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Abstract

An evaluation of containment transient pressure due to the particulate debris/water/concrete
interaction under severe accident conditions is presented for a pressurized water reactor with a
large dry containment building. A particulate debris/water/concrete model is developed and incor-
porated into the MARCH computer code. Comparisons with the existing MARCH molten debris/
concrete model were performed for the TMLB’ and S;D sequences. The results yield a much slower
concrete decomposition rate and release less gases into the containment atmosphere. Contrary to
the molten debris model, the particulate debris model ekhibits a strong interaction with water and

causes a higher containment pressure. The effect of gas influx on the debris bed heat transfer was

found to be insignificant.
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Nomenclature

Specific heat

Specific heat at constant pressure
Average particulate diameter
Arrhenius activation energy
The acceleration of gravity
Heat of vaporization
Thermal conductivity
Arrhenius frequency factor
Bed height

Total heat transfer
Universal gas constant
Effective Saturation

Time

Temperature

Superficial velocity

Inlet mass flux

Depth

Weight fraction

Density

Dynamic viscosity

Bed porosity

Surface tension

Contact angle between liquid and solid
Effective thermal diffusivity

Subscripts

Average

Concrete

Debris partcle

Gas

Interface between debris and concrete
Liquid

Gas-vapor mixtures

Vapor

1. Introduction

For a postulated core meltdown accident,

predicting the containnment pressure and tem-
perature histories resulting from steam overpr-
essurization and hydrogen ignition is important
for the development of severe accident mitiga-
tion feature! in the future. Furthermore, the
thermal interactions of the core debris with
water and concrete are of particular importance.
The interaction of the core debris with water
first occurs at the bottom of the reactor vessel,
which could result in the complete evaporation
of reactor vessel water, and then, the failure
of the vessel. With the failure of the reactor
vessel under severe accident conditions, large
quantities of molten core dedris are released to
the containment cavity. In the flooded cavity,
the mixing of the molten debris with water
may cause fragmentation of the core debris. If
no steam explosion is triggered, the fragmented
debris settles on the cavity basemat and forms
a porous debris bed. The interactions of core
debis with water and concrete in the cavity are
the driving forces for the generation of steam
and combustible gases. Recently, the analysis
of the steam pressure spike due to the debris/
water interaction evaluated by Yang and Pratt?
was based on a porous debris bed located in the
reactor cavity with adiabatic and nonpermeable
boundary between its core debris and concrete.

In the analysis, no heat and mass

transfer
between the debris bed and concrete were con-
sidered. Lee and Yang® presented a study of
the particulate debris/water/ concrete interact-
ion for pressurized water reactors under severe
accident conditions. In the present paper, the
previous work is extended to an evaluation of
containment transient pressure for a typical

3,000 MWt PWR plant.

Most of the studies of core/concrete interact-
ion are limited to core debris in the molten
state 4. There is only a few studies of the
particulate dedris interacting with the concrete.
Baker® and Tarbell” reported an experimental
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study of fragmented debris on concrete. The
results indicated that the gas influxes generated
by dehydration and decarboxylation reactions
are smaller than those that would be produced
by a molten overlying material. Using Tarbell’s
experimentally-measured gas flux, a dryout
model by Gorham-Bergeron® showed that the
interaction of solid debris with gas flux has
little effect on dryout heat flux of the dedris
bed. In this study, Lipinski one-dimensional
debris bed model® is extended to include a
steady gas influx from below. This mode! has
not been applied to the transient containment
conditions in which the gas fluxes are coupled
with the cooling of core debris. For degraded
core and full core meltdown accidents, Yang
and pratt?!® described that the hot core debris
could be coolable and stay in the particulate
form in the reactor cavity for hours. Since the
interactions between core debris, water and
concrete could take place for a long period of
time, its coupled phenomena become an integral
part of the containment transient.In this study,
a treatment of particulate debris/water/concrete
interaction was modeled and incorporated Into
the MARCH code!” for an estimation of the
coupled phenomena.

At present, MARCH is the principal code
available for analyzing meltdown accidents in
the light water reactors. In the MARCH code,
only the molten debris/concrete interaction is
computed in the subroutine INTER; no partic-
ulate dedris/water/concrete interaction is cons-
idered. The interaction of molten dedris/conc
rete modeled in the MARCH code represents
the situation in which the core debris uncoolable
and vigorous attack of the concrete takes place.
The particulate debris/water/concrete model
developed in this report represents another
limiting situation in which the core debris is
coolable and no wigorus attack of concrete is

expected.

2. Theoretical Analysis
2. 1. Gas Generation Model

The characteristics of the attack of the core
debris on the concrete below the reactor cavity
are important since it involves the final line
of defence against violation of the containment
An experimental study of transient heat trans-
fer in concrete was reported by Baker® for
evaluating LMFBR molten core debris with
concrete. In this model of transient heat
transfer in concrete, the heating of the concrete
is approximated by heat conduction in semi-
infinite medium with heat sink and step-change
of temperature at the debris/concrete interface.
This is extended in Reference 3 to include
the effect of concrete decomposition on transient
cencrete temperature distribution. In develo-
ping the model below, it is assumed that the
interaction between the hot core debris and
concrete causes the decomposition of the conc-
rete only. No melting of the transient temper-
ature distribution of the concrete as a function
of depth (x) is given as follows®,!2:

T=T.,+ (T:—T,) [erfc Y-+g(erfc

Y—i%erfc Y)] 1)-
whree
X
T 2yat
=—9 | 1= vai/a,
£ [ 0.134

ZakkaHk «/?/—OI
+ 0. 0756 C,(T:— 1) ] /

(143,616 var/au)

Here, a; is the thermal diffusivity of concrete
at temperature T; 4H, and f; are the reaction
heat and the propagation constant of %,th speies,
respectively. a; is the mole fraction of the k-th
species per unit mass of concrete.The interface
temperature between core debris and concrete
is approximated by

— T/ (RoC)u+ Te y/ (keC). ,
T= VR e+ (Rpc). @
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Knowing the the concrete temperature, the
decomposition rectionss in the concrete can be
computed. Powers!® has shown that there are
three events of thermal deccmposition involved
in the calcarous aggregate and basaltic aggregate
types of concrete. These events are,

(a) loss of evaporable water at temperature
of 293 to 473°K,

(b) loss of chemically costituted water at
temperature of 473 to 673°K, and

(¢) loss of carbon dioxide at temperature of
870°K.

The kinetic equations of the above events!®
has been empirically described by the first-order

rate laws:

WE=K(1-8) exp (E/RT) @

where j=1,2,3 are for the evaporable water,
chemically bounded water, and carbon dioxide,
respectively. The empirical constants, K; and

E;, are reported in the reference!®,
2.2 Gas Flux Dryout Model

This model is similar to that presented by
Gorham-Bergeron, which is based on Lipinski’s

one-dimensional model®. A modified analysis

LBA= [ 18 =
de? on(1=9° o1s* |kt

e i 150(1—¢)?

has been presented by Lee and Yang?, who
updated the Lipinski modl® to include gas
influx at the bottom of the bed. The conserv-
ation equations for two-phase fluid counterflow

through porous media with capillary effect are:

1.76(1—€)p, V.2 . 150(1—&)2pn Vo

de(1—s)3 d%*(1—s)°
+ Af”‘ +0ng=0 4
1.75(1—-e) P V| V| + 1501 —e)m Vi
de3s® d%%6°
+———Af‘ +8=0 (5)
prl+pyVy:w (6)
O V=0 Vo405V D
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®
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where W is the inlet gas flow rate through the

bed. The total capillary pressure drop is given
by

6a(1—e)Cost
ed

By combining Eqs (4) through (9), a single
algebraic equation can be obtained as follows:

4P, —A4P,=

q

dzs 015 pu(1-52 ] Ry

X 1.75(1—¢) [ 2VgpL_+ Zéw} q
de® (1= " 018 1 Ry

4 150(1—¢€)? [ Ui Ve  pw
ass® on(1—8°%  p$° J

where § detemines the direction of liquid flow.

q

8 equals 1 for w> —9— and —] for w<
hug

The term, g represents the total heat transfer
to water for steam generation and is also given
by

9=4qatg; D
where ¢, and g, are the heat transfer from the
debris particles and the inflowing gases, respe-
ctively. It is assumed that the gases released
from the concrete, mix with water vapor and

are cooled to the saturation temperature of the

1.75(1—¢) [ \ P ow? }

hfg )

on(1—5)®*  pis

3

de®

—BoU=aCosh () yg=0 (10

two-phase flow in the bed:
Tl
qg:prECPgVBdT (12)
After water in the reactor cavity boils off, the

rate of heat loss from debris to gas may be

obtained from this formula:
T pax
ng:fn CrepeVedT 13)

where, gy, is the heat loss from debris to gas
during degassing below the debris. 7,,. can be
approximated as the debris temperature. This
term is used only when the debris is in the
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solid state. Equation (10) is used to evaluate
the total heat flux (¢) in terms of the saturat-
ion (s). This is done by maximizing ¢ with
respect to variations in s. As suggested by
Lipinski'®, this procedure determines the onset
of dryout in the debris bed. According to Equ-
ation (10), the effect of the inflowing gases is
to reduce the downward liquid flow and, hence

the heat flux from the bed. However, based on

the gas flow rate generated from the concrete,
no significant effect on the heat flux was com-

puted as will be shown in the next section.
2.3 Application

The computation logic for the interaction of

debris, water, and/or concrete is shown in

Figures 1a and 1b. The in-vessel and ex-vessel

analyses were performed according to the gen-

) Reactor Vessel Behavior(In-Vessel) j
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|
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Fig. 1a Computation Logic for Debris/Water Interaction (In-Vessel Analysis)
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Fig. 1b Computation Logic for Debris/Water/Concrete Interation (Ex-Vessel Analsis)

eral structure ¢f the MARCH code and the
modifications reported in the references(2, 3).
The melting temperature of the core debris is
strongly affected by its interfacing species. When

or Zuber’s critical heat flux correlation.

the core debris is in the molten state, the heat

transfer is determined by Berenson’s film boiling
If the
computed temperature of core debris is below
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its melting temperature, it is then assumed that
the debris may form a packed debris .bed and
the heat transfer is controlled by the dryout
heat flux of the dedris bed. For the ex-vessel
case, the initial stage of debris/water interaction
is approximated by the separated sphere model
in which film boiling and radiation from single
sphere are computed. After forming a packed
bed, the dryout heat flux in the conditions, in
which the maximum possible vapor volume flux
can flow through the debris bed, is used to
-cempute the cooling of the debris particles and
the boiling rate. When water in the reactor
ccavity remains, the heat loss from gas to water
is computed by the dryout heat flux model with
gas flow. If water boils off, the debris will
reheat. Until the debris temperature reaches the
limiting temperature (1,700°k) which is assu-
med in the MARCH model, Heat loss from
debris to gas is computed by this model. Two
new subroutines were developed. The effect of
gas flux on the debris bed is computed in the
subroutine DBM and the concrete decomposition
in the subroutine DGAS.

3. Results

The particulate debris/water/concrete interac-
tion is studied for a typical 3, 000MWt PWR
dry containment plant. It is assumed that sub-
stantial quantities of water are present in the
containment cavity prior to pressure vessel fai-
lure and that a continuous supply of condensed
water to the cavity may be maintained after the
pressure vessel is breached. The concrete of
cavity is of limestone type and is characterized
by high calcium carbonate (8024 CaCOs) content.
The first case considered is the TMLB’ seque-
nce (extended loss of total ac power coupled
with failure of the auxiliary feedwater syst-
em)*, According to the MARCH calculation,
the pressure vessel fails at 303 minutes after
the accident is initiated and the core debris
falls directly into the cavity 'which contains
2.18x 10°Kg of subcooled water. Initially, the
core debris temperature (2, 379°K) is above the
assumed melting temperature of the corium
(2,080°K). The initial mixing of the debris

'/
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Fig. 2. Calculated Temperature Profiles for TMLB’ Sequence (flooded cavity case)
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with water results in a rapid cooling and frag-
mentation of the debris. Corradini!® has estim-
ated that the particle size could vary from 6mm
to 25mm based on the balance of steam genera-
tion rate and fluidization velocity. On this
paper, the particle size is assumed to be ]10mm
in diameter based on the parametric study of
the particle size*!®, The MARCH computation
shows that interagtion with concrete starts im-
mediately after the failure of pressure vessel.
Because of the rapid cooling of the core debris,
the interaction only affects a narrow layer of
the concrete as illustrated in Figure 2, Accor-
ding to the predicted concrete temperatures,
carbon dioxide is released from a layer 1.5cm
in depth, and no chemically constituted water
is released below the depth of about 3~4cm.
The interaction between the particulate debris
and concrete continues for only about 15 minu-
tes. During this period, 221Kg of CO; and 314
Kg of water vapor are released. Figure 3 shows
the amount of gases released in comparison
with that released by using the existing INTER

model. The INTER model simulates the event
in which the debris is assumed to be uncooled
and stays at the molten state. As seen in Figure
3, the particulate debris/concrete interaction is
much weaker in comparison with the molten
debris/concrete interaction. The effect of debris/
concrete interaction on containment pressure is
illustrated in Figure 4, The containment is
subjected to a pressure rise (AB in Figure 4)
at the pressure vessel failure due to the sudden
release of high pressure gases into the contain-
ment. In one situation (curve 1 in Figure 4),
the rapid cooling and fragmentation of core
debris in the flooded cavity generate a large
amount of steam which causes an increase in
pressure. At point C, the debris is quenched,
i.e., the sensible heat associated with the hot
debris particulates has been removed. Further
increase of pressure is the result of continuous
generation of steam by the decay heat. In con-
trast curve 2 represents a different situation
which assumes that the core debris cannot be
cooled immediately by water in the cavity and
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Fig. 5. Calculated Temperature Proflles for S;D Sequence (flooded cavity case)
remains in the molten state. Apparently, the ases due to condensation of steam up to about

heat transfer from the molten debris to the

water is much slower and no steam spike is
predicted by the MARCH code. The interaction
between the molten debris and concrete starts to
release gases after the pressure vessel is brea-

.ched. Initially, the containment pressure decre-

353 minutes (point D in Figure 4). The effect
of gas generation is represented by the slow
pressurization of the containment building bey-
ond the point D in Figure 4.

Another accident sequence of interest is the

S,;D event. This event is characterized by a
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Fig. 6. Comparison of Mass of Gases Generated from Concrete for S;D Sequence(flooded cavity case)

small break LOCA followed by the failure of
emergency core cooling system. To demonstrate
the effect of debris/concrete interaction, a S,D
cenario is analyzed. A break in the primary
system equivalent to 5 ¢cm (2 inches) diameter
is assumed. Again, the particle size is taken to
be 10 mm and the cavity is flooded. The com-

puted transient temperatures and gas released
are shown !in Figures 5 and 6, respectively.
Similar to the TMLB’ event, the particulate
debris/concrete interaction is much slower than
the molten debris/concrete interaction predicted.
by the INTER model. The transient containm-.

ent pressure is illustrated in Figure 7. Because:
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Fig. 7. Comparison of Continment Transient Pressure for S;D Sequence (flooded cavity case)
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of the depressurization of the primary system
by the small break prior to reactor vessel fail-
ure, it it not expected to have a large pressure
spike at the vessel failure. According to the
MARCH prediction, a hydrogen ignition occurs
at 111 minute and is followed by the reactor
vessel failure at 121 minutes. The particulate
debris model predicted a rapid rise of contain-
ment pressure by the production of steam from
the particulate debris bed. The containment
atmosphere is apparently inerted by the steam
and no further hydrogen ignition is predicted.
The molten debris model predicts, on the other
hand, less steam productioon and lower conta-
inment pressure. With no sufficient steam to
inert the containment atmosphere, a second
hydrogen ignition at 167 minutes is predicted
for the molten debris case. The peak contain-
ment pressure is less than the design pressure

by both models.

4. Summary

A particulate debris/water/concrete model is
developed and incorporated imto the MARCH
computer code. The model can be used for
cases in which a coolable debris bed is formed
in a flooded cavity in the containment building.
Applications to the TMLB’ and S,D sequences
were made;the results were compared with
predictions by the existing MARCH molten
debris/concrete interaction model. Due to the
rapid cooling of the debris particulates by the
overlaying water, the interaction with concrete
is much smaller in comparison with that of the
molten debris case. The interaction with water,
on the other hand, is much stronger and prod-

uces higher containment pressure.
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