and temperature
can reach levels much beyond design pressure and tem-
perature levels due to hydrogen generation, deflagra-
tion, possible steam explosion and direct containment
heating. These high containment pressures and tem-
peratures cannot be relieved and cooled by passive con-
tainment cooling systems alone. When such conditions
prevail, the Bubble Tower will passively relieve contain-
ment pressure, and remove in its water column the bulk
of the non-noble gas radioactive material including the
organic iodides. Thus during a postulated severe acci-
dent the Bubble Tower can serve both to relieve con-
tainment pressure when the containment pressure ex-
ceeds design pressure, and to substantially remove the
radionuclides released by virtue of the height of its water
column, and the provision of convoluted flow paths and
organic solubilizers bo enhance the decontamination
factors vis a vis significant contributors to environmen-
tal dose.

BOO87(M).NY



The Bubble Tower is designed to seismic category I, and
meets safety standards of NUREG-0800 (Ref. 4). The
prestressed concrete construction follows ACI-439 (Ref.
5) nuclear safety related codes and ANSI/AWWA (Ref.
6) standards for pressurized tanks. In the Bubble Tower
water column, organic solubilizers are introduced and
maintained to afford a DF of at least 10 for the organic
iodide species which have a major role in environmen-
tal- impact dose assessment.

The radioactive contaminants in the containment atmo-
sphere may vary from reactor coolant radionuclide in-
ventories (DBA without core melt) to substantial frac-
tions of core inventory which are 10 million times as
large as reactor coolant inventories (substantial core
melt).

Present thinking per proposed NUREG-1465 (Ref. 7)
based on TMI lessons-learned pertaining to the
radiocesiums, principally Cs-137, also postuates that the
organic iodide chemical constituency in the reactor cool-
ant released to the suppression pool would be 0.25%
radioiodine rather than the currently postulated 4% if
the reactor coolant chemistry is basic rather than acidic.
Adopting this assumption for analysis would have been
less stringent, but also less conservative, therefore we
assumed a nonbasic chemistry and the constituency of
4% organic iodide in the reactor coolant for the sake of
conservatism. Moreover, lessons-learned from the TMI
accident dictate that 50% of the radiocesium, Cs-137 and
Cs-134, could be released to the containment atmo-
sphere rather than the 1% customarily assumed for all
solid fission products as per the earlier TID-14844 docu-
ment (Ref 8). This paper combined the conservative as-
pects of TID-14844 and the conservative postulations
of proposed NUREG-1465 for its evaluations.

DOSE EVALUATION AND COST BENEFIT

In order to compare the potential worst case effects of
boundary site exposure dose to a hypothetical indi-
vidual in the environment for the cases of having a
Bubble Tower and not having a Bubble Tower connected
to the containment, the worst case TID-14844 and
NUREG-1465 postulations of 100% noble gas, 25%
radioiodines, including 4% organic iodide, and 1% solid
fission products, other than 50% Cs-137 were used, and
assumed to be immediately discharged to the contain-
ment atmosphere.

Specification containment leakage of 0.05% of contain-
ment air volume was assumed during the first day.
Containment spray was operative, and the analytical

model, which was time-dependent and followed the
activity inventories of an ensemble of some 75 radionu-
clides, The model took the customary credits for spray
removal, plateout, decay factor, and containment air-
borne leakage per unit time. In addition, exposure doses
were converted into $1000 per man-rem and $10,000 per
man-rem, and a comparative cost benefit analysis un-
dertaken to determine the cost-effectiveness and utility
of the Bubble Tower.

DOSES

The thyroid inhalation dose for 0-2 hours to a hypo-
thetical individual at a representative boundary site was
taken as an exposure dose measure for the evaluations.
The meteorological dispersion factor X/Q was taken as
a representative 5E-4 relative to the boundary site. Also
used as a measure was the cumulative effective dose
equivalent (CEDE) to a hypothetical individual at the
representative boundary site for the first two hours. The
CEDE is the cumulative organ dose normalized to whole
body dose by the respective organ dose weighting fac-
tors. Flow through the Bubble Tower which constitutes
a passive safety feature to relieve Containment
overpressurization and remove radioactive contamina-
tion was parametrically and discretely considered as
either 10,100 or 1000 cfm through a 120 ft high effective
water column. The water column has features provid-
ing a schedule of decontamination factors (DFs) before
release of air to the environment. These are shown in
Table 1.

BUBBLE TOWER

Noble Gas
Elemental Iodine
Participate Iodine
Organic Iodine
Solid Fission Product

SUPPRESSION POOL

Noble Gas

Elemental Iodine
Particulate Iodine
Organic Iodine
Solid Fission Product

Table 1

DECONTAMINATION FACTORS

1

100
100

10
100

DECONTAMINATION FACTOR:

2
10

10
5

10

The calculated contribution of airborne design release
through the Bubble Tower even at 1000 cfm contributes
about 52% to the boundary site thyroid inhalation dose
limitation of 300 rem for as given in 10 CFR100 (Ref. 9).
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COST BENEFIT

The utility of a protection scheme such as the Bubble
Tower can be evaluated through cost-benefit analysis
when one translates man-rem exposure to a common
denominator such as dollars. In 1971, the Otway paper
(Ref. 10) was published which listed dollar values for
the man-rem from $10 to $998. The U.S. Atomic Energy
Commission reviewed papers of this nature and sur-
mised that a conservative estimation of dollars per man-
rm would be $1000. Current thinking among diverse
sources as Brookhaven National ALARA center, the
Pacific Rim nuclear power plant operators, and others
has been to operators and others has been to raise the
dollar figure per man-rem to as high as $10,000, and we
will utilize both values in our analysis.

All of our cost benefit analyses initiate from the point
of an incident having occurred which threatens to trans-
form the accident into a severe accident. The question
we sought to answer was thus: What is the cost differ-
ential between preserving containment integrity by uti-
lizing a passive feature such as the Bubble Tower and
virtually precluding overpressurization, versus not us-
ing the Bubble Tower and substantially increasing the
chance of overpressurization and not preserving con-
tainment integrity?

The cost-benefit evaluations require the consideration
of all pertinent cost factor contributors, and associated
probabilities or weighting factors such as:

• Modes of exposure dose, whole body dose, thy-
roid dose, etc., converted to dollars

• Organ weighting factors associated with inhalation
exposure dose

• Probabilities of transforming from an incident to a
severe accident with loss of containment integrity
both with and without the Bubble Tower

• Contributory costs such as the fixed cost of the
Bubble Tower, the cost of plant downtime with and
without the Bubble Tower, and the probable cost
of permanent plant shutdown in case of a severe
accident

In our analysis of man-rem exposure, it was necessary
to consider virtually all modes of exposure dose such
as gamma cloud submersion dose, beta cloud skin dose,

and organ inhalation dose. The latter was a summation
of weighted organ inhalation dose from thyroid through
bone surface through lung inhalation dose, etc., normal-
ized to total body or whole body dose in man-rem and
translated into dollars using the $1000 or $10,000 per
man-rem figure. The summation of dollars was then
translated into probable dollars by multiplying by the
estimated probabilities of occurrence. The baseline for
the analysis was that the incident had occurred but had
not yet been transformed into a severe accident where
the containment integrity was threatened. The question
we sought to answer was: What is the cost differential
between preserving containment integrity by utilizing
a passive feature such as the Bubble Tower and preclud-
ing overpressurization, versus not preserving contain-
ment integrity by not using such a passive feature? The
cost benefit analysis turned out to be clearly favorably
disposed towards having a Bubble Tower from a dol-
lars standpoint. Considering the cost of installing the
Bubble Tower and the dollar equivalent of inhalation
man-rem exposure at the boundary site by way of re-
lease or leakage of containment atmosphere airborne
contamination to the environment, the cost benefit for
the case of having a Bubble Tower is more favorable
than the case of not having a Bubble Tower by a factor
of about 14 at 10 cfm, by a factor of about 15 at 100 cfm,
and by a factor of about 185 for 1000 cfm even for the
assumption of 1000 dollars per man-rem. See Table 5
for cost benefit work sheet evaluation.

From the standpoint of exposure dose, the Bubble Tower
was substantially more favorable than the case of hav-
ing no Bubble Tower. In fact the conclusion could be
reached that the Bubble Tower in all cases up to 1000
cfm design venting of the containment atmosphere
would pass the exposure dose strictures of 10 CFR 100
relative to the thyroid while the total effective dose
equivalent or TEDE, which includes the cumulative or-
gan dose equivalent or CEDE would stabilize at less
than 42 rem while the thyroid and TEDE dose would
be substantially larger and increase with increasing vent
rates; if there were no Bubble Tower, for example, in the
case of 1000 cfm release rates, the thyroid dose and the
TEDE would reach respectively 96,200 rem and 37,200
rem during the first two hours. See Tables 2 and 3.
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Table 2

TWO-HOUR INTEGRATED BOUNDARY SITE
THYROID INHALATION DOSE (REM)

LEAKAGE
AND/OR
FLOW

2 10cfm

2 100 cfm

§ 1000 cfm

CONTAINMENT
SPEC LEAKAGE
EXCEEDED

972 rem

9710 rem

96200 rem

CONTAINMENT
SPEC LEAKAGE

+BUBBLE TOWER FLOW

77.6 rem

86.3 rem

172.8 rem

Criterion of 300 Rem thyroid dose to hypothetical per-
son at boundary site is cited as limitation in 10 CFR
100 for first two hours after occurrence of accident.

Containment Spec Leakage is taken as 0.05% the first
day, and its contributory boundary site dose is 76.6 rem.

Table 3

TWO-HOUR INTEGRATED BOUNDARY SITE
TOTAL EFFECTIVE DOSE EQUIVALENT (TEDE) WHICH

INCLUDES CEDE INHALATION DOSE FOR ALL
ORGANS (REM)*

LEAKAGE
AND/OR
FLOW

a 10 cfm

9 100 cfm

S> 1000 cfm

CONTAINMENT
SPEC LEAKAGE

EXCEEDED

379 rem

3790 rem

37200 rem

CONTAINMENT
SPEC LEAKAGE

+ BUBBLE TOWER FLOW

34.5 rem

35.1 rem

41.0 rem

No criterion given for TEDE to hypothetical person at
boundary site in 10 CFR 100. Organ weighting factors
were used for this analysis, and CEDE was added to
whole body cloud submersion dose.

Containment Spec Leakage taken as 0.05% the first day,
and its contributory boundary site dose is 34.5 rem.

SUMMARY AND CONCLUSIONS

1. The passive feature such as the Bubble Tower can
preclude containment overpressurization ensuant
from a severe accident and at the same time pro-
vide acceptable environmental protection contra
radioactive airborne emissions.

2. The Bubble Tower can be operative in the range
up to 10,000 cfm and still be within the acceptabil-
ity limits of 10 CFR 100 respecting thyroid dose for
the first two hours after the accident.

3. The Bubble Tower can be operative in the range
up to 10,000 cfm and still minimize the total effec-
tive dose equivalent (TEDE) to less than 45 rem for
the first two hours after the accident.

4. The containment with the Bubble Tower has a very
favorable cost edge over the containment without
the Bubble Tower relative to the equivalent cost of
man-rems, operational downtime cost, fixed cost
for building the Bubble Tower, etc.

5. The containment with the Bubble Tower has a very
favorable environmental edge over the contain-
ment without the Bubble Tower relative to expo-
sure dose during the first two hours after the in-
cipience of the accident particularly in the realm
of thyroid dose and total effective dose equivalent
(TEDE).

Laakaga
and/or
Flow to

Table 4

COST-BENEFIT EVALUATION OF THE
BUBBLE TOWER

FOR $1000 AND $10,000 PER MAN-REM

COST (DOLLARS)*

WITH BUBBLE TOWER WITHOUT BUBBLE TOWER

OtiOOOpar 0110,000 per SSIOOOper 0$1o,OOOpar
man-ram man-ram man-ram man-ram

@ 10 cfm 4.03E+7 4.35E+7 1.02E+8 4.77E+8

©100 Cfm 4.04E+7 4.35E+7 6.29E+8 5.75E+9

©1000 Cfm 4.04E+7 4.41 E+7 7.50E+9 7.45E+10

• Cost takes into account the probability of containment
leakage exceeding spec, and the probable loss of con-
tainment integrity both with and without the Bubble
Tower, and the man-rem exposure consequences of ex-
cessive leakage and loss of containment integrity trans-
lated into dollars. Cost also includes the cost of Bubble
Tower downtime and installation, and the cost of down-
time or inoperability for a plant without the Bubble
Tower safeguard.

When the Bubble Tower is available, the costs are rela-
tively fixed since the cost of man-rem exposure is not a
significant cost factor; the contrary is true when the
Bubble Tower is not available.
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PROBABILITY OF
CONTAINMENT
LEAKAGE BEYOND
SPEC (After DBA initiates)

PROBABILITY OF
CONTAINMENT
BREACHMENT
(After DBA initiates)

EXPOSURE (MAN-REM)
per 1000 person

EXPOSURE DOLLARS
per 1000 persons

@ $1000 per MAN-REM
@ $10,000 per MAN-REM

Table 5

COST-BENEFIT WORK SHEET EVALUATION

©

BUBBLE
TOWER

0.01

1.0E-4

34.5

3.45E+7
3.45E+8

PROBABLE EXPOSURE DOLLARS
per 1000 persons

LEAKAGE BEYOND SPEC
@ $1000 per MAN-REM
@ $10,000 per MAN-REM

CONTAINMENT BREACH
@ $1000 per MAN-REM
@ $10,000 per MAN-REM

3.45E+5
3.45E+6

3.45E+3
3.45E+4

TOTAL PROBABLE EXPOSURES
DOLLARS per 1000 persons

©$1000 per MAN-REM
@ $10,000 per MAN-REM

PLANT PROBABLE
DOLLAR LOSS

COST OF BUBBLE TOWER

TOTALS

© $1000 per MAN-REM
@ $10,000 per MAN-REM

3.48E+5
3.48E+6

3.00E+7

1.00E+7

4.03E+7
4.35E+7

10cfm

NO BUBBLE
TOWER

0.1

0.01

379

3.79E+8
3.79E+9

3.79E+7
3.79E+8

3.79E+6
3.79E+7

4.17E+7
4.17E+8

6.00E+7

1.02E+8
4.77E+8

@ 100 cfm

BUBBLE
TOWER

0.01

1.0E-4

35.1

3.51 E+7
3.51 E+8

3.51 E+7
3.51 E+8

3.51 E+3
3.51 E+4

3.55E+5
3.55E+6

3.00E+7

1.00E+7

4.04E+7
4.35E+7

NO BUBBLE
TOWER

0.1

0.01

3790

3.79E+9
3.79E+10

3.79E+8
3.79E+9

1.90E+8
1.90E+9

5.69E+8
5.69E+9

6.00E+7

6.29E+8
5.75E+9

©

BUBBLE
TOWER

0.01

1.0E-4

41

4.10E+7
4.10E+8

4.10E+5
4.10E+6

4.10E+3
4.10E+4

4.14E+5
4.14E+6

3.00E+7

1.00E+7

4.04E+7
4.41 E+7

1000 cfm

NO BUBBLE
TOWER

0.1

0.01

37200

3.72E+10
3.72E+11

3.72E+9
3.72E+10

3.72E+9
3.72E+10

7.44E+9
7.44E+10

6.00E+7

7.50E+9
7.45E+10
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Transition to Detonation in HyAir/Steam Flames

C.K. Chan, D. Greig and W. Dewit

AECL Research
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Pinawa, Manitoba ROE 1L0

ABSTRACT

On the basis of experimental observation, the detonable range for Ifyair mixtures
(using solid explosive as initiation source) at 1 atm initial pressure and 20°C is between
11.6 and 74.9 percent of hydrogen by volume. Steam plays an important role in reducing
this detonable range. The presence of steam not only reduces the volume percentage of
H2 and air, it also acts as an effective heat removal medium. Detonation has not been
observed in any H^/air/steam mixture containing more than 38.8% of steam. Under
accident situations, high energy sources (such as solid explosives) that can cause direct
initiation of detonation are not present. A detonation wave can only be created by way of
a transition from deflagration. Since the energy density available for the transition process
is limited to the energy content of the mixture itself, whether the limiting condition for
transition to detonation is identical to that of the reported detonability limits is uncertain.

Transition from deflagration to detonation for H2/air/steam mixtures was
examined in a 28 cm diameter, 6 m-long, combustion tube. An electrical spark (~1 mJ),
located at one end of the tube, was used to ignite the gas mixture. A flame (or a
deflagration) was created by such an ignition source. Baffle-type obstacles (with a
blockage ratio of 0.3) were mounted along the axis of the tube to promote flame
acceleration. Upon ignition, an expanding flame front was observed to accelerate very
rapidly as it propagated down the tube. For some mixtures, transition to detonation
occurred after the flame had accelerated to beyond certain critical velocities. It was
observed that the limiting hydrogen concentrations for transition to detonation were about
15%, 17% and 20% for mixtures containing 0%, 10% and 20% of steam by volume
respectively. Transition to detonation was not observed for a mixture containing 30%
steam in the present experiments. These results are in good agreement with the data
reported by Sandia on similar mixtures. On the basis of these results, it is also possible to
establish a necessary (but not sufficient) criterion for transition to detonation in terms of
the detonation cell size (A.) and the diameter of the tube (d). The necessary criterion for
the detonable range for H2/air/steam mixtures was found to be X/d < 1. This implies that
transition to detonation in not possible for a mixture that has a detonation cell width larger
than the above critical value. It also implies that the detonation limit is not necessarily an
intrinsic property of the mixture. The detonation range of a mixture is directly related to
the configuration of the boundary that confines it. The transition distances (distance
between the point of ignition to the point of onset of detonation) were also measured in
the present experiments. It was observed that the transition distance can be correlated
using the laminar burning velocities of the mixtures.



GAS MIXING UNDER THE INFLUENCE OF THERMAL-DYNAMIC
PARAMETERS SUCH AS BUOYANCY, JET MOMENTUM

AND FAN-INDUCED CONVECTION

C.K. Chan and S.C.A. Jones
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ABSTRACT

Various scaling parameters for simulating mixing under the influence of
buoyancy, jet momentum, and fan-induced convection were examined. Their
significance was assessed by comparing the mixing of helium (a simulant for hydrogen)
with air in a large-scale enclosure (1.8 m x 1.8 m x 1.8 m) to the mixing of salt-water
with fresh-water in a small-scale enclosure (1/6 the size). The advantage of using the
salt-water/freshwater technique is that it allows the characteristic flow regime (either
turbulent or laminar flow) in the full-scale containment to be maintained in the reduced-
scale containment. A smoke technique for flow visualization was used to examine the
mixing of the helium with air. For the small-scale salt-water/fresh-water experiment,
fluorescent dye was used to provide a means to visualize the mixing process. The
mixing behaviour in both sets of experiments were analyzed based on video records and
concentration measurements in ten locations. Measurements showed that depending on
the recirculation and jet flow rates, the injected salt-water (in small-scale experiments)
and helium (in large-scale experiments) can disperse sufficiently quickly to produce an
essentially "well mixed" condition rendering the concentration measurements
insensitive to the variation in the Froude or the Grashof Numbers.

AECL Research
Whiteshell Laboratories

Pinawa, Manitoba ROE 1L0
Canada



GAS MIXING UNDER THE INFLUENCE OF THERMAL-DYNAMIC
PARAMETERS SUCH AS BUOYANCY, JET MOMENTUM

AND FAN-INDUCED CONVECTION

C.K. Chan and S.C.A. Jones

1. INTRODUCTION

During some postulated loss-of-coolant accidents in nuclear power
plants, hydrogen may be produced and subsequently released through a break in the
primary heat transport system to the containment atmosphere. This may lead to the
formation of a flammable hydrogen/air/steam mixture. The rate of combustion of such
a mixture and the associated pressure rise that may impact on the integrity of the
containment depends strongly on the composition of the mixture. If the released
hydrogen is uniformly distributed inside the containment, the resulting mixture is
relatively insensitive. Burning of such a mixture is unlikely to pose a risk to the
integrity of the containment. However, if the hydrogen is not distributed uniformly,
local regions containing high concentrations of hydrogen can be created. Burning of
these sensitive mixtures may create blast waves that can pose a danger to nearby safety
equipment or to the integrity of the containment building itself. A knowledge of the
hydrogen distribution within containment is thus important in containment safety
analysis.

Generally speaking, it is impractical to conduct a large number of gas-
mixing experiments in a full-scale reactor containment. Therefore, experiments may
have to be performed in a reduced-scale containment. In order to extrapolate reduced-
scale results to full-scale situations, the flow characteristics in the full-scale
containment have to be maintained in the reduced-scale containment. This may
necessitate selecting working fluids for the reduced-scale containment with densities
different from hydrogen and air . For example, the working fluids can be salt-water
and fresh-water. The principal advantage of using the saltwater/fresh-water technique
is that it allows the flow regime (either turbulent or laminar flow) in the full-scale
containment to be maintained in the reduced-scale containment [1,2,3].

In our earlier work [1,2], we conducted experiments in two Plexiglas
enclosures, one of which was a 1/6 linear scale version of the other, to test the scaling
parameters. We identified geometric similarity and the densimetric Froude number as
the scaling parameters for mixing under the influence of buoyancy and jet momentum.
The present study is an extension of the previous work. Its objective is to examine the
mixing process that is controlled by the combined effects of buoyancy, jet momentum,
and fan-induced convection. In this paper, we will first propose a few scaling
parameters and briefly discuss each of them. Based on experimental results, we will
assess the significance of these proposed scaling parameters.



2. SIMILARITY ANALYSIS

This approach is based on the idea that the law governing a physical
process must be independent of the system of units used to measure its characteristics.
This concept leads to the determination of dimensionless groups characterizing the
process. These dimensionless groups are often referred to as similarity parameters. It
is well known that these parameters can be used to relate physical phenomena occurring
in full-scale and reduced-scale situations. These parameters can be categorized roughly
into three groups: geometric similarity, dynamic similarity, and kinematic similarity.

2.1 Geometry Similarity

In order to simulate a certain full scale behaviour with a reduced model,
the geometry (including all relative dimensions) of the model has to be the same as the
full-scale counterpart. This criteria usually poses little difficulty when setting up
scaling experiments. The large-scale and reduced-scale enclosures used in our
experiment are geometrically identical.

2.2 Dynamic Similarity

Dimensionless parameters can be created by relating the driving forces of
the dominant physical processes with one another. For mixing under the influence of
buoyancy, jet momentum, and fan-induced convection, the Froude number and the
Grashof number are expected to be the key similarity parameters. The Froude number
for Helium/air mixing, Frg = (pjje x Yp)/L(Pair" PHe)S» *s a rati° ° f t n e buoyancy
force to the inertia force, and the Grashof number, Grg = g(Pair~PHe)^/(Pair x ^air^)«
is the ratio of the buoyancy force to the viscous force. In these parameters, L is the
characteristic length of the enclosure, p is the density, g is the gravitational acceleration,
v is the kinematic viscosity, and V is the jet velocity.

*
Unfortunately, in most situations, the Froude number and the Grashof

number cannot be satisfied at the same time. Depending on the flow conditions, one
parameter has to be chosen as the controlling parameter. For example, for jet
momentum dominated flows, it is reasonable to expect that the Froude number would
be the critical parameter. On the other hand, for buoyancy dominated flow, the
Grashof number is the critical parameter. To decide whether the flow is controlled by
jet momentum or by buoyancy, a third group of similarity parameters has to be
examined.

2.3 Kinematic Similarity

The main function of this group of parameters is to provide guidance to
modelers in choosing the right dynamic similarity parameter. Since these parameters
are not used directly in the similarity analysis, the choosing of them can be very
subjective. There are no rigid guidelines in creating these groups of parameters. In
our present situation, we would like to know whether the flow is dominated by the jet



momentum, buoyancy or recirculation. Therefore, the ratio of the jet flow rate to the
fan induced recirculation flow rate, Qj/Qrec» an^ t n e rat^° °f t n e characteristic time for
the jet and the characteristic time for the fan induced convective flow, tj/trec =
(Dj/Vj)/(L3/Qrec), are reasonable choices for this group of parameters. In the next
section, we will describe how these parameters were examined to determine which ones
should prevail in the scaling of mixing.

3. EXPERIMENT

3.1 Apparatus and procedures for gas mixing experiments

Figure 1 shows a schematic diagram of the experimental apparatus. The
major components of the apparatus include a gas feed tank, a flow rate meter, a smoke
generation box, and a Plexiglas enclosure ( 1 . 8 m x l . 8 m x l . 8 m ) . We also connected
two horizontal hoses to a recirculation pump (fan blower) to simulate a fan or
ventilation in the reactor containment. To visualize the distribution of helium in the
enclosure, smoke (as a tracer) was added to the helium. A 35-mm camera and a video
camera were used to record the flow pattern of helium.

To determine the mixing rate, concentrations at 10 locations in the
enclosure were monitored. The analyzers used to measure gas concentration are Nova
Instruments gas analyzers. These analyzers are designed to detect helium in a non-
corrosive gas stream by measuring the thermal conductivity of the gas mixture. As a
result, flow visualization experiments (using smoke) and the concentration experiments
were performed separately.

3.2 Apparatus and procedures for liquid mixing experiments

Figure 2 shows a schematic diagram of the experimental apparatus used
for the liquid-mixing experiments. The apparatus includes a salt-solution storage tank,
pumps, an overflow constant-head tank, the test container, and several rotameters. The
test container is made of Plexiglas and has dimensions of 0.3 m x 0.3 m x 0.3 m. The
linear scale factor between the small (for liquid mixing) and large (for gas mixing) test
containers is 1/6. Similar to the gas mixing experiments, two horizontal hoses
connected to a recirculation pump (fan blower) to simulate a fan or ventilation in the
reactor containment were installed to the container.

Fluorescent dye (Aldrich Chemical Co. Inc., Milwaukee, Wisconsin)
was added to the salt water to reveal the flow pattern in the liquid-mixing experiments.
Because the solubility of fluorescent dye in water is very low, a small amount of
methanol was used to dissolve the dye before mixing it with salt water. A 35-mm
camera and a video camera were used to record the flow patterns revealed by the
fluorescent of the dye inside the container. Similar to the gas-mixing experiments, the
salt concentration at 10 locations inside the tank were monitored. The instrument used
for liquid concentration measurement is a digital conductivity meter with a flow



through conductivity cell attachment.

4. RESULTS

4.1 The Effect of Froude Number

Froude number is the ratio of jet inertia force to the buoyancy force. One way to
examine the effect of the Froude number is to vary the incoming jet velocity while
keeping the total flow rate constant. This can be achieved by simply varying the jet
diameter. Experiments were performed with jet velocities equal to 10.0 cm/s and 2.51
cm/s. The Froude numbers for these experiments were 9.2x10"^ and 5.7x10"^
respectively. Figures 3 and 4 show the jet structure (distribution of helium) in these
experiments. Qualitatively, they look quite similar. This series of experiments show
that for the range of Froude number considered, Froude number is not the dominant
scaling parameter. Similar experiments were performed with the reduced-scale liquid
mixing apparatus. The jet velocities were set at 8.5 cm/s and 0.53 cm/s. The Froude
number were 2.8xl0~2 and 1.1x10"* respectively. Figures 5 and 6 show the jet
structure (distribution of salt water) for this series of experiments. Similar to the gas
mixing experiments, the jet structures were very similar. These experiments further
confirm that the Froude number is not the dominant scaling parameter for quantifying
the mixing process.

4.2 The Effect of Grashof Number

Grashof number is the ratio of buoyancy force to the viscous force. In
buoyancy dominated flows, this dimensionless group has been demonstrated to be the
critical scaling parameter. In the previous set of experiments (varying Froude
number), the Grashof number for all three gas mixing experiments was 1.99x10** (the
fluid in the incoming jet consisted of 100% helium), while the Grashof number for the
corresponding liquid mixing experiments was 1.54x10*0. The similarity of the jet
structure in these two series of experiments suggests that the mixing process is not
significantly affected by an order of magnitude change in the Grashof number.

To further examine the effect of the Grashof number, similar
experiments were repeated using a 10% helium/90% air mixture as the jet fluid. The
Grashof number was 1.99xl0*0for all experiments. Photographs in Figs. 7 and 8
show the structure of a 10% helium/90% air jet having jet velocities of 175 cm/s and
2.5 cm/s respectively. The jet structures in these figures appear to be very different. It
is quite evident that for the type of flow fields being examined (having a strong fan-
induced convective flow), the Grashof number alone cannot sufficiently quantify the
mixing process.

4.3 The Effect of Qj/Qrec



Qj/Q rec is the ratio of the incoming jet flow rate to the fan-driven
recirculation flow rate. It characterizes the relative importance of the two flows. A
small Qj/Qrec implies that the flow field is dominated by the fan-driven recirculation
(fan induced convection). However, for a fixed flow rate, the significance of this
similarity parameter decreases as the size of the enclosure increases. All experiments
reported thus far have a Qj/Qrec equals to 5.5xlO~2. This suggests that the global flow
pattern in the enclosure is dominated by the fan-induced convective flow. To further
examine the effect of Qj/Qrec o n t n e mixing process, two sets of experiments were
performed (i) with the recirculation flow rate reduced by a factor of two, (ii) with the
jet velocity reduced by a factor of two. Photographs in these experiments further
support the suggestion that the mixing process is dominated by the fan-induced
convection. It should be noted that since this parameter is a global flow parameter, it
cannot provide information on local phenomena, such as jet/fan-induced convective
flow interaction. Therefore, to analyze the jet structure, other parameters are needed to
provide additional information on the flow field.

Even though photographic information is qualitative in nature, it has
been demonstrated in this section that video records can provide a certain perspective
on the mixing process that is difficult to achieve by other means. In an attempt to
further understand the mixing mechanism, we have conducted concentration
measurements on selected gas mixing and liquid mixing experiments.

4.4 Concentration Measurements

Helium concentrations at 10 locations were measured in both sets of
experiments. Figures 9 and 10 show the normalized concentration measured by probe
1 to probe 5 and probe 6 to probe 10 respectively as a faction of T*. T* is a
normalized time defined as Ki(t/(Vol/Qj)) where t is the real time, Vol is the volume
of the enclosure, Qj is the jet flow rate and Kj is a proportional constant. The
normalized concentration, C^*, is defined as C/Cj, where Cj is the helium
concentration in the incoming jet (100% for the present experiment). These results
show that probes near the top (e.g. C4, C5, C9 and C10) detected an increase in
helium concentration ahead of the probes near the bottom as expected. However, it is
very surprising that all probes detected an almost linear increase in helium
concentration as time increases. Furthermore, the concentration difference between the
top probes and the bottom probes are remains less than 1.5% at all time. These results
indicate that the mixing of the jet fluid (100% Helium) with the air in the enclosure is
very rapid and that the recirculation flow also redistributes the dispersed helium
through out the enclosure in a very short time. The enclosure attained an essentially
"well mixed" condition very quickly. Figures 11 and 12 show the salt concentration
for probe 1 to 5 and probe 6 to 10 respectively in a liquid mixing experiment. The
normalized concentrations and the normalized time are defined the same way as the gas
mixing experiment. The small difference in salt concentration between the top and
bottom probes (about 1 % of the jet concentration) also suggests the tank had attained a
"well mixed" condition very quickly.



To compare the gas mixing and the liquid mixing experiments,
concentration measurements for the corresponding probes are shown in Fig. 13. Most
probes show excellent agreement. Video records also show that the jet structures in
these two experiments are very similar. Even though the information provided by
video records is qualitative in nature, concentration differences of about 1 % is clearly
visible. These results suggest that video records are valuable tools in analyzing both gas
mixing and liquid mixing phenomena. It can provide an overall picture of the mixing
process which is not obtainable using concentration measurements alone.

5. SUMMARY

We have examined the mixing process under the influence of jet momentum,
buoyancy and fan-induced convective flow. Several similarity scaling parameters were
identified and examined. It was observed that the mixing process is not dominated by a
single scaling parameter. This study demonstrates that it is possible to simulate full-
scale gas mixing phenomenon with a reduced scale liquid mixing experiment under
limiting conditions. Concentration measurements revealed that depending on the jet
velocity, incoming fluid could disperse fairly quickly by entraining the surrounding
fluid into the center core of the jet. With the help of a fan-driven recirculation flow,
the dispersed fluid could be redistributed through out the enclosure to establish an
essentially "well mixed" condition rendering our concentration measurements
insensitive to the changes in Froude and Grashof numbers.
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Nomenclature

D diameter of the exhaust hose connecting to fan blower
Q volumetric flow rate of fan blower
Fr = pj/(LDpg), densimetric Froude number

Grg = g(PairPHe)L3/(Pair x vair2)
g acceleration due to gravity
L height of the test enclosure
Re = ujLpj/m, Reynolds number
t time
V velocity
Vol volume of the test enclosure
r density of discharging fluid



Dr density difference between discharging fluid and ambient fluid
m viscosity
n kinematic viscosity

Subscripts

1 refers to mixing of liquids
g refers to mixing of gases
j refers to variables at entrance of incoming jet
rec refers to variables of the recirculation flow
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To fume hood
1 : gas feed tank
2 : flow rate meter
3 : smoke generation box
4 : test enclosure
5 : intake of recirculation pump
6 : exhaust of recirculation pump
7 : reclrculation pump (fan blower

1 : salt water feed tank
2 : over flow tank
3 : flow rate meter
4 : test enclosure
5 : intake of recirculation pump
6 : exhaust of recirculation pump
7 : recirculation pump (fan blower)

Figure 1 Schematic diagram of the experimental apparatus
for mixing helium and air.

Figure 2 Schematic diagram of the experimental apparatus
for mixing salt-water and fresh-water.
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Simulations of Hydrogen Distribution Experiments
using the PRESCON2 and GOTHIC codes

T.H. Nguyen and W.M. Collins

ABSTRACT

The main objective of this work is to develop modelling guidelines in the use of containment
models to more accurately predict hydrogen distribution in the HDR facility and to assess the
ability of both lumped and distributed parameter models in predicting natural convective
flows within containment. Experiences learned from this exercise will be applied to present
methodologies used in licensing analyses for CANDU containments.

PRESCON2 simulations of hydrogen distribution experiments performed in the HDR facility
show hydrogen and helium concentrations are under-predicted at high elevations and over-
predicted at low elevations. Acceptable predictions of the gas concentration are obtained in
the vicinity of the release. Results obtained from GOTHIC simulations using lumped
parameter models are very comparable to those predicted by PRESCON2. This indicates that
lumped parameter codes tend to over-estimate the degree of mixing of fluids due to the
inherent nodal atmospheric homogeneity assumption in their numerical formulation.

Results obtained from the GOTHIC simulation using a simple distributed parameter model
show little improvement compared to those predicted using the lumped parameter model. This
indicates that a simple 3-D model will not be sufficient to make significant improvements in
the results. More detailed modelling of the junction flows and finer grids should lead to more
accurate results. More detailed investigations employing finer 3-D meshes is under
investigation.

AECL CANDU 2251 Speakman Drive, Mississauga, ON, L5K 1B2, Canada

CA9800200



Simulations of Hydrogen Distribution Experiments
using the PRESCON2 and GOTHIC codes

T.H. Nguyen and W.M. Collins

1. INTRODUCTION

Hydrogen distribution experiments have been performed in the HDR containment facility for
the purpose of evaluating computer code capabilities for predicting hydrogen distribution in
containment building following a LOCA. This paper presents a comparison of code
predictions (using two computer codes PRESCON2 and GOTHIC) to experimental results for
the particular experiment El 1.2 in which a H ^ e mixture was injected into the containment
building following a long term steam discharge.

A lumped parameter simulation was performed using PRESCON2 and both a lumped and
distributed parameter (3D) simulation were performed using the GOTHIC containment
analysis code.

The lumped parameter results from PRESCON2 and GOTHIC were similar and tended to
underpredict the gas concentration at high elevations and over predict it at low elevations.
This trend is thought to be characteristic of lumped parameter models which lack adequate
spacial discretization to accurately predict natural convective flows.

The distributed model using GOTHIC which employed a fairly coarse spatial mesh in
specified regions of containment (with other regions being modelled as lumped parameter)
failed to yield any improvement in the results for local gas concentration. Reasons for this
lack of improvement over lumped parameter predictions are postulated.

2. HDR-CONTAINMENT MODELLING METHODOLOGY

This section presents the modelling methodologies employed in modelling the HDR-
containment as a lumped parameter model (PRESCON2 and GOTHIC) and as a distributed
parameter model (GOTHIC).

2.1 Lumped Parameters Models

The HDR facility is divided into 14 nodes (volumes). Each node consists of adjacent
compartment connected to one another by large physical openings. The thermalhydraulic
behaviour in all compartments which belong to a node is assumed to be the same. Figures
2.1-1 and 2.1-2 show the nodalization of the HDR-containment. The volume of each node is
calculated by adding all volumes of the compartments which belong to that node. Information
on containment modelling is taken from References 1 to 5.



2.1.1 PRESC0N2 Model

For the PRESCON2 model, the hydraulic nodal parameters are calculated based on the
average inertial length assumption in which each node is treated as a cylinder with its inertial
length equal to the cube root of its volume. The hydraulic cross-sectional area of each node is
assumed to be equal to the volume divided by the nodal length. The nodal hydraulic diameter
is calculated as the diameter of a circle with an area equal to the nodal hydraulic cross-
sectional area.

Flow junctions are modelled by an implicit implementation of inertial junction flow. This
includes the gravitational body force. When the junction is vertical, the junction centre is
assumed to be located at a height which is the average of the lower room ceiling height and
the upper room floor height. If the junction is horizontal, the junction centre is assumed to be
located at the central height of the overlapping vertical area of the two rooms. The junction
area is defined as the cross-sectional area of the physical opening between the two rooms. A
minimum flow loss coefficient of 1.5, based on one sudden contraction and one expansion, is
used for all junctions. There are 141 flow junctions in the PRESCON2 model to represent all
connections between rooms (closed flow paths are excluded in the PRESCON2 model).

For data compilation purposes the structural elements within the HDR containment have been
classified into inner walls and outer walls. Inner walls are walls not adjacent to the steel shell,
they consist of partition walls between adjacent compartments or walls with their surface
within one single compartment. Outer walls can either be concrete walls adjacent to the steel
shell or the steel shell itself. Painted walls are also included in the model. Metal internals
(equipment) are assigned into 4 classes depending on thickness, the 4 classes are:

a. 0 < d < 3 mm
b. 3 mm £ d < 20 mm
c. 20 mm < d < 40 mm
d. 40 mm < d < 999 mm

Not all materials are modelled, only steel components. Furthermore, any internal component
with an area less than 1 m2 is neglected. There are 306 wall types (thermal conductors) in the
PRESCON2 model.

2.1.2 GOTHIC Model

For the GOTHIC model, each node is treated as a rectangle. The bottom elevation of each
node is the elevation of the lowest compartment which comprises the node. The nodal height
is calculated as the difference between the lowest and highest elevations of the compartments
which belong to the node. The nodal cross-sectional area (pool area) is assumed to be equal
to the nodal volume divided by the nodal height. The nodal hydraulic diameter is calculated
as the square root of the nodal cross-sectional area.



In order to reduce the number of actual flow paths in the containment model (Section 2.1.1),
all flow paths connecting the same pair of nodes (parallel flow paths) are combined to form a
single junction (i.e., equivalent junction, Figure 2.1-2). It is assumed that flow cross-sectional
areas are additive. The hydraulic diameter is assumed to be equal to the square root of the
flow cross-sectional area. The inertia length and the friction length is assumed to be equal to
half of the sum of the nodal hydraulic diameter of the two nodes.

The junction end heights of the equivalent junction are derived from the actual end heights of
each parallel flow path (actual location of the opening) based on the weighted average of their
cross-sectional flow areas. The flow resistance coefficient for small junctions is assumed to be
equal ttTl.5. Large openings (greater than 5 m2) are assumed to have a flow resistance
coefficient of zero. This assumption is considered to be justifiable for natural convection
flows in containment after the blowdown period.

Walls and internal steel components in the HDR-containment are modelled as thermal
conductors. There are three classifications of thermal conductors modelled in each node: The
inner concrete, outer concrete and steel. The concrete types also include all concrete with
steel plate surfaces and the steel type includes all metallic components (e.g., ferrittic steel,
austentic steel, galvanized steel, copper, gray-iron casting, aluminium, brass and lead).

It is assumed that the surface area and the volume of thermal conductors of the same
classifications are additive. The average thickness of each class is assumed to be equal to the
total volume divided by the total surface area. For concrete walls (thermal conductors) the
thickness of the first layer is assumed to be 0.03 cm (Reference 7). The thickness of each
subsequent layer is taken to be twice as thick as that of the previous one. The thickness of
each subsequent layer is doubled until the layer thicknesses sum to the wall thickness. For
steel structures, the first thickness is assumed to be 0.13 cm. Outer walls are modelled with
one surface exposed to the ambient atmosphere at 25 °C. Inner walls are modelled with one
surface exposed to the containment atmosphere and one surface insulated.

For nodes which will be sub-divided in the 3-D model, each wall is divided into 4 equal
segments of the same thickness whose surface areas equal to one fourth of the total surface
area of this wall type estimated for this node. There are 67 conductors of 34 types in the
GOTHIC model of the HDR-containment.

2.2 Distributed Parameter Model

The distributed parameter model is derived from the GOTHIC lumped parameter model
described in Section 2.1.2 above. To create the 3-D model, the following modifications are
made:

- Node 13 (Dome compartment) is equally subdivided into 64 volumes (i.e., 4x4x4 ).
- Nodes 2, 9, 10, 12 are each subdivided into 27 equal volumes (i.e., 3x3x3).



- The turbulence model is activated for each subdivided volume. The turbulent anisotropy
factor is assumed to be 1.0, the liquid and vapour turbulent Prandtl numbers are assumed to
be 1.0. The mixing length parameters are assumed to be 0.33 m and 0.66 m for the liquid and
the gas phase respectively (Reference 6).
- The momentum transport option is activated (option N&T) for junctions connecting two
subdivided volumes (Reference 6).
- Thermal conductors in the subdivided volumes are oriented as: N,S,E,W and are
automatically subdivided as the node is subdivided (Reference 6).

3. RESULTS AND DISCUSSIONS

Transient values of : pressure, temperature and helium/hydrogen mixture volume percents
predicted by PRESCON2 and GOTHIC codes are compared to the El 1.2 experimental values.
For lumped parameter models, the experimental values measured by the sensor are compared
against the predicted values at the node which includes the area where the sensor is located.
For the distributed parameter model, the experimental values measured by the sensor are
compared against the predicted values at the subdivided volume which includes the area
where the sensor is located. The following sensors are used for the comparison purposes:

- Containment pressure: CP401.
- Containment temperatures: CT0438, CT0431, CT9302, CT8501, CT6603, CT3301.
- Hj/He gas mixture concentration: CG1438, CG1436, CG1431, CG1093, CG1085, CG1033.

3.1 Containment Pressure Comparisons

Containment pressure is measured by the pressure sensor CP401 located in the dome area
(node 13). Figures 3.1-1 and 3.1-2 show the predicted containment pressure compared against
the experimental measurement for the first 700 min (up to the termination of the LOCA at
693.8 min) for the PRESCON2 and GOTHIC lumped parameter models respectively. The
predicted pressure is higher than the experimental value after approximately 150 min. This is
largely due to the fact that the heat loss by instrument cooling was not modelled due to
insufficient information (Reference 2). The overall heat loss caused by instrument cooling is
believed to extract between 10 to 15% of the total injected energy.

The GOTHIC model slightly underpredicts the containment pressure during the first 100 min
compared to that of the PRESCON2 model. This is largely due to the difference in the
modelling of thermal conductors (walls and internal steel components) in the two models. The
PRESCON2 model has a more detailed wall model than that used in the GOTHIC model (306
thermal conductors in PRESCON2 compared to 67 thermal conductors in the GOTHIC
model). The difference lies in the modelling of steel components in the HDR-containment.
The present methodology used in the GOTHIC model overestimates the heat absorbtion rate
of steel components in the containment causing too much heat removal at the beginning of



the LOCA (steel has a much higher thermal conductivity than concrete).

The predicted containment pressure from the GOTHIC distributed parameter model (Figure
3.1-3) shows no significant difference compared to that of the lumped parameter models. It
seems that the selection of a lumped parameter or a distributed parameter model has a
minimum effect on the containment pressure prediction.

3.2 Containment Temperatures Comparisons

Figures 3.2-1 to 3.2-8 show the results of predicted containment temperatures in comparison
to the measured values by comparable sensors at several locations in the HDR-containment
for the PRESCON2 and GOTHIC lumped parameter models. The comparisons are presented
in sequence starting at the dome (Figures 3.2-1, 3.2-2), to the break location (Figures 3.2-3,
3.2-4) and down to the lower levels of the containment which are below the break level
(Figures 3.2-5 to 3.2-8). It is noted that both models slightly underpredict the containment
temperature at high elevations (Figures 3.2-1 and 3.2-2) and overpredict the temperature in
the lower sections of the containment (Figures 3.2-5 to 3.2-8). The overestimation of
containment temperature in low elevations and underestimation of temperature at high
elevations is due to the inherent assumption of nodal atmospheric homogeneity of the lumped
parameter model.

For both models, at the break location, the predicted temperature transient lies between the
two measured transient values (Figures 3.2-3 and 3.2-4). Temperature predictions obtained by
the GOTHIC lumped parameter model are slightly better than those of the PRESCON2 model
(i.e., higher temperature predicted at high elevation and lower temperature predicted at low
elevations). This is due to the elimination of parallel junctions in the model (reduction of flow
junctions by equivalent junctions, Section 2.1.2 ) which tends to minimize the mixing
mechanism. However, the results obtained from both models are very comparable and clearly
show the limitation of the lumped parameter codes (or models) in predicting containment
temperature fields due to natural convective flows.

The temperature predictions obtained from the GOTHIC distributed parameter model are
shown in Figures 3.2-9 to 3.2-12. It is noted that little improvement was observed compared
to those predicted by the lumped parameter models.

3.3 Comparison of Predicted Gas Concentration

Figures 3.3-1 to 3.3-8 show the comparisons between the measured and predicted gas
concentration transients over the period between 740 min and 950 min which covers the
entire gas injection/mixing period for the PRESCON2 and GOTHIC lumped parameter
models. It is clear that both models under predict the helium/hydrogen gas concentration in



the dome region (high elevation). On the other hand, the predicted values are much higher at
the lower regions of the containment in comparison to the measured values. This
overprediction in the lower regions compensates the underprediction in the higher elevations
of the containment (conservation of mass). Only in the middle section, at the vicinity of the
gas injection is the predicted gas concentration somewhat similar to the measured transient.
The GOTHIC lumped parameter model gives slightly better results compared to those
predicted by the PRESCON2 model. This is largely due to the reduction of parallel junctions
which minimizes the mixing mechanism.

The predicted transient gas concentrations of the GOTHIC distributed parameter model are
shown in Figures 3.3-9 and 3.3-10. The results show little difference compared to those
predicted by the lumped parameter model. This could be due to :

- Employment of equivalent junctions (Section 2.1.2) results in the inaccurate spacial
distribution of junction flows (individual openings). This is due to the fact that individual
junction flows could be connected to different cells of the subdivided volume depending on
the grid size of the subdivided volume and the cross-sectional flow area of the junction. If an
equivalent junction is used to represent all junctions connecting two volumes, it will be
connected to a single cell of the subdivided volume. This will affect the fluid distribution in
the subdivided volume. However, the employment of equivalent junction is valid for lumped
parameter models due to the homogeneous assumption.

- For large volumes and especially the break node, a much finer grid should be used to have a
finer spacial distribution of fluid flows and to avoid multiple junctions connecting to the same
cell. This would minimize the unrealistic mixing mechanism found in lumped parameter
models.

4. CONCLUSIONS

Simulations of El 1.2 experiment were done using the PRESCON2 and GOTHIC codes to
develop modelling guide lines in the use of containment models to more accurately predict
hydrogen distribution in containment. They also help in assessing the ability of each code in
predicting natural convective flows. Based on the results presented in Section 3 the following
conclusions and recommendations are made:

- Lumped parameter codes (or models) tend to over-estimate the degree of mixing of fluids
due to the inherent nodal atmospheric homogeneity assumption in their numerical formulation.

- A simple distributed parameter model derived from the lumped parameter model by
subdividing certain volumes using coarse grids does not show a significant improvement in
parameter predictions. The distributed parameter model should have an adequate number of
nodes (to be determined) to accurately model the containment.



- For large volumes and especially the break node, a finer grid should be used to subdivide
the volume in order to have a finer spatial distribution of fluid flows and to avoid multiple
junctions connecting to the same cell. This would better approximate the actual local fluid
transport.

- For distributed parameter models, employment of equivalent junctions (Section 2.1.2) results
in the inaccurate spatial distribution of junction flows. This method should only be used for
lumped parameter models.

- Further work is underway to determine the required spatial 3-D discretization to reproduce
the experimental results.
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Figure 2.1-1 Cross Section of the HDR-Containment According to the
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Figure 3.1-1 Predicted Containment Pressure. Lumped Parameter Model by PRESCON2
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ANALYSIS OF CSNI BENCHMARK TEST ON CONTAINMENT
USING THE CODE CONTHAN

S.K. Haware, A.K. Ghosh, V. Venkat Raj and A. Kakodkar

ABSTRACT

A programme of experimental as well as analytical studies on the behaviour of
nuclear reactor containment is being actively pursued. A large number of
experiments on pressure and temperature transients have been carried out on
a one-tenth scale model vapour suppression pool containment experimental
facility, simulating the 220 MVe Indian Pressurised Heavy Water Reactors. A
programme of development of computer codes is underway to enable prediction
of containment behaviour under accident conditions. This includes codes for
pressure and temperature transients, hydrogen behaviour, aerosol behaviour
etc. As a part of this ongoing work, the code CONTRAN (CONtainment Transient
Analysis) has been developed for predicting the thermal hydraulic transients
in a muiticompartment containment. For the assessment of the hydrogen beha-
viour, the models for hydrogen transportation in a muiticompartment config-
uration and hydrogen combustion have been incorporated in the code CON-
TRAN. The code also has models for the heat and mass transfer due to con-
densation and convection heat transfer. The structural heat transfer is mod-
eled using the one-dimensional transient heat conduction equation. Extensive
validation exercises have been carried out with the code CONTRAN.

The code CONTRAN has been successfully used for the analysis of the
benchmark test devised by Committee on the Safety of Nuclear Installations
(CSNI) of the Organisation for Economic Cooperation and Development (OECD),
to test the numerical accuracy and convergence errors in the computation of
mass and energy conservation for the fluid and in the computation of heat
conduction in structural walls. The salient features of the code CONTRAN,
description of the CSNI benchmark test and a comparison of the CONTRAN pre-
dictions with the benchmark test results are presented and discussed in the
paper.
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ANALYSIS OF CSNI BENCHMARK TEST ON CONTAINMENT
USING THE CODE CONTRAN

S.K. Haware, A.K. Ghosh, V. Venkat Raj and A. Kakodkar

1.0 INTRODUCTION

The accidents at Three-Mile Island and Chernobyl have focussed renewed
attention to the issue of safety of nuclear reactors. This has led to a general
re-examination of the potential threat posed by hydrogen in severe accidents
which are characterised by major fuel overheating and possible fuel failures
accompanied by releases of large amounts of radionuchdes and hydrogen into
the containment. The most obvious issue related to the simultaneous presence
of large quantities of hydrogen and suspended radionuclides is that of the
potential for containment failure, caused by overpressure due to hydrogen
deflagration/detonation, followed by a release of airborne radionuclides to the
environment. The consequences of hydrogen combustion depend not only on
the amount of hydrogen generated but also on the plant specific features,
such as the containment design and failure pressures, number of compart-
ments, net free volume and provision of engineered safety features for post-
accident control of the containment atmosphere. The need for estimating cor-
rectly, following an accident, the peak pressures and temperatures in the
containment, the impact of generation, distribution and combustion of hydro-
gen, the transportation of radionuclides within the containment etc. lias re-
sulted in the establishment of a number of experimental facilities [1-7] and the
development of the relevant analytical tools to study the complex phenomena
involved [8-12].

A programme of experimental as well as analytical studies on the behaviour of
nuclear reactor containment is being actively pursued. Experiments on pres-
sure and temperature transients have been carried out on a one-tenth scale
model of 220 MWe Indian Pressurised Heavy Water Reactors (PHWRs) contain-
ment with a suppression poo) [13-16]. A program of development of computer
codes is also underway to enable prediction of pressure and temperature
transients, hydrogen behaviour, aerosol behaviour etc. in the containment. As
a part of this, the computer code CONTRAN (CONtainment TRansient ANalysis)
has been developed for predicting the thermal hydraulic transients in a multi-
compartment containment following a Loss of Coolant Accident. Extensive
validation exercises have been carried out with the code CONTRAN 117-181.
This code has also been successfully used for the analysis of the benchmark
test devised by CSNI, to test the numerical accuracy and convergence errors
in the computation of mass and energy conservation for the fluid and in the
computation of heat conduction across structural walls.

The salient features of the code CONTRAN, description of the CSNI benchmark
test and a comparison of CONTRAN predictions with the benchmark test results
are presented and discussed in this paper.

2.0 DESCRIPTION OF THE CODE CONTRAN

The prediction of pressure and temperature transients in the containment,
following a Loss of Coolant Accident CLOCA) or Main Steam Line Break (MSLB)



involves solution of the mass and energy conservation equations formulat-
ed suitably considering the steam-water discharge into the containment
during LOCA or MSLB, the mter-compartmental flows, energy absorbed by
the structures, suppression pool phenomena, chemical reactions etc. The
containment geometry is converted into a network of volumeB (.which
represent compartments) interconnected by junctions (which represent
inter-compartmental openings). The salient features of the code CONTRAN are
briefly described below.

2.1 Salient Features of the Code CONTRAN

1. The volumes VI (drywell) and V2 (wetwell) of the euppresmon pool type
containment can be a network of compartments interconnected through
openings.

2. Each compartment can have up to six junctions (i.e. openings to the
neighbouring compartments), which can act as inlets or outlets to the
compartment depending upon the pressure gradient.

3. Each compartment can have up to three heat slabs, of different materials,
which act as heat sinks.

4. A Vent clearing transient model for vapour suppression pool has been
incorporated [191.

5. The model for condensation heat transfer to the containment structure
accounts for the turbulence in the break compartment during blowdown
transients and also the effect of presence of noncondensibles (20].

6. Model for convection heat transfer to the containment structure has been
incorporated in the code.

7. Pressure driven hydrogen transportation model has been incorporated.

8. Hydrogen combustion model has been incorporated to study the hydrogen
combustion effects in the event of Beyond Design Basis Accident (BDBA).
The hydrogen combustion can be initiated at a user defined concentration
value. The effect of the presence of inerts on the combustion process lias
not been considered at present.

9. A one-dimensional transient heat conduction model, with uniform as well
as nonuniform grid sizes, has been incorporated in the code for structur-
al heat transfer calculations. A lumped parameter option is also available.

10. Model for heat transfer from the outer surface of the containment struc-
ture to the atmosphere based on convection heat transfer has been
incorporated.

11. Restart Option has been incorporated in the code.

2.2 Analytical Model

The code CONTRAN uses a generalised compartment model consisting of a liquid



region and a vapour region. The vapour region is considered to be a homoge-
neous mixture of the noncondensible gas species (oxygen, nitrogen and hydro-
gen), steam and water droplets. The thermodynamic state of this mixture is
calculated at the end of each time step based on the compartment mass and
energy inventories. Initialisation of the standard compartment conditions based
on the known initial compartment pressure, temperature, relative humidity
conditions and the molar fractions of the noncondensible gas species, is per-
formed as follows:

The water vapour partial pressure in each compartment is given by:

p s = P sat x H U M (1)

The initial mass of water vapour in a compartment is given by:

Miw = Vg x HUM / V g s a t (2)

And the initial mass of the noncondensible constituents in a compartment is
given by:

X j x Vg x (P-P s) x
(3)

T g x R
j =

The mass and energy exchange due to the steam/water blowdown, hydrogen
release, inter-compartmental flows, heat transfer to structures and exothermic
hydrogen combustion are calculated and updated for each compartment after
each time step. The governing conservation equations of mass and energy in
terms of the number of moles N :̂ of j**" species in i compartment connected
to k t n compartment by l t n junction (see sketch below) can be written as
follows [9], where flow across the junction 1 is considered positive from com-
partment i to compartment k.

compartment
i

Fl compartment
k

dN,
1J

dt
= - Z Fl

1
ik - Z Fl

V;

(Fl > 0)

dNx,H20

dt

1
ki

N,

(Fl < 0)

dN i j

dt

condensation

blowdown,
H2 generation

(4)
chemical
react ion
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The total number of equations to be solved simultaneously is given by:

Neqn = ( Ngas + ^ c o m p + Njunc (6>

A model for calculating the interco mpart mental flows based on the laentropio
flow of a mixture of steam, noncondensible gases and water through an orifice
is used.

At the end of each time step, a mass/energy balance is performed on the
vapour region to determine the region temperature, based on the assumption
that the noncondensible-gas-steam-water mixture is homogeneous ana in
thermal equilibrium. A search is performed in the steam tables based on the
specific volume of water vapour in the atmosphere region and the trial tem-
perature values, until a vapour temperature corresponding to the total
vapour energy is found. The equations used for vapour region are as follows
(81:

Vg = Mw x v w (7)

Eg = Z Mj x Uj (8)
j

j = ^2O'°2'N2*H2

For superheated single-phase conditions:

Ttf x R
P = Pg + _? x z N,j (9)

j x O21N2.H2

and for the saturated conditions the pressure and apecjfio volume are



determined from

x R
P = Pa + x LUij (10)

x s * Mw x v g J

j = O2,N2,H2

v w = ( l -x s )*v f + xs*Vg (11)

Equations (7) to (11) are solved iteratively. The quantities V ,̂ Eg, Mw and M,
are known and Tg, P and xg are to be determined. The iteration IB on Tg.
Once this temperature is determined, the mixture quality is obtained from tne
solution process and the total pressure is calculated from equation (9) or (10).
The code maintains a separate inventory of all the species in each compart-
ment.

3.0 DESCRIPTION OF THE CSNI BENCHMARK TEST [21]

OECD/CSNI devised a benchmark problem to test the containment analysis
computer codes for numerical accuracy and convergence errors in the compu-
tation of mass and energy conservation for the fluid and in the computation oi
heat conduction in structural walls. The problem consists of a single fluid
volume into which steam and water are injected and from which heat is trans-
ferred to a single concrete wall. The benchmark test model is shown schemati-
cally in Fig. 1. An analytical solution of the heat conduction into the concrete
wall was formulated based on the specified variation of wall surface tempera-
ture with time. The concrete wall was considered as a semi-infinite solid slab.
By specifying the constant heat transfer coefficient on inner surface of the
concrete wall the containment gas temperature was found. Using a constant
enthalpy of the input water, the required inflow of mass and energy was then
evaluated. This became the standard input data required by the code. The
problem time scale and wall thickness were chosen to meet the boundary
conditions.

The limiting assumptions in this benchmark test are:

1. homogeneous equilibrium mixing of liquid, vapour and air

2. the thermal properties of water/steam are taken from standard steam
tables

3. constant specific heat of air

4. constant thermal properties for the concrete wall

5. constant heat transfer coefficient between containment atmosphere and
wall surface.

The temperature wave will penetrate only a few millimeters into the concrete
wall in the short time scale of this test problem. This will make the test a
stringent test of convergence.



3.1 Analytical Solution

The dimensions of the containment were based on one of the compartments of
the Bettelle-Frankfurt Containment Model Experimental Facility. The problem
was developed by specifying the wall surface temperature (Tg) as a function
of time given by

Ts = To + a (1-e-*) (12)

For this problem the values of the parameters a and A are 120 K and 0.5
respectively. For the above wall surface temperature profile, the solution for
the wall temperature (Tw) at a distance z from the wall surface at time t is
given by

r Z
Tw = To

2,/at

a e
-At

siz fi/k e r f + i

- i z e r f —: "i ( 1 3 )

From this, the total heat transferred through the surface between time t = 0
and time t is obtained:

4 a k
Q x Area =

-
Area (At)3/2 2 a ( t)P

p=0
(14)

where 1/3

The heat flux passing through the wall surface at time t is given by

dQ
Flux(t) * x Area = Area x

dt

4 a k
r
(3/2)

(At ) 3 /2

<*/? * ( A t ) P

Z a ( A t ) P + ( A t ) 3 / 2 Z a p | ( 1 5 )
p=0 p=0 t

The containment temperature (Tg) at time t was found using:

Flux(t)
T g " T s

Area x h
(16)



where h is a constant heat transfer coefficient. The mass of water/steam in
the containment (Mjn) at time t was then found as follows:

Energy of
of input
water

Energy re-
quired to
heat air

internal energy
of steam in
containment

internal energy
of water in
containment

energy
flowing
into wal1

= c v Mair T g + Pair d V + ( h g V + hf Mf ~ P s vf>

(17)

The integral P ^ dV, was approximated as -Pg^ (V -Vf) to simplify the calcu-
lation, as it has an insignificant effect on the results. Also, the hydrostatic
pressure in the containment was taken as zero. Thus

P = P + Pr r s rair

which becomes

(18)

P = P.
Tg V

+ Pc
T o V " V f

assuming air is an ideal gas.

Thus the energy balance equation becomes:

(19)

H i n M in cv «air V ps v + Min[* g -) +
g

- h4

vw" v f !
)

vg- vg-vf

- p. + Q Area (20)

Solving this equation, M̂ _ was calculated. The steam pressure, Pg> was found
from the saturated steam tables using the temperature, Tg, as were the values
for v^ Vg, hj and hg. A constant input enthalpy was used for the calcula-
tions. The product (Q x Area) for time t was obtained from equation (14). The
containment pressures at various times were calculated from equation (19). For
the purpose of input data specifications to the computer codes, the mass flow
rates at suitable time intervals were chosen such that, the intermediate values
of Mjn could be obtained by a linear interpolation method.

The geometry parameters and the thermal properties for the concrete wall and
containment volume are given in Table I.



Table 1: Geometrical parameters and Test Conditions

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11 .

12.

13.

Containment Volume

Initial Containment Pressure <PO)

Initial Containment Temperature (TQ)

Initial Containment R.H.

Initial Wall Temperature (TQ)

Thermal Conductivity of wall (k)

Thermal Diffusivity of wall (a) 7.

Heat Transfer Coefficient between
containment atmosphere and wall
surface (h)

Specific heat capacity of air in
the containment (Cv)

Enthalpy of input water (Hin) 1

Containment Wall Surface Area

Containment Wall Thickness

Input steam/water mass discharge rates
and the cumulative energy addition into
the containment are shown in Figs. 2 and
3 respectively.
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3.2 Modeling of the test using code CONTRAN

The objective of the calculation was to predict the wall surface temperature,
steam partial pressure and total pressure in the containment and compare it
with the results of the analytical solution. If the code-predictions agree well
with the analytical solution, then one can have confidence that the code is
correctly conserving mass and energy in the fluid volume, and that energy is
conserved in the conduction solution. One of the key factors in obtaining a
correct solution with the computer code is the discretisation of the thermal
conductor. A fine nodalisation must be used near the wall surface to correctly
resolve the steep temperature gradient near the surface. The predicted wail
surface temperature will be too low if the node size is too large near the wall
surface. This will result in larger heat transfer rates from the fluid and an
underprediction of fluid pressure and temperature. The use of nonuniform
grid spacing is often desirable, since it enables the deployment of computing
power effectively [22]. In general an accurate solution will be obtained only
when the grid is sufficiently fine. In fact the grid spacing should be directly



linked to the way the dependent variable changes in the calculation domain- In
view of this the 1-D transient heat conduction model of the code CONTRAN was
augmented with the nonunrform grid generation facility. For the present
analysis logarithmic grids were used.

4.0 DISCUSSION OF THE RESULTS

Comparison between CONTRAN predictions and the analytical solution for the
benchmark test are shown in Figs. 4 to 6. The total pressure in the contain-
ment volume is shown in Fig. 4, the partial pressure of the steam in Fig. 5
and the wall surface temperature in Fig. 6. For all the three parameters code
predictions are in nearly complete agreement with the analytical solution. This
indicates that the code CONTRAN conserves mass and energy in the fluid and
energy in the structural wall correctly. The correct prediction of the steam
partial pressure means that the fluid temperature is also correctly calculated,
since the fluid temperature is equal to the steam saturation temperature. The
good agreement of predicted wall surface temperature means that the wail
conduction is adequately modeled. The calculated temperature transients inside
the concrete structure are shown in Fig. 7. It is observed that the tempera-
ture wave penetrates only a few millimeters deep into the concrete as expect-
ed.

5.0 CONCLUDING REMARKS

Analysis of the CSNI benchmark test has been successfully carried out using
the code CONTRAN. The predictions of the code are found to be in nearly
perfect agreement with the analytical solution. Thus it can be concluded tluit
the code CONTRAN conserves mass and energy in the fluid and energy in the
structural wall correctly. The performance of the code is satisfactory with
regard to the test on numerical accuracy and convergence errors in the
computation of mass and energy conservation for the fluid and in the compu-
tation of heat conduction in structural walls.

NOMENCLATURE

A = Area = Surface area of containment wail
Cy = specif ic heat capacity of air in containment
dQ/dt = rate of change of e n e r g y in a compartment due to convect ion,

absorpt ion in s u p p r e s s i o n pool and chemical reaction
Eg = total internal e n e r g y in vapour region
E. = total e n e r g y content of t h e compartment i
F l ^ = volumetric flow rate from i compartment to k compartment
Fliy = volumetric flow rate from k compartment to ith compartment
HUM = input re lat ive humidity for compartment (fraction)
h = condensation heat transfer coefficient
hf = specific enthalpy of water
hg = specific enthalpy of steam
hy = enthalpy of the j t n ga6 species in i"1 compartment
n i H20 = enthalpy of water vapour in the ith compartment
hj^, = enthalpy of the j n gas species in k n compartment
ni(T) = enthalpy of the j gas species evaluated at the source

temperature



-
JJair
5?

jwt
comp

junc

sat

,g

specific enthalpy of input steam/ water
thermal conductivity of wall
mass of air in containment
mass of water-steam in the containment at time t
mass of water in the containment vapour region
mass of steam in the containment vapour region
initial mass of water vapour in a compartment
mass of water and steam mixture in vapour region
mass of the j t n noncondensible species in the vapour region
molecular weight of j noncondensible species
number of compartments
number of equations
number of noncondensible
moles of water vapour iqj
moles of j b " species in
number of junctions

as species
compartment

compartment

In"

a

moles of j species in kfc compartment
total pressure in the vapour region
initial pressure in the containment
partial pressure of steam
saturation pressure in vapour region at the compartment
temperature.
heat flux per unit area
gas constant
temperature in the vapour region (absolute units)
surface temperatre of the structural wall
structural wall inner surface temperature
initial containment temperature
initial surface temperature of structural wall
specific internal energy of the ith noncondensible species as a
function of Tg
specific volume of saturated water as a function of Tg
specific volume of saturated steam as a function of Tg
specific volume of the water and steam mixture in vapour region
vapour region volume
specific volume of water vapour in a compartment corresponding
to Psat
volume of i compartment
volume of k tn compartment
quality of two phase region
fraction of j t n noncondensible specie
distance from wall
thermal diffusity of wall
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A NEW APPROACH TO INERTISE THE
CONTAINMENTS DURING CATALYTIC

REMOVAL OF HYDROGEN

A.K. Chakraborty1 and S.G. Markandeya2 CA9800202

ABSTRACT

Use of catalytic recombiners for the removal of hydrogen during a severe accident has
been recommended by the German Reactor Safety Commission (RSK) due to numer-
ous successful demonstrations of their performances.

At the early stages of the accident, a huge quantity of hydrogen is expected to be
released in some compartments requiring supplementary measures to ensure that the
excess hydrogen concentration wouldn't pose a threat of deflagration IV. In this pre-
sentation a new idea based on catalytic removal of hydrogen with simultaneous pas-
sive inertisation of the atmosphere is proposed for large dry containments particularly
for those compartments where high (-^-concentrations are expected.

During the catalytic oxidation of hydrogen, the large exothermic heat of reaction
causes strong heating of the catalytic plates as well as a continuous energy input in
the containment. This can be limited if this large heat energy is efficiently used for
heating some chemical compounds to release inert gases such as steam and/or CO2

by dissociation at moderate temperatures. Such compounds can be arranged in the
form of thin slabs in good thermal contact with the catalytic plates. Several such com-
pounds have been identified which are capable of releasing steam and CO2 equiva-
lent to about 40 - 75 % of their mass.

Preliminary calculations have been carried out to demonstrate the effectiveness of the
proposed concept for the case of two such selected chemicals placed adjacent to the
catalytic plate type recombiners. The calculations performed show promising results.

1 Gesellschaft fur Anlagen- und Reaktorsbhemeit (mbH), Schwertnergasse 1, 50667 Cologne,
Germany

2 Reactor Safety Division, Bhabha Atomic Research Centre, Trombay, Bombay 400 085, India
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A NEW APPROACH TO INERTISE
THE CONTAINMENTS DURING

CATALYTIC REMOVAL OF HYDROGEN

A.K. Chakraborty and S.G. Markandeya

1 Introduction

During a severe accident leading to core melting, a large quantity of hydrogen is
expected to be released in the large dry containment of a PWR not only by the reac-
tions of the total core inventory of zircaloy but also by other metals with steam as well
as with longterm radiolysis of water. Recent recommendations of the German Reactor
Safety Commission (RSK) for the application of catalytic recombiners as an unequivo-
cal safety related measure to control hydrogen during beyond design events asks for
in-depth thoughts to be given on all the aspects.

Functioning of the catalysts is combined with high heat development due to the strong
exothermic reaction of hydrogen and oxygen to produce water. This leads to specific
requirements concerning the design of a catalytic device.

The conceptual approach at high hydrogen concentration described in this paper will
not only limit the temperature increase of the catalysts at high hydrogen concentration
but also simultaneously dilute or inertise the gas mixture in the compartments upto an
intended extent.

2 Temperature Rise of the Catalysts During the Transformation
of Hydrogen

A single mole of hydrogen i.e. nearly 2 g of it will produce 242 KJ of heat during its
reaction with oxygen to form water. This large source of heat will force the catalyst to
be heated up. During the process of catalytic transformation, the heat produced will be
dissipated by conduction, convection and radiation. At a constant supply of hydrogen,
an equilibrium between the heat produced and heat transferred could be reached.

For the demonstration of catalytic activity as well as temperature increase during
catalysation results of a series of experiments within a large volume of 9.5 m3 will be
described. For this test series catalytic plates were prepared with 20 x 20 cm stainless
steel plates of 1 mm thickness. On these plates 2000 A of an alloy consisting of Pd
95 %, Ni 4 %, Cu 1 % was deposited in vacuum of 10'7 Torr. 10 of these plates were
connected with a U-shaped rails to have a dimension of 0,40 x 1 m of an aggregate of
plates. With the help of extensive instrumentation, temperature, H2-concentration and
the generated convection flows were measured at the vicinity of plates. Fig. 1 illus-
trates the temperature behaviour of a catalytic plate located at the bottom of the
assembly as a function of time 121. After an initial time lapse to bring the vessel to a
temperature of 100° C, 4 successive injections of hydrogen were carried out. Every
successive injection took place after a slow decrease of temperature was marked. It
could be seen from Fig. 1 that during the last injection, summing with the residual
hydrogen to a total of 10 Vol.-%, a local temperature rise at the surface of a plate upto
610° C was measured.



Heat transfer rate from the catalytic devices where the plates are exposed individually
to the surrounding gaseous atmosphere is high due to the fact that both convection
and radiation transfer heat from both the sides of the plates. Inspite of the fact a
temperature increase below 600° C could not be limited. A fresh jet of hydrogen flow
during the period when the plates are relatively hot might be a concern, due to tem-
perature rise exceeding the temperature of deflagration, when there is enough oxygen
available in the hot of-gas mixture.

3 Required Degree of Inertisation

A nearly complete replacement of the containment atmosphere with a non-
condensable inert-gas is contemplated for pre-inertisation. It is the objective of such a
measure to reduce the oxygen in the atmosphere to a level below 5 Vol.-% in order to
prevent the formation of flammable gas mixture IZI.

A measure of this kind is normally used for relatively small containment volumes
during normal power operation. This does not involve any pressure increase in the
containment 121.

For an accident scenario developing into a beyond design accident in a large dry
PWR-containment leading to considerable core damage upto core melt down, is the
possibility is still under discussion of a late injection of inert gas (post-inerting) into the
containment atmosphere. Such an injection of required high volume of inert gas into
an isolated containment leads to an additional pressure increase.

In IAI post-inerting on demand is not considered positive since e.g. in some cases the
decision for or against it needs to be taken within 30 min with complex decision crite-
rias to be considered. Also, the arguments are put forward that gaseous injections
require various operator actions and that liquid injection may have a negative effect
from a safety related point of view on system-components instrumentation and stratifi-
cation etc.

After the onset of severe core accident and the release of hydrogen in the contain-
ment, it is more or less mixed and transported by natural and forced convection. If
hydrogen accumulates in local areas, then it can be flammable and increase also the
possibility of a transition from deflagration to detonation.

The detonability of hydrogen-air-diluent mixtures has been extensively investigated at
Sandia National Laboratories /5A It was found out that the cell width is an intrinsic
length scale of a detonation and indicates the sensitivity of a mixture. The smaller the
cell width, the more likely the mixture is to detonate. Likewise, the larger the cell width,
the less likely the mixture is to detonate. The addition of a diluent, such as steam or
carbon dioxide, increases the detonation cell width for all mixtures. For the same
conditions, carbon dioxide is not only more effective than steam, but its efficiency
increases relative to steam with increasing concentration /5/.

Several models are available to estimate the energy required to initiate a detonation
directly /6, II. A common of all models is to relate the critical energy for direct initia-
tion, ECR to the detonation cell width, X, or E^, ~ X". The values of the exponent n, are
1, 2 or 3 corresponding to planar, cylindrical or spherical detonations. The detonation
cell width A. is a fundamental length scale for all aspects of detonations including
initiation, propagation and transmission. Experimental determination of detonation cell
width X under various thermodynamic conditions, hydrogen and diluent



concentrations, temperature and pressure reveal 151 under which conditions a detona-
tion will be practically energetically impossible.

While thinking about inertisation by adding diluents like CO2 or steam, the criteria
about the impossibility of detonation with diluents should be a major point so that
unnecessary dilution might not pose a threat of pressure increase.

Fig. 2 and Fig. 3 151 illustrate with the measured cell width the effect of CO2 and steam
dilution respectively on the detonation cell width as a function of the equivalence ratio
for hydrogen-air-diluent mixtures at 100° C initial temperature and 1 atm initial pres-
sure. It is evident from these figures that the addition of diluents increases the cell
width. The increase in cell width again increases the energy required for the initiation
of detonation. Stoichiometric mixtures with CO2 concentrations of 10 and 20 percent
for the different equivalence ratios of Fig. 2 increase the cell width by factors of ap-
proximately 5 and 34, respectively, compared to stoichiometric mixtures without dilu-
tion. Because the critical initiation energy is proportional to the cube of X for point
charges, this means the addition of CO2 decreases the likelihood of a detonation by
factors of approximately 100 and 40.000 respectively 151.

The effect of steam addition is similar to that of CO2 as shown in Fig. 3 for mixtures at
100° C and 1 atm. Stoichiometric mixtures with steam concentrations of 10, 20 and 30
percent increase the experimental cell width by factors of approximately 4, 23.6 and
92.8 respectively, compared to stoichiometric mixtures without steam. This corre-
sponds to decreasing the likelihood of a detonation of these mixtures by factors of 65,
13.000 and 800.000 respectively/3/.

Therefore a diluent addition of 30 Vol.-% CO2 or steam will increase the energy re-
quired for the initiation of detonation to that extent that a transition from deflagration to
detonation becomes unlikely to occur. The addition of the above mentioned quantity
of diluents should be sufficient. In case of steam the factor of condensation is to be
considered and avoided by fresh steam input or keeping it in the gaseous form by hot
CO2-input at higher temperature.

4 Passive Approach of Inertisation

During the catalytic transformation of hydrogen with oxygen to produce water, the
large amount of heat energy can be effectively used for the dissociation of a chemical
component and reaction with the residual chemicals with the atmospheric gaseous
constituents within the containment. On one hand this will contribute to set free the
diluents in gaseous form for inertisation and on the other the transfer of the heat from
the catalytic assembly to promote dissociation or reaction will limit the temperature
increase to a desired extent. The release of CO2 or/and steam at different temperature
level of the catalytic assembly will locally inertise the compartment. After the end of
dissociation both the chemicals and the catalytic assembly are free in their tempera-
ture rise until the next step of the initiation of reaction. Depending on the choice of
chemicals, the leftover product can react with oxygen, hydrogen or carbon monoxide
to bind them. For these endothermic reactions the heat is going to be provided from
the exothermic catalytic reaction. After the completion of dissociations and reactions
the catalytic assembly has to heatup a larger mass with the leftover chemicals in the
neighborhood to limit the temperature increase.

Several chemicals have been identified having a very large number of attached mole-
cules of water and/or amount of CO2 as dissociation product. These chemicals should
be stable at least upto 100° C and set at first steam free after the catalytic assembly



has taken off for the reaction. The dissociation of CO2 should take place at the tem-
perature range between 250-500° C so that at this temperature the catalytic assembly
can remove hydrogen efficiently. Thus both the purpose of efficient catalytic reaction
and the provision of heat for the dissociation will be served. These chemicals should
possess at least 40-80 % by weight of H2O or CO2 or preferably both and should
remain in solid state even after the dissociation or reaction. Table 1 lists some of
these identified chemicals having water and/or CO2 content in the range of 40-85 %. A
thorough search should reveal better and optimum compounds fulfilling the above
conditions.

4.1 Demonstration with RALOC calculation

For the demonstration of \'.<e effectiveness of the proposed concept, calculations have
been performed with RALOC MOD.4 using the model for plate type of catalytic recom-
biner. The following is the methodology adopted for these calculations:

RALOC MOD.4 used to calculate transients concerning

a) Volume concentration of H2 in the vessel

b) Temperatures of the catalyst and adjacent layers of chemical

c) Temperature transients of layers of chemicals are used to calculate the re-
leased rates of inert gas based on the assumptions
- Dissociation starts at dissociation temperature (Td) and ends when the

layer temperature exceeds Td by 2.5° C
- The yield of inert gas (expressed as % of the total holdup of the chemical-

ly bonded inert gas per mole of chemical) is assumed to be linearly pro-
portional to layer temperature between Td and Td +2.5

d) From these release rate of inert gas total volume is calculated.

Following assumed data have been based for the calculation:

Vessel size

Catalyst plate size

Chemical used

Thickness of chemical layer

Peak H2-concentration

Initial gas composition

Initial pressure

10m3

1 m • 0.4 m • 0.001 m

copper oxalate

0.01 m

26.0 Vol.-%

90 % air; 10 % steam

1.2 bar

Fig. 4 illustrates the results of catalytic plates provided with an one-sided layer of
copper oxalate. The dissociation temperature of the compound is 300° C. Calculations
of hydrogen reduction by catalytic activity of a bothsided and one-sided catalytic
coating reveals for the one-sided coating a slow reduction. For a catalytic plate with
one sided catalytic coating and chemicals on the opposite side, the reduction of hy-
drogen is very similar, even with the supply of heat to the chemicals.

Fig. 5 shows the temperature increase of one-sided, bothsided coated catalytic plate
as well as of a catalytic plate coated one-sided with the catalytic agent and the other



side with attached copper oxalate as a function of time. The one-sided catalytic plate
with the chemical remains at a constant temperature of 300° C for a longer time due
to storage of heat at higher temperature by the chemicals and also for the heat for the
supply of ongoing dissociation reaction.

Fig. 6 shows the temperature profiles of different layers of chemicals and of the sur-
face of the catalytic plate. Here the thickness of 1 cm of the attached chemical was
divided in 5 equally thick layers. As it is to be expected the outer layer, being exposed
to convection, should show the lower and the innermost as well the non-coated side of
the plate higher temperature increase. The range of temperature increase was actu-
ally governed by the assumption related to dissociation and release of inert gas.

Fig. 7 reveals the mass of CO2 released in the volume of 10m3. A single cm thick
chemical layer of copper oxalate on a plate of 1 m x 0.4 m will accommodate 12 kg of
chemical having a density of 3 g/cm3. Fig. 8 shows the volume of inert gas CO2 ex-
pected to be released in the vessel volume. It is evident from this figure that the re-
leased volume of inert gas is not fully sufficient for the desired inertisation of 40 Vol.-%
CO2. Copper oxalate contains only 20.5 Vol.-% bonded CO2. Importance of the com-
pound can also be seen from the point of view of the further reaction of the leftover
product CuO with hydrogen at 500° C forming water and metallic copper and thus
removing hydrogen again.

With iron oxalate as the left over product after the dissociation is FeO. In the presence
of air in the atmosphere of the containment, the compound FeO reacts to form the
higher oxide Fe2O3 by removing oxygen at higher temperature. After the formation of
Fe2O3, another reaction to bind CO and further to generate CO2 is given by the

Fe2O3+ 3CO = 2Fe+3CO2

Metallic iron will again undergo oxidation and the same processes will be repeated.

If instead of oxalates, other compounds with higher mass of bonded water molecules
and molecules of CO2 making nearly 80 Vol.-% of total mass would be chosen, then a
strong inertisation with less chemical for large volume could be achieved.

With this method various choices of inertisation at desired temperature restricting the
temperature increase during catalysation can be achieved. Other advantages are the
further removal of hydrogen, oxygen and carbon monoxide.

5 Conclusions

Completely self functioning system independent of accidental scenarios to remove
hydrogen and inertise to desired extent limiting the temperature increase.

Not a complete inertisation to increase total pressure. Pressure reduction at a
later stage.

After the inertisation, allowance for continuous functioning of catalysts at higher
temperature to remove hydrogen quickly.

After the inertisation, removing of further hydrogen, oxygen or carbon monoxide
will be possible with simultaneous catalytic reaction.

The results of preliminary calculations discussed in this paper demonstrate the poten-
tial effectivity of this type of passive inertisation. Both the advantages and disadvan-
tages will be fully investigated with suitable chemical compounds. Additional



developmental works are required and thoughts have been given for supporting and
required experiments.
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Compound

NaHCO, 84 26.2

state

10.8 37 2.22 4.5 co2
H2O

270
270

KJ/mo»

43.67-92 87.7/mol/K
123-540 K

ZnCO, 125 49 4.398 2.27 - CO, 300

180 49 20 69 2.28 4.38 -2CO2

-2H2O
190
190

Mg(MgCO3)4

(OH)25H2O
468 51 23 74 2.36 4.23 5H2O

-4CO,
180
320

Mg3(AsO4)222H2O 747 53 1.79 5.58 17H2O
21H2O

100
220

MgSO4 7H2O
MgSO4 6H2O

246.5
228

51
39

1.68 5.9 7H2O
6H2O

150
200

46 KJ/kg 750 J/kg/K
348

Cu2C2O4 + O2 215 20.5 20.5 3.0 3.4 -1CO, 300 700

Na2B4O7.10H2O 376 47 1.73 5.78 8H2O 175
10H2O 350

615

7K2CO3.2CO2 952 41.6 18 59.6 1.836 5.44
9.5H2O

MgC2O42H2O + 0 148 60 24 84 2.45 4.08 2H2O
-2CO,

150
280

4Mn (HCO3)2

2H2O + 0 2

342 100 100

Table 1 Data of Chemical Compounds Selected to Demonstrate

Passive Inertisation
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Abstract: Improved Containment Isolation for CANDU Plants
for

Third International Conference on Containment Design and Operation
October 19-24,1994, Toronto

by A. H. Stretch and M. C. Singla, AECL CANDU

The publication of the Regulatory Policy Statement R-7 in February, 1991, by the Atomic Energy
Control Board imposes new requirements for the isolation of fluid piping penetrating the
containment boundary. The containment boundary and means of isolation must be defined for
all conditions which could exist during the operation or maintenance of the reactor, and following
an accident involving failure of a fuel cooling system. The appendix of R-7 describes the detailed
requirements for metal extensions of the containment envelope, including code classification of
the pressure retaining portions and isolation requirements for fluid piping and tubing penetrating
the containment boundary.

Fluid systems which form part of the containment boundary are required to be constructed to the
requirements of ASME Section 111 Class 2, except for systems closed to the containment
atmosphere or not connected to the primary heat transport system, which can be constructed to
non-nuclear standards (CSA B51), with restrictions on design pressure, operating pressure, and
leak monitoring during normal plant operation. The major requirements for isolation are two valves
in series for lines connected to the primary heat transport system and containment atmosphere.
For lines open during normal plant operation and connected to the primary heat transport system,
at least one valve must be automatically closing or a powered valve operable from the control
room. For lines open to the containment atmosphere, the valves must be automatically dosed for
events which could cause a release exceeding the dose limits for normal plant operation. Closed
systems inside the containment structure may have no isolation, if the requirements of ASME
Section III Class 2 are satisfied and the boundary is continuously monitored for leaks. Otherwise.
closed systems must be provided with at least one isolation valve. Other minimum requirements
are outlined for small lines.

For Wolsong Unit 2. the Wolsong project it was a requirement to satisfy the AECB Consultative
Document C-7, the forerunner to R-7, which was issued for review and comment, with a trial
application on the Darlington plant. When the R-7 document was issued in 1991. the project
applied its requirements to Wolsong 2,3, and 4. The application of the new requirements resulted
in the addition of a number of automatic isolation valves controlled by the containment isolation
system, with monitoring and test facilities, mainly in lines that are normally closed to the
containment atmosphere, but which may be considered to be open at certain times. Other manual
valves were also added to improve the isolation for closed systems. The details of the
improvements in code classification and isolation for metaJ extensions to the containment
boundary are described in the paper.
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Strain Rate Dependent Non-Linear Study of Containment Structure

* # *# * • *

A.K. Pandey , Ram Kumar , D.K. Paul and D.N. Trikha

Abstract

Nuclear containment structures are likely to be subjected to

short term impact loads/blast in addition to static loads. Air-

cra+"t and missile impact may endanger the safety of the contain-

ment. The economic considerations, due to the low probability of

impact loads compels the designers to reduce the safety margins

in the design of the structures. In order to reduce the safety

factors the actual response of the structures to extreme loads,

be predicted with a higher degree of confidence compared to

conventional structures.

The horizontal impact of an aircraft on the shield building (the

outer concrete shell) of a nuclear power plant has been analysed.

An elastic-viscoplastic model that includes strain rate sensitiv-

ity and progressive degradation of strength have been used in the

analysis. The strain rate dependent behaviour has been included

at two levels, the fluidity parameters depends upon strain rate,

failure and loading surfaces depend upon strain rate.
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The reactor building of Kaiga Atomic Power Project near West

Coast in Karnataka State in India consists of double containment

structures without liner founded on common'raft. The provision

of four major openings in inner and outer containment domes is

the innovative idea in the design of this reactor. This idea is

introduced for first time in the world to facilitate easy

maintenance or replacement of steam generators during life of

reactor. This also speeds up the construction activities and

reduces overall project time. After erection of SG's, these

openings are closed by dished head type sealing arrangement.

Only recently the design has been completed, approved and being

constructed. Since, the size of these openings is larger (4.lm

dia in plan}, its effects on the general responses of the dome

when subjected to the various loads is considerable. It also

complicates the prestressing cable layout which consists of
• • ^ ~ ~ ~ ~ '

working-of shape^of cables like ' C , inverted J, loop cables etc.

This paper describes various aspects of the geometries readings,

analysis methods, design with relevant provisions of codes of

practice.



The inner containment wall is 610 mm thick with radius 21.585 mat

center. The general thickness of the dome is 34 0 mm which in

gradually thickened at springing and around openings to 1000 mm.

At springing i.e. at junction with wall a ring beam with

thicknesses of about 1300 mm is provided to take care of outward

thrust exerted by dead load of dome and to facilitate anchorage;

of dome cables. 600 Cu.m. of M35 grade of concrete is used for

IC wall and ring beam while 650 cu.m. of M45 grade of concrete it;

used for IC Dome. 92 number of cables are used in N.S. & fci-W

direction each to form an orthogonal grid. Total v:ib

prestressing cables of 19K13 are used in whole IC.d

The containment is designed for an accident pressure (LOCA) of

1.73 Kg/cm2{g). The test pressure is 1.15 times of accident

pressure. The SSE intensity is almost 30% of gravity and OBE

magnitude comes to 0.7 times of SSE. The containment is checked

for limit state of serviceability and strength as per RCC-G,

modified to suit Indian philosophy of NPP. The prestress in

containment is applied in such a ways that at all locations the

section remains under minimum compression of 1 MPa. assuming

complete leak tightness. For global response, the containment is

modelled using solid axisymmetric finite element while for locaJ

stress .distribution, thin shell element is used. The designs of

dished head type sealing arrangement on the openings is based on

provisions of RCC-M. The paper discusses all the above aspects

of geometry, prestressing cable, layout, loading, analysis and

design in detail.
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Indian nuclear power generation programme dates back to year 19fc9 when
two units of 200 MWe capacity of boiling water type were put into
operation. The containment for these units comprised of steel
pressure vessel around the reactor.

Since then India has adopted PHWR (pressurized heavy water reactor)
philosophy 1IJV thexr 220/235 MWe units and has at present seven units
of 220/235 MWe capacity in operation and another five units under
construction. The containment design of Indian PHWR has undergone
continuous evolution process with only a RCC single containment
building for Rajasthan units and switching over to full double
containment (in prestressed/RCG^ buildings for their Narora reactor.
Now India has embarked on the design of full double containment for
their first two units of 500 MWe capacity which will meet all the
regulatory and safety requirements for operating their reactor.

Primary containment is designed to withstand the pressure caused by
the release of hot fluid from the primary heat transport system under
DBA condition. The Design Basis Accident (DBA) which will result in
a maximum pressure rise in the containment is the postulated loss of
coolant accident ^volving double ended rupture of the pump suction
header i.e the complete failure of the largest pipe in the primary
heat transport system.

In addition to withstanding the pressure encountererd during DBA, the
containment must minimise the release of any radioactive fission
products from it during the period of pressurised state. For this
purpose, both sides of primary containment and inside face of
secondary containment walls will be painted with high build epo*y
paints. Double envelope concept will be adopted in the design of
penetrations and embedded parts. The specified design leak rate is
&?$£% of contained volume per hour at a design pressure of 1.44
kg/sq.cm (g). The containment will be tested to ensure the
requirements of the above leak tightness.

The paper describes in brief • the various design considerations for
fulfilling safe operation and regulatory requirement as per IAEA and
international codes (RCC-G and ASME).
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ABSTRACT

One of the key safety systems of the Simplified Boiling Water Reactor (SBWR) of General
Electric is the Passive Containment Cooling System (PCCS). This system is designed to
behave as a heat sink without need of operator actions in case of a reactor accident. Such a
function relies on setting up a natural circulation loop between drywell and wetwell. Along
this loop heat is removed by condensing the steam coming from the drywell onto the inner
surface of externally cooled vertical tubes. Therefore, a succesful design of the condenser
requires a good knowledge of the local heat transmission coefficients.

In this paper a model of steam condensation into vertical tubes is presented. Based on a
modified diffusion boundary layer approach for noncondensables, this model accounts for the
effect of shear stress caused by the cocurrent steam-gas mixture on the liquid film thickness.
An approximate method to calculate film thickness, avoiding iterative algorithms, has been
proposed. At present, this model has been implemented in HTCPIPE code and its results are
being checked in terms of local heat transfer coefficients against the experimental data
available. A good agreement between measurements and predictions is being observed for
tests at atmospheric pressure. Further development and validation of the model is needed to
consider aspects such as mist formation, wavy flow and high pressure.
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1. INTRODUCTION

A design objective of the Simplified Boiling Water Reactor (SBWR), currently under
development by General Electric, is to provide passive removal of decay heat power under
accident circumstances. One of the key safety systems involved is the Passive Containment
Cooling System (PCCS). Its function is to remove decay heat from the containment after a
Loss of Coolant Accident (LOCA), maintaining the containment pressure within the design
limits. Its performance is based on no need of operator actions and on condensation of steam
released from the reactor coolant system to the containment dry well.

The safety function of the PCCS is initiated by a pressure increase caused by steam entering
the dry well. Once drywell-wetwell pressure difference provides enough driving head, steam-
gas mixture flows through a condenser located in an atmospheric water pool situated above
the dry well level. Gas accompanying steam consists mainly of nitrogen (drywell gas) and
hydrogen (produced by metal-water reaction). The condenser is made up of a bundle of
vertical tubes inside which steam is to condense onto their externally cooled walls. Codensate
is drained into the Gravity Driven Cooling System (GDCS) pool located inside the drywell,
as long as noncondensable gases are discharged into the suppression pool inside the wetwell.
A simplified diagram of PCCS performance is shown in Figure 1.

Even though condensation heat transfer has been extensively studied in the past, much less
attention has been paid to condensation inside vertical tubes, being most of data reported as
length averaged heat transfer coefficients [1-3]. The particular phenomenology occurring
inside a vertical tube during condensation gives a special interest to local heat transfer
coefficients. Although much fewer than averaged ones, experimental measurements of local
heat transfer coefficients have been taken under conditions representing those expected during
PCCS performance [4].

When a downward cocurrent mixture of noncondensable gas and steam condenses in a
vertical tube, the condensation generates a radially varying concentration distribution. A gas-
vapour diffusion layer forms next to condensate interface, through which steam must pass
by diffusion and convection. The thickness of this layer increases along the tube, so that
different conditions are to govern condensation at different tube levels. Thus, a variable gas
resistance should be expected to heat and mass transfer along the tube; namely, heat transfer
coefficients will be a function of axial location.



In this paper a model to calculate local heat transfer coefficients during steam condensation
inside vertical tubes when a noncondensable/steam mixture goes through is presented. Heat
transfer degradation caused by noncondensable gas accumulation at liquid-gas interface is
accounted for by a modified diffusion boundary layer approach. An approximate method to
estimate condensate film thickness has been developed to save computing time, preventing
the classical iterative method used. Special emphasis has been given to the interfacial shear
stress caused by relative motion of condensate film and gas core. A new computer code
called HTCPIPE, written in FORTRAN 77 programming language, has been built up and
its results are being compared to experimental data available.

2. MODEL DEVELOPMENT

Next, a model for steady, filmwise condensation of a downflow vapour-noncondensable gas
mixture inside a vertical tube is presented. As can be seen in Figure 2, the inner volume of
the tube can be described in terms of a 2-phase annular structure: a liquid film of thickness
6(z) next to tube walls and a core region where gaseous mixture flows; temperature, velocity
and gas concentration profiles are also shown in the plot. Liquid film moves at much slower
velocity than noncondensable-steam mixture what imposes a shear stress acting on water-gas
interface. The mixture regime can be either laminar or turbulent, depending upon the
position: near the tube entrance the regime will be turbulent, whereas in the lower region,
when most of steam has already condensed, the regime will be laminar. The steam is
assumed to enter the tube in a saturated state and flowing with a fully developed profile.
Condensate regime is assumed to be laminar.

2.1. Condensate film velocity

As said above, the film is assumed to be steady at a distance z from the entrance of the tube.
The acting forces on the condensate film element are displayed in Figure 3: gravity (Fgf),
buoyancy (FVpf), interfacial stress force (Frif) and viscous stress force (FTMf). The force balance
can be written as:

n[(R-y)2-(R-t>)2]Pfgdz *
"<fcf (1)

dz ~~ fdy

Expressing the pressure gradient as the product of a fictitious mixture density and gravity
(dp/dz=pm*g), imposing the nonslip condition at the wall interface (uz | y_ 0~0) a n^ integrating
the resultant equation, one finds the following expression for the condensate film velocity:

uz(y)

| )
R



2.2. Fictitious density

The application of the momentum conservation equation to a mixture volume element allows
to define the so called fictitious mixture density. As can be seen in Figure 4, the acting
forces are: gravity (Fgm), buoyancy (FVpm) and interfacial shear stress force acting on the
mixture (F^J . Equating these forces to the in-out term of the volume element and
rearranging the equation terms it is obtained:

dz

being um the mixture velocity.

Substituting here again the pressure gradient by the product of fictitious density and gravity
and integrating, an expression for pm* is found:

1 dTA_ ; ^ du (4)

where dH is the hydraulic diameter of the vapour-noncondensabe flow (dH=d-26).

2.3. Film thickness

Through the resolution of a simplified heat balance equation at the liquid-gas interface, one
can find out an expression for film thickness, 6(z), appearing in equations 1-4. Several
assumptions are taken. Concerning the film, heat transfer is mainly driven by conductive
mechanisms (i.e. covective term is supposed to be negligible), and temperature decreases
linearly from the interface (Ti) down to the wall (Tw),

Vfilm g g

Regarding heat coming to interface from the bulk, it is assumed to be entirely due to steam
condensation (i.e. sensible heat is neglected):

where hfg is the latent heat of vaporization at T, and Cp|AT/hfg is the Jakob number, which
measures the relative magnitude of the film subcooling. Equating the preceding equations a
transcendental equation is obtained:



z - (5)

For a given z one has to solve Eq. 5 to compute 6(z). An exact solution can be found using
numerical methods based on the secant and Chebyshev algorithms to integrate such an
equation. However, the possible implementation of the whole model in large severe accident
analysis codes makes desirable not to use iterative algorithms so that computing time does
not grow dramatically. An approximate via is to compute dF/d5 from Eq. 2 and the
expression of mass flow rate per unit of circular length, F(z):

f2n(R-y)Pjuz(y)dy

T(z) = -2
nd

Using the Leibniz formula to derive an expression for dF/dz from the preceding equation,
it is found that

All the integrals in Eq. 6 are solved expanding the natural logarithm function as a series of
Taylor. The derivative of the fictitious gaseous density respect to film thickness can be
derived from Eq. 4. Finally, the solution of Eq. 6 requires to know an expression for % and
its derivative respect to 6; all the equations concerning shear stress are presented below.

Once the expression found for dI7d<5 is introduced in Eq. 5, and after an integration the
following approximate result was arrieved to, by substituting in the square brackets 6 by 6p:

1 2596 *^
6 = N (7)

1/3

where the polinomyal coefficients are: a,=2, a2=-28/15, a3=-l/3, b,=4/3, b2=-2, b3=8/15,
b4=l/3, c, = l/2, c2=-8/15; and the variable x is the quotient between the film thickness and
the tube radius (x=6/R). Other variables in the formula are:



6p = 1.189

m, =
360/mPm(«w-«,)2

• _ 1

4

By these expressions the results obtained for 8 were found to be quite similar to those from
the exact solution of the transcendental equation. Relative errors were within a margin of
5 %, being most of them around 1 %.

2.4. Interfacial shear stresses

The interfacial shear stresses acting on the gaseous mixture (rim) and on the condensate film
(rif) are different because of suction effect due to condensation [5,6]:

Tta = t f a - 2 i - (8)

a'e"' (9)

where rm represents the interfacial shear stress if no phase change occurs and is given by:
and a' is the ratio of the mass flow rate condensing per unit area in the tube (dr/dz) to the
mass flux hitting the interface and rebounding after giving up its momentum to the surface:



(10)

dT

a'-

The interfacial friction factor, fj, is a crucial factor in the model given the importance of
interfacial shear stress as will be seen in the next section. To calculate f| the following
expression is used [5]:

being fm the friction factor of the vapour-noncondensable mixture for smooth tube walls:

fm = 0.079Rem-°25 /km>2300

where Rem is the Reynolds number of the mixture. These equations fit data for annular flow
at atmospheric pressure and air-water flows, but the effect of pressure is poorly represented.

2.5. Interface temperature

Both pm* and a' depend upon the local mass rate of condensation per unit area, dF/dz. This
derivative can be found if a heat transmission steady state at interface is assumed:

(ID

However another important unknown in this equation which is a direct function of
noncondensable presence is the interface temperature, Tj.

In order to find out T; a diffusion boundary layer approach is used [7,8]. The noncondensable
gas is carried with the vapour towards the interface where it accumulates. Thus, the
noncondensable partial pressure increases at the interfase and, as total pressure remains
constant, interfacial steam pressure is lower than in the gaseous core. In this approach it is
assumed that diffusion boundary layer is saturated, so that T ^ T

The sensible heat flux within boundary layer at a distance y from the interface, q,", is made
up of a conductive term and a convective term:



Using an integration factor technique to solve this equation it is found that q," can be
expressed as,

where a is roughly given by,

c_Af_v_.c
a ~

m m av pm *

K '
and h,. is defined as,

Here cm, cpm and km are respectively the average molar concentration, specific heat and
conductivity over the diffusion layer, and vav is the average velocity of the gaseous mixture
towards the interface. The second quotient on the right term of equation is a factor that
accounts for the suction effect on sensible heat transmission.

Noncondensable velocity, vav, is calculated assuming that the convective flux of
noncondensible carried with the vapour toward the interface is compensated by the diffusion
driven by the concentration gradient of noncondensable across the boundary layer. This
assumption along with the Dalton law and a modified Clausius-Clapeyron Equation [7] are
used to express vav as a function of temperature difference between the gaseous bulk and the
interface:

.
T v

av f

being: D, the diffusion coefficient; 6D, the boundary layer thickness; Tav, the average
temperature; vfg, the specific volume change of vaporization; and x ^ , the logarithmic mean
of noncondensable mole fraction.

The definition of the mass transfer coefficient K^ can be written in accordance with the
preceding equation as,

The Sherwood number (Sh=Kvd/D) can be defined from the above equation and introducing
some other variables in terms of an effective condensation conductivity, k,.,



hcd CmMvXwVavh
T -T

(15)

The first term in brackets is the condensation heat transfer coefficient, h,., and the last one
is the inverse of an effective condensation conductivity,

k _ (16)

Therefore, Eq. 11 can be rewritten as:

-T,) = ht(Tb-Tt) (17)

whenever gaseous bulk region is saturated. From this equation, once h, and h,. are known,
it is needed to iterate to find an interface temperature which fulfills such a balance.

2.6. Heat transfer coefficients

In order to determine heat transfer coefficients, h. and h,, the heat and mass transfer analogy
is applied and the following set of correlations for Nusselt and Sherwood numbers are chosen
[9]:

Nu0 = 4.36 laminar flow Re < 2300

Nu = 0.023Re0iPi°35 turbulent flow Re > 2300

Sh0 = 4.36 laminar flow Re < 2300

Sh = 0.023ifca8Sc0-35 turbulent flow Re > 2300

Re, Pr and Sc are Reynolds, Prandtl and Schmidt numbers of the gaseous mixture,
respectively.

From equations derived for assessing heat transmission through the diffusion boundary layer,
it can be stated a total Nusselt number as:



ii

R = 0.023/te08Sca35 /tem>2300

d

(T -T) (19)
Nut = b ' = 4.364 /kffl<2300

k

where k ^ and k^, are effective conductivities for turbulent and laminar regimes,
respectively, and are defined as follows:

r\
0-35

)

a

The quotient multiplying the condensation conductivity is a correction introduced to account
for the effect of suction due to condensation on the sherwood number [10], where $a is
defined as,

Re;Sc
4

Sho

The correction term affecting the sensible heat transfer has been already commented above.

3. RESULTS AND DISCUSSION

In order to validate the model, experimental results were taken from ref. [11]. This work
consisted in a study of the behaviour of a natural circulation condensing system simulating
expected PCCS conditions. A total of 36 tests were performed and most of them provided
valuable experimental data on local heat transfer coefficients. As a first step, only those runs
carried out at pressures near 1 bar were chosen to check the model, so that this section is
restricted to runs number 4, 5, 7 and 8 of ref. [11].

In Table I experimental data and model predictions are compared in terms of their absolute
values, the ratio between them (f) and the relative error expressed as a percentage. In
addition, information concerning pressure, axial location, noncondensable mass fraction (wj
and mixture Reynolds number is included. In general, theoretical data follow pretty well the
behaviour of experimental ones. The same trends are observed in each case: the higher the
Rem, the higher the heat transfer coefficient. Likewise, it can be noted that the higher
experimental-theoretical differences are obtained as heat transfer coefficients show low values
so that the global behaviour of the model can be seen as reasonably accurate.



TABLE I
Experimental-theoretical comparison of local heat transfer coefficients

RUN

4

4

4

4

4

4

4

5

5

5

5

5

7

7

7

7

7

8

8

8

8

8

8

8

pxlO 5

1.058

1.058

1.058

1.058

1.058

1.058

1.058

1.03

1.03

1.03

1.03

1.03

1.024

1.024

1.024

1.024

1.024

1.077

1.077

1.077

1.077

1.077

1.077

1.077

z xlO"2

3.175

3.81

5.08

10.16

15.24

20.32

24.13

3.175

3.81

5.08

10.16

15.24

3.175

3.81

5.08

10.16

15.24

3.175

3.81

5.08

10.16

15.24

20.32

24.13

wa

0.0103

0.0107

0.0115

0.0155

0.0210

0.0288

0.0369

0.0274

0.0285

0.0307

0.0421

0.0584

0.0303

0.0316

0.0342

0.0479

0.0683

0.0290

0.0300

0.0322

0.0430

0.0575

0.0775

0.0975

Rem

11646

11122

10416

7692

5629

4050

3119

7184

6903

6368

4578

3222

7142

6844

6281

4404

2997

11871

11439

10617

7836

5730

4117

3172

h,(exp)

13665

13353

12196

8121

5716

4105

3121

7594

7316

6709

4823

3409

9413

9121

8314

5705

3932

14409

13637

12271

8075

5695

3579

2778

ht(th)

14131

13217

11660

8000

6051

4737

3733

9363

8770

7765

5161

3138

10024

9370

8239

5190

2936

13554

12590

11066

7250

4935

2718

1672

f

0.965

1.008

1.044

1.01

0.943

0.865

0.834

0.809

0.833

0.862

0.932

1.08

0.937

0.972

1.007

1.09

133

1.06

1.08

1.10

1.11

1.15

131

1.65

error
%

-3.5

-0.8

4.23

1.3

-6.0

-15.6

-19.8

-23.5

-20.

-15.9

-7.1

7.7

-6.6

-2.9

0.7

8.8

25.

5.7

7.5

9.6

10

13

23

39

In accordance with experimental data, model predictions point that heat transfer coefficients
change sharply with distance at the inlet of the tube, where most of condensation occurs.
This is a consequence of the shear stress and the suction effect considered in the model.
Shear stress arises from the difference in the local velocities of the mixture and the film and
it is dominated by u,,, at the upper part of the tube. Therefore, Rem is an indirect
measurement of its magnitude. Pressure similarity in runs 7 and 8 suggest that at a distance
of 3.175 from the tube entrance, given that noncondensable mass fractions are quite close
each other, differences found between both runs must be caused by shear stress between
liquid and gaseous phases. In sight of h, values it can be stated that: the higher Rem, the
higher the shear stress and, subsequently, the higher h, (both experimental and estimated).



The main effect of shear stress is to make thin the condensate film thickness. In Table II two
different values of 5 are displayed for some z values in run 4: the first is calculated without
accounting for shear stress (6N) as long as the second (8) consider the interfacial friction. The
noticeable decrease of film thickness has a direct impact on the film heat transfer coefficient
(hfllm=kf/6).

TABLE II
Film thickness estimated at diferent axial locations for run 4

(6 - shear stress; h^ - no shear stress)

z xW (m)
3.175
3.81
5.08
10.16
15.24
20.32

6N x 10" (m) || 5 x 10* (m)

0.86
0.90
0.97
1.21
1.38
1.51

0.46
0.49
0.56
0.80
1.03
1.23

Another remarkable effect taken into account in the model is the heat transfer degradation
caused by noncondensable presence. In Table I it is readily seen that in runs 4 and 8 at
z=15.24 cm both pressure and Rem are quite similar, so that heat transfer coefficient
discrepancies can be attributed to the different noncondensable mass fraction. Thus, run 4
with wa=0.021 shows a higher h, (both experimental and estimated) than run 8 with
wa=O.O575. This confirms the well known trend: the higher the noncondensable mass
fraction, the smaller the heat transfer coefficient.

4. CONCLUSIONS

This paper summarizes the major features of a model developed to estimate the local heat
transfer coefficients for annular filmwise condenstion inside vertical tubes when
noncondensable gas is present. Likewise, the major results obtained so far in its validation
are shown. The interest of this work relies on the use of vertical tubes externally cooled as
passive safety condensers in future designs of boiling water reactors.

The model accounts for three fundamental effects: the shear stress produced by cocurrent
downflow, the heat degradation caused by noncondensable presence and the condensation
influence on interfacial shear stress, sensible heat and mass transfer. A significant advantage
of the model is the alternative method proposed to assess the condensate film thickness,
which showed extremely small deviations from the values obtained using the exact iterative
procedure. The impact fo noncondensables is taken into account through a diffusion boundary
layer modelling of the gaseous region next to condensate film.

The results provided by the model are reasonably accurate for moderate mass fractions of
noncondensable gases (1-10%) and atmospheric pressure (~ 1 bar), showing an excellent
agreement with experimental data in the turbulent region (where most of condensation takes
place).



Further development of the model is foreseen in several aspects. First, based on this model
a tube simulator is to be formulated in order to can validate it against a more wide
experimental data base. Second, pressures other than atmospheric one are to be considered;
this probably requires to analyze the adequacy of some of the correlations used presently.
Third, a couple of new phenomena are to be taken into account: wavy nature of condensate
film surface and misty flow in gaseous bulk. These works are presently under way.
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N O M E N C L A T U R E

cm gaseous mixture molar concentration
cp specific heat at constant pressure
d inner tube diameter
dH hydraulic diameter of steam-noncondensable gaseous mixture
D Diffusion coefficient
f friction factor
g gravity acceleration
Gm mass flux of vapor and noncondensable mixture
^ condensation heat transfer coefficient
hj sensible heat transfer coefficient
h, total heat transfer coefficient
hfg latent heat of vaporization
Kv vapour mass transfer coefficient
k thermal conductivity
k,. condensation thermal conductivity
M molecular weight
Nu Nusselt number (hd/k)
p local pressure
R inner tube radius
Re Reynolds number (pud//*)
Sc Schmidt number (p/pD)
Sh Sherwood number (Cp/x/k)
T temperature
Uj, axial film velocity
um axial mixture velocity
v radial mixture velocity
vfg specific volume change of vaporization
x molar fraction
y radial coordinate
z axial distance

Greek symbols

r condensate mass flow rate per unit of circular length



8 condensate film thickness
6D boundary layer thickness
H dynamic viscosity
p density
T shear stress

Subscripts

a noncondensable
b bulk region
f liquid
i l iquid-gas interface
m vapour-noncondensable gas mixture
v vapour
w wall
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Figure 1.Simplified diagram of PCCS performance
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Figure 2. Sketch of vapour condensation in vertical tubes with cocurrent downflow and
noncondensable gas presence



Figure 3.Force balance on a condensate film volume element

Figure 4.Force balance on a gaseous volume element
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ABSTRACT

The intrinsic characteristics of iodine make it a relevant concern as to its potential
radiobiological impact in case of a hypothetical severe accident in nuclear power plants. This
paper summarizes the major results drawn from a very simple but illustrative calculation
exercise aimed at weighing how significant could be taking iodine chemistry in containment
into account for source term assesmments in case of a postulated severe reactor accident.
The scenario chosen as representative of expected conditions in containment was LA-4 test
of LACE programme. Several approximations and hypothesis concerning the scenario were
necessary.

Iodine chemistry analyses were performed with IODE code, as long as thermalhydraulic and
aerosol behaviour analyses, providing initial and boundary conditions for iodine calculations,
were carried out with CONTEMPT4/MOD5 and NAUA/M0D5 codes, respectively. In
general, the results obtained agreed qualitatively with the current knowledge on the area;
from a quantitative point of view, one of the major results was that iodine chemistry on
acidic conditions could provide a substantial increase in the leaked mass from containment
under the postulated circumstances. Hence, this study underlines the need of including iodine
chemistry in source term assessments
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A SIMPLISTIC VIEW OF THE IODINE CHEMISTRY INFLUENCE ON SOURCE
TERM ASSESSMENT

Luis E. Herranz
Jesus J. Rodriguez

1. INTRODUCTION

Chemical behaviour of some fission products affects strongly their evolution in case of
hypothetical severe accidents. In this regard one of the major radionuclides is iodine. Its
significant yield in the fission process, its volatility, its great reactivity and its potential
radiobiological impact have made it one of the most important issues of nuclear research
programmes in recent years. As a result several computational tools to predict iodine
chemistry during severe accidents are being developed by different organizations.

This study was aimed at analyzing how iodine chemistry in containment can influence source
term assessments in case of a postulated severe eactor accident. In order to do so, a coupled
code system covering thermohydraulics (CONTEMPT4/MOD5), aerosol behaviour
(NAUA/M0D5) and iodine chemistry (IODE) was used.

The scenario chosen was closely related to LA-4 test of LACE programme. Even though
such an experiment was essentially devoted to examine specific aspects of aerosol behaviour,
some assumptions and approximations allowed to use it as representative boundary conditions
for iodine behaviour in case of a hypothetical severe accident. On the other side, such an
approach made meaningless any comparison between predictions and experimental results.

2. SCENANRIO ANALYZED

The scenario analyzed can be seen as a modification of LA-4 experiment. LA-4 test is one
of the six experiments which composed LACE (LWR Aerosol Containment Experiments)
programme matrix [1]. The general objective of the project was to provide a suitable data
base to validate themohydraulic and aerosol codes. The tests were carried out in CSTF
(Containment System Test Facility) vessel, whose essential features are summarized in Tables
I and II.

TABLE I
Properties of vessel materials

Material

Phenolic paint

Carbon steel

Insulator

Conductivity
(W.m'.K1)

3.00 101

5.12 101

4.67 10-2

Heat capacity
(J.mMC1)

1.60 106

3.85 106

7.23 104



TABLED
Vessel characteristics

Design pressure

Nominal leak

Internal diameter

Height

Transference surface

Total volume

517. KPa at 433.15 K

2%/day at 69 kPa overpressure

7.62 m

20.3 m

741 m2

852 m3

2.1. LA-4 Experiment

LA-4 experiment simulated typical accident conditions of a late failure of a LWR (Light
Water Reactor) containment [2]. A couple of aerosol species were injected into the vessel in
an overlapped manner: one soluble, cesium hydroxyde (CsOH), and another unsoluble,
manganese oxyde (MnO). The test consisted of several periods: heating-up (-50 - 0 min),
aerosol injection (0 - 80 min), steady state (80 - 280 min), vent (280 - 600 min) and
cooldown (600 - 5700 min). The injection phase was dividen into three subphases: CsOH
input (0 - 30 min), CsOH and MnO input (30 - 50 min) and MnO input (50 - 80 min). Table
m shows some of the thermal variables at -50 min (initial time of thermohydraulic analysis)
and 0 min (initial time of aerosol and chemistry analysis).

TABLEm
Initial thennalhydraulic conditions

Time
(min)

-50.

0.

(K)

315.7

371.1

Tw

(K)

315.0

329.3

T,
(K)

315.7

366.8

PT
(kPa)

107.0

212.5

Mnimp

(kg)

950.

1760.

XJCO

0.071

0.443

2.2. Approximations and hypothesis

The major approximation taken concerned the aerosol species: the soluble aerosol (CsOH)
was substituted by another soluble species containing iodine, cesium iodide (Csl). This
compound is thought to be one of the most representative iodine species entering the
containment in case of an accident. Rates and timing were maintained as in the original test,
as well as the unsoluble compound (MnO).

Chemical aspects were ignored in LA-4 test. This forced to take additional hypothesis and
approximations to can analyze iodine chemical behaviour in a prototypical accident
environment:



• A dose rate within the range expected in accident conditions [3] was imposed
(1 Mrad/h).

• No organic substances were assumed due to the lack of data on this regard and
to the unaccurate theoretical approach for the time being on formation and
destruction of organic iodine compounds.

• Two extreme pH were considered to cover both acidic (pH=5) and alkaline
(pH=9) conditions (both anticipated under accident circumstantes [4]).

2.3. Modelling

Several codes were used sequentially to analyze the scenario: CONTEMPT4/MOD5
(thermohydraulics), NAUA/M0D5 (aerosol behaviour) and IODE (iodine chemistry). A
diagram of code interfaces can be seen in Figure 1. Except for thermalhydraulic analysis,
which took into account the heating-up phase, the calculations extended from 0 to 450 min
(time at which leaks through the vent became null).

In order to evaluate the impact of iodine chemistry on source term assessment two types of
calculations were performed: without and with chemical considerations. The second one
consisted of two different calculations, one in acidic conditions and the other in alkaline
conditions.

Next some specifics of modelling in each of the three areas covered are described. Input data
not commented below were taken from ref. [2].

CONTEMPT4/MOD5 [5] describes the thermohydraulic response of a multicompartimental
containment of a LWR under accident conditions in terms of thermodynamic variables such
as temperature, pressure, relative humidity and so on.

The containment vessel was modelled as an atmosphere region ( — 851 m3) composed by air
and steam, and an aqueous region (~ 1 m3 at -50 min), both enclosed in an only one cell
which was surrounded by environment. In both zones a uniform temperature was assumed,
being the interface temperature equal to the liquid one. Six structures were considered:
cylinder, upper head, submerged lower head, non-submerged lower head and internal
structures (in both sump and atmosphere). Uchida correlation was used to describe the heat
transfer between atmosphere and surfaces contacting with, as long as liquid phase was
assumed to be in equilibrium with the surrounding walls (a heat transfer coefficient of 57000
W/m2K' was imposed). The vent from the vessel was modelled as a homogeneous gas
flowing through an orifice.

NAUA/MOD5 [6] predicts aerosol behaviour within LWR containments during severe
accidents. Their results are expressed in terms of airborne concentration, particle size and
depleted mass. Themohydraulic input data were taken from CONTEMPT4/MOD5 output
except steam condensation rate onto particles which was taken from a theoretical adjustement
carried out in the frame of a european benchmark exercise on LA-4 test [7]. Concerning
particle properties the main assumptions were: extention of size range from 104 to 5xl0"2 cm,
partition of such an interval into sixty bins, spherical shape (shape factors equal to 1.0) and
particle density reduced to 50% of its theoretical value for unsoluble particles [8].



summarizes these and other thermalhydraulic results at the end of each test phase.

TABLE IV
Thermalhydraulic results (CONTEMPT4/MOD5)

Variables

T,(K)

T,(K)

TW(K)

PT(kPa)

Pmo(kPa)

PJkPa)

RH(%)

WCR (kg/s)

LR (kg/s)

0.

371.1

329.3

366.8

212.5

94.1

118.4

100.

0.22

0.00

Time

80.

374.1

339.1

373.4

271.8

105.0

166.7

100.

0.02

0.00

(min)

280.

375.7

351.8

375.4

285.8

111.0

174.8

100.

0.01

0.45

450.

364.3

346.6

360.9

105.6

61.53

44.1

84.0

0.00

0.00

The concentration of Csl particles followed the expected pattern (Fig. 4). A steep slope was
obtained during its injection up to attaining a maximum of 2.76 g/m3 at - 5 0 min. Next, it
diminished in a exponential way till the vent start. At 280 min the decay was accelerated by
the leaks.

The major depletion process was settling. Relative humidity conditions alowed an intense
steam condensation onto particles which made them grow and, subsequently, be removed by
sedimentation. In Figure 5 settled mass (M^d) and settling rate ( V ^ versus time are plotted.
It can be readily seen that most of settling happened between 50 and 100 min, reaching the
maximum intensity at 60 min. At 450 min the total mass settled is —2380 g. Table V
collects results of the most significant variables concerning aerosol behaviour.

TABLE V
Aerosol behaviour results (NAUA/MOD5)

Time

(min)

50.

280.

450.

Concentration

(g/m3)

2.745

4.521 lO"1

3.961 10"2

Sedimentation

Mass (g)

4.58 102

2.24 103

2.36 103

Rate (g/s)

2.37 10"1

7.32 10'2

1.82 10"3

Leaked Mass

(g)

0.

0.

2.21 102



IODE [9] simulates iodine chemical behaviour within a PWR (Pressurized Water Reactor)
containment under accident conditions. Its results were expressed in terms of species
concentration in aqueous and gaseous phases.

The chemical behaviour consisted of six chemical reactions:

• Hydrolysis of molecular iodine (I2)

I2+H2O ** I-+HOI+H* (1)

• Ionization of hypoiodous acid (HOI)

HOI * 01' +H+ ( 2 )

• Disproportionation of hypoiodous acid

3HOI * 2I- + IOJ+3H+ (3)

• Thermal oxidation of iodide (I)

Radiolytic oxidation of iodide (I)

I2 (5)

Radiolytic reduction of iodate (IO3)

In Figure 2 the chemical model is plotted. A total of four flows were taken into account: I2

transfer from sump to atmosphere (^,), I2 deposition onto surfaces by steam condensation
), I2 diffusion towards the walls (<£3) and I2 leak through vents

3. RESULTS

A thorough description of every variable of each of three fields modelled is out of the scope
of this paper. Attention is mainly focused on those variables closely related to iodine
chemical behaviour.

Figure 3 shows gas, sump and wall temperatures as a function of time. Gas temperature (Tg)
curve showed different slopes in each test period: a sharp rise during the heating-up, a
moderate increase in the injection phase and an almost constant value up to the beginning
of the leaks, during which an initial rapid decrease is then softened. Sump temperature (T,)
exhibited a smoother evolution given that there were no heat sources injected into it and,
hence, T, variation depended upon energy exchanges with atmosphere and surfaces. Wall
temperature (Tw) showed similar trends to Tv and only during the heating-up and the vent
periods there were differences caused by thermal inertia of the surfaces. Table IV



The results on iodine chemistry were dramatically different depending on pH. A couple of
iodine scenarios were studied: the first one, characterizad by an acid pH (QA); the second
one, by an alkaline pH (QB).. In both cases I" mass input rate into the sump was derived
from Csl settling velocity.

Figure 6 shows the evolution of total iodine concentration in the sump along with those of
each species (I2, HOI, I", IO3) at pH=5. As can be seen, iodine was mainly as I" and I2.
Both species concentrations increased considerably during the injection period. Their maxima
were attained during the stationary, at -200 min for t (-3x10* g/m3) and at -235 min
( — 3x10 g/m3). On the contrary, IO3" concentration increased slowly along the time but, as
in the case of HOI, it was so low that it hardly affected the total iodine concentration. I2

concentration in the gas phase followed that of liquid phase since they were linked each other
by the aqueous-gaseous transference; at —260 min I2(g) reached a maximum ( —3.5xl0"2

g/m3) and 20 min later it experienced a sudden decrease due to the vent. Table VI shows the
results obtained at the end of each phase.

In Figure 7 the different flows affecting I2(g) at pH=5 are plotted. As can be seen, the most
significant transferences ocurred between the sump and the atmosphere (< )̂ and between the
atmosphere and the walls (4>2) (interaction with paints). The amount of iodine carried to the
walls by steam was negligible, as well as leak flow rate (even at 280 min).

TABLE VI
Iodine species concentration at pH 5

Time

(min)

50.

280.

450.

UQUID PHASE
(g/m3)

h

6.15

5.32 10'

3.17 10'

HOI

3.09 10"3

2.12 10"2

1.81 10-2

I

9.61 10'

2.81 102

1.50 102

IO3

4.97 104

3.91 10'

8.53 10"'

GAS PHASE
(g/m3)

I2

2.10 10"3

3.51 lO"2

2.50 10-2

TABLE VH
Iodine species concentration at pH 9

Time

(min)

50.

280.

450.

UQUID PHASE
(g/m3)

I2

1.23 lO"2

3.14 lO"2

5.76 10-2

HOI

5.68 lO'2

6.21 10-2

8.25 10"2

I

1.04 102

5.68 102

5.97 102

IO3

1.76 10'

9.72 10°

1.95 10+1

GAS PHASE
(g/m3)

I2

4.31 10"*

3.10 10s

4.17 lO"5



At pH = 9 iodine speciation changed dramatically respect to the acidic scenario (Fig. 8). Ionic
forms of iodine (I", IO3) were predominant in the sump. Almost 100% of iodine existed as
I" (I' concentration was more than one order magnitude above that of IO3). Even though both
increased steadily, V reached its order of magnitude at the beginning of stationary state as
long as IO3" rised smoothly along all the time. Molecular species (I2,HOI) had negligible
concentrations compared to I" one. As for I2(g) the major observation referred to its very low
concentration, being its fluctuations a consequence of existing flows (Fig. 9). Table VII
collects the concentration of every species at the end of each period.

4. DISCUSSION

Once Csl came into the liquid it underwent ionization and iodine dissolved as I. Both at acid
pH and alkaline one, I' is then submitted to the following chemical reactions:

I'+HOI+H* * I2+H2O

— O2+2H* * I2+H2O

2I-+hv * I2

Namely, a certain fraction of I was transformed into I2. Among these reactions the most
efficient way of converting I" into I2 was the radiolytic oxidation of I". However, in alkaline
conditions the yield of I2 formation through any of the three reations was quite low.

The iodine fraction transformed into I2 was instantaneously hydrolyzed. The extention of this
reaction depended also on pH. At acidic pH the continuous supply of I* into the sump and
the high concentration of protons (H+) caused a noticeable I2 build up in the sump. On the
contrary, as H+ concentration was low (basic solution) hydrolysis equilibrium shifted towards
HOI formation, producing a decrease in I2 concentration.

Another potential source of I2(l) is the radiolytic reduction of IO3~. However, this reaction
was not crucial in any of the cases analyzed. In acidic conditions, the concentration of IO3
was too low and, thus, this reaction was negligible compared to radiolytic oxidation of I". In
basic conditions the formation of IO3" by HOI disproportionation was favoured but the IO3"
reduction was seen to be quite unefficient at high pH.

As to I2(g) concentration, discrepancies between acid and basic cases were a consequence of
the aqueous chemistry of I2 given that the only source of I2 into the gas phase was its
partition bewtween sump and atmosphere,

J 2 ( J ) * I2(g)

and that no chemical reactions were considered in the gaseous phase. The removal
mechanisms of I2(g) were formulated as linear functions of I2(g) concentration whose rates



were defined in the input deck of IODE, so that differences in their intensity was essentially
caused by those of I2(g) source from the pool.

In both cases the predominant species was I. However, as long as in acidic conditions its
evolution reached a maximum, in basic conditions it tended to attain an asymptotic value.
The most intense process which underwent I" was the radiolytic oxidation, whose velocity is
a function of pH,

V.-^aiH*]0-25 (7)

Such a dependence makes the conversion to I2 more intense at low pH. At a certain time the
I input rate into the sump did not compensate I" losses by oxidation and I concentration
began to decay. This situation did not exist at high pH, because the oxidation rate was lower
that I input rate during all the transient.

Acid and alkaline IO3" concentration curves were qualitatively similar. However, they were
dramatically different from a quantitative standpoint. The responsible process of IO3

formation was HOI disproportionation that is proportional to the square of HOI
concentration,

I2 hydrolysis was the source of HOI, so that [HOI] can be written as,

[HOI] = KW[I*] (9)
[J-] [H*]

Thus, it can be said that the formation of IO3 is inversely proportional to the square of H+

concentration. So, a decrease in pH led to an increment of [HOI] that caused an iodate
concentration much higher at basic pH.

A global comparison between acid and basic scenarios can be done through the overall
partition coefficient of iodine:

As it is readily seen HT is a measure of system volatility: the higher HT, the lower volatility.
Figure 10 shows that the system volatility was much lower under alkaline conditions than
under acidic ones (roughly three orders of magnitude).

From the safety point of view another variable worth to be analyzed is the iodine leaked
mass. As leaked mass obeys a first order law in [I2(g)L

Mlk a [I2]g (11)

speciation at the beginning of vent period was crucial. Figure 11 shows that at low pH I2(g)
was a relative important iodine compound as long as it was not at high pH. This fact and the
performance of sump as a source of I2(g) during the vent (as a consequence of the shift of



partition equilibrium to the right), explains the quantitative discrepancy found between M,k
both cases (Fig. 12): at acid pH Mlk is approximately 25% higher than at basic pH.

Finally, Figure 13 compares the three cases studied. The curves belonging to the amount of
iodine suspended as particles and the amount of airborne iodine both as particles and as
gaseous form under basic conditions were practically equal. This fact indicated that basic
conditons enhance stability of ionic forms of iodine in the sump, whose negligible volatility
makes iodine to be efficiently retained once it comes into the sump. On the contrary, if both
curves are compared to that of the total iodine suspended (particles and I2) under acidic
conditions a growing divergence from the end of the injection can be observed. Such a
difference became more relevant as the vent started because, as said above, a fraction of the
I2 inventory in the sump was transferred to atmosphere trading off somehow the I2(g) loss
through the leak path; so to say, under acidic conditions sump can behave as a source of I2

into the atmosphere of containment vessel whenever the partition equilibrium is shifted to the
right due to I2(g) removal.

The results discussed along the preceding paragraphs underline a well known statement
[9,10]: pH as a crucial magnitude for iodine behaviour. Achievement of alkaline conditions
in the containment sump would produce a substantial reduction in iodine source term
compared to that expected under acidic conditions. This fact makes pH be one of the most
important variables needed to be taken into account in the definition of accident management
strategies into the containment aimed at reducing the potential radiobiological impact.

In addition, iodine nature as particles or gaseous species is a relevant factor in its filtration.
Hence, another interesting point is that iodine to be emitted under acidic conditions has a
large fraction of gaseous components (25%) as long as at basic pH most of iodine available
to leak would be in paniculate form. This fact should be considered as well when mitigative
measures are being planned.

5. CONCLUSIONS

In this paper a simplistic view on how iodine chemistry in containment can influence the
source term assessment in case of a hypothetical severe reactor accident has been
summarized. The codes used were: CONTEMPT4/MOD5, NAUA/MOD5 and IODE. In
general, the results obtained agreed with the current knowledge on this area.

The major conclusions drawn from this study were the following:

• According to the scenario analyzed and under the hypothesis and
approximations taken, the quantitative contribution of chemical factors to the
leaked mass from containment could reach values around 25 % if an acidic pH
prevails in the containment sump from the beginning of the transient.

• Under alkaline conditions, containment sump behaves as a very efficient sink
of iodine. Only a very small fractions is transferred from the sump to the
atmosphere in form of volatile species (I2,HOI), remaining most of iodine
dissolved as ionic species (I and IO3).

• Sump efficiency as iodine sink becomes much lower under acidic conditions.



An acid pH gives certain stability to molecular forms of iodine, whose
volatility results in a substantial transport of these species into the containment
atmosphere. This sump behaviour as a source of molecular species can effect
significantly source term magnitude in case of a containment venting.

Finally, it can be concluded that an accurate estimation of source term in case of hypothetical
accidents requires chemical considerations, in particular those concerning iodine behaviour
in containment.
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N O M E N C L A T U R E

LR Leak rate RH Relative humidity
M J C C S I Settled mass Tg Gas temperature
Mfc Leaked mass T, Liquid temperature
Mjump Water mass in the sump Tw Wall temperature
PT Total pressure Vsed Settling rate
P m o Steam partial pressure Xmo Steam fraction
Pnc Non-condensibles pressure <f> Flow rate
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Figure 1. Diagram of code coupling
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Figure 2. Chemical model of the scenario
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ABSTRACT

Some underground mining methods leave deep empty holes in the earth's surface behind them.
In this paper it is described how to use such mining methods for the burial of damaged nuclear
power plants and for the decommissioning by burial of nuclear reactors. The design of a new
power plant should be integrated with that of an escapeway - an underground arrangement for
burial. The described mining methods are block caving for catastrophy burial, and various
stoping methods for planned burial and decommissioning. Blind shaft sinking by full face boring
machines for burial and decommissioning of the reactor vessel is also described. All the
described activities of mining and shaft sinking are well known. The total costs of burial by
these methods are estimated using standard mining industry cost data. These include the costs
for normal mine ventilation and groundwater control. However, the estimates of the cost and
duration do not include the capital and operational costs of the pre- and post burial activities of
ventilation and groundwater control related to the radioactivity.
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ABOUT THE BURIAL OF NUCLEAR POWER PLANTS,
DAMAGED OR IN THE PROCESS OF DECOMMISSIONING

by Jorgen Elbrond

INTRODUCTION:

Nuclear power plants pose problems about how to get rid of the radioactivity both in the case
of accidents and in the decommissioning phase. In the case of an accident, will the containment
hold? . If it holds, can the damage be repaired? If the damage cannot be repaired, will the
reactor sit there forever? And if the containment doesn't hold, what are the possibilities of
getting rid of the source of radioactivity? In the case of decommissioning, should the building
be removed? If yes, to where should the debris be taken?

II. ESCAPEWAYS:

A reply to some of these questions is to prepare the nuclear power plant site for these
eventualities by providing a vertical escapeway. Escapeways are prepared on mountain roads
for vehicles with brake failure, namely a bit of road with a counterincline, into which the vehicle
can be turned, and which is steep and long enough to stop the vehicle. In open pit mines, down
the hill roads are provided with a sand bank in the middle, large enough to stop a truck with
brake failure but without causing to much damage to the truck. On railroads there are sand
spurs, into which a train can be switched and stopped in case of a signal error, in order to avoid
collision with another train.

Translated into the nuclear power plant accident and containment problem the escapeway would
be a hole under the plant or under the critical part of the plant - the reactor vessel - wide enough
to let it pass down and deep enough to bury the critical part of the plant effectively.

III. MINING METHODS:

In mining, several methods for creating such wide and deep holes exist. One method which
could be used for the burial of a building of considerable dimensions is block caving. This
method involves the movement of large rock masses. It provides less possibilities for controlling
the radioactivity. Other methods are shrinkage stoping and some varieties of it and a modem
method of blind shaft sinking using a full face tunnel boring machine applied vertically. Both
of these methods, stoping and shaft boring, can carry out the burial of more precisely defined
parts of the nuclear power plant such as the reactor vessel or the core, than what is the case of
block caving. They would also make it possible to better control the radioactivity.



undercut, more space is created for the caving of the roof and accumulation of the cracking and
falling lumps of rock. Fig. 1 shows the principle of block caving. The cracking and caving
proceed to the surface, which begins to subside.
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Fig. 2a-f. The phases of burial by block caving



For burial of a building the hoisting shaft delivers the crushed rock to a system of conveyer
belts, which spreads it over the subsidence. The subsiding building will eventually be covered
with crushed rock on its way down. Fig. 2a-f describe the phases of burial by block caving.
This method could also be used to bury building debris, lesser contaminated, on shallower
depths instead of transporting it off the site.

III. 2 Stoping Methods:

A more restrained method is shrinkage stoping, which is equipped with basically the same
infrastructure as the one required by block caving. A block of rock is prepared for mining by
excavating a room of the length and width of the object to be buried and on the burial depth,
connected with the transportation level by drawholes. The rock at the roof of the excavated

Timbered mmwiy i;.
(al*o ventilation)

Fig. 3. The principle of shrinkage stoping (Hamrin)



room is drilled by horizontal holes and blasted, using the room's floor as working platform.
The blasted rock material swells and enough of it is drawn out to provide a new working space,
this time using the blasted rock as a working floor. The procedure is repeated and the room's
roof ascends to the desired height. The room is now almost full of blasted rock. Fig. 3
describes the principle of shrinkage stoping. If the escapeway is integrated into the design of
the power plant as part of the decommissioning, the final separation to the surface would be
blasted and the room completely filled with blasted rock. The rock should be sufficiently
compacted to serve as foundation of the building or the part of it, which eventually should be
buried in the process of its decommissioning. The creation of the rock filled hole and the final
blasting of the separation to the surface could also take place as the initiation of the burial of a
damaged plant or for decommissioning of a plant for which the burial arrangement was not
included in the initial design.

The burial is carried out by drawing the blasted rock from the room. The rock is then hoisted
to the surface, and distributed over the subsidence. Fig. 4a-h describes the phases of mining and
drawing the rock.
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Fig. 4a-h. The phases of burial by stoping

Varieties of stoping are such that use various ways of blasting the roof of the blast rock filled



room. A method called vertical crater retreat (fig. 5) is one of them. By this method the rock
is drilled from an upper level by long vertical holes which are loaded with explosives and blasted
by stages. The rock is drawn out below to allow for more space to be filled with newly blasted
rock.

Another method, the Alimak raise mining method (fig. 6), uses a raise from which horizontal
holes are drilled from a platform to precisely fit the area of the part of the plant to be buried.
Ranges of horizontal holes are blasted. Enough blasted rock is drawn out to provide space for
the next round of holes to be blasted considering the swelling of the rock.

-i

Fig. 5. Vertical
crater retreat

Fig. 6. Alimak
raise mining

These methods, which require drilling and blasting of all the rock, are considerably more
expensive counted by cost per m3 than block caving, but they can be tailored to fit the task of
burial much more precisely. The total rock masses to be removed are thus much smaller than
in the case of block caving.

III. 3 Blind shaft boring:

With a full face tunnel boring machine, TBM, adapted vertically (fig. 7), it is possible to sink
a circular shaft, which would be part of the reactor vessel building's design for
decommissioning. Such a shaft could be bored to a great depth and filled with sand, which
would then be drawn out for the burial, hoisted to the surface and spread over the sinking



reactor vessel. The phases of burial in a shaft are shown on fig. 8a-c.

Fig. 7. Blind shaft
sinking (Robbins)

Fig. 8a-c. The phases of burial in a shaft

IV. VENTILATION AND GROUND WATER CONTROL:

Hoisting shaft sinking and infrastructure construction are in all three cases similar and include
a ventilation shaft. The ventilation shaft has a particular role for the considered problem of
burial of nuclear plants and reactor vessels. The whole underground structure could be put
under a sufficient vacuum so as to prohibit any airborne radioactivity to escape to the surface.
A ventilation and filtering plant should be placed at the bottom of the shaft and the filter product
be taken care of by appropriate means. The movement of ground water must be deviated so as
not to get in contact with the radioactive material.

V. ESTIMATION OF COST AND DURATION OF BURIAL:

All the above mentioned methods of burial are slightly modified variants of well known mining
methods. Cost estimates can be made using standard procedures. The radioactivity poses
obviously particular problems, which must be explored separately. In all three cases, block



caving, stoping and blind shaft boring the burial is assumed to be at 1 000 m depth and last 3
years. The time for preparation before the start of burial is assumed to be 3 years. The whole
process is thus of a duration of 6 years.

All three methods require an underground infrastructure consisting of a hoisting shaft, a
ventilation shaft and drifts, raises and various other installations. The dimensions of these are
a function of the amount of material to be hoisted per day.

The cost formulae give capital (million$/year) and operational cost ($/t) as a function of shaft
dimension, depth and daily required capacity. We assume 260 working days per year, which
is usual for underground mines. The costs are in US$, 1989.

The cost estimate formulae are on the level of pre-prefe'asibility studies and are on the
conservative side. However, the geological situation of the site must be studied carefully. Rock
material, rock strength and groundwater presence are critical but not insurmountable difficulties.

V. 1 Block caving:

Burial of a building with an area of 50 x 50 m3. To account for the necessary area for
descending 20% are added to each side. The descending surface is thus 50x50x1.22 = 3 600 m2.
Quantity per day to hoisted = 3 600x1 000/(3x260) = 4 615 mVper day.

Total capital cost : 121 million $
Operational cost : 34 $/m3

Total burial cost : 244 million $

V. 2 Stoping:

Burial of a building with an area of 15 x 15 m3. To account for the necessary area for
descending 20% are added to each side. The descending surface is thus 324 m2. Quantity per
day to hoist: 324x1 000/(3x260) = 415 m3/days.

Total capital cost : 25 million $
Operational cost : 96 $/m3

Total burial cost : 56 million $

V. 3 Blind Shaft boring:

Burial of a reactor vessel of 6 m diameter. To account for the necessary area for descending
and including lining of the shaft 30% are added to the diameter. The surface to be bored is thus
47.8 m3. Quantity per day to hoist: 47.8x1 000/(3x260) = 61.3 m3/per day.

Total capital cost
Operational cost
Total burial cost

26 million $
76 $/m3

31 millions



VI. CONCLUSIONS:

The burial of buildings such as nuclear power plants and part of them is technically feasible by
well known mining methods even to depths of 1 000 m and deeper.

The design of a nuclear reactor should include its burial on site to avoid transportation of
radioactive waste to faraway depositories.

The site of the nuclear power plant should be selected for favorable geology in view of burial.

(The question of how to take care of the buried radioactivity is not treated in this paper and no
cost for this is included. It is proposed to examine various scenarios of decommissioning for
this aspect.)
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