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RELAP4 132, which is used to simulate the thermal hydraulic
behavior of light water reactors subjected to various LOCA transients,
is based on the assumption of thermodynamic equilibrium between liquid
and vapor within fluid volumes. This assumption, while being appro-
priate for much of a LOCA transient, is not adequate during the ECC
accumulator injection phase as determined by comparisons of code calcu-
lations with experimental data. To overcome this limitation, a general
model to simulate the nonequilibrium phenomena associated with the
mixing of subcooled water with saturated steam has been developed and
is operational on preliminary versions of RELAP4/MOD7.

Incorporation of this nonequilibrium condensation model into
RELAP4 required the addition of a separate explicit liquid energy
balance to the RELAP4 equation set. This explicit approach, using
previous time step information, was taken so as to facilitate imple-
mentation within the basic RELAP4 framework and to minimize computation
time. Condensation rates are computed for each fluid volume using a
simple flow regime dependent constitutive package. Correlations for
interphase heat and mass transfer rates for the bubble flow and dis-
persed flow regimes are included. Wall heat transfer and net vaporiza-
tion in subcooled boiling ara also considered.

Preliminary versions of the nonequilibrium mixing model have been
used to perform calculations of WEStinghouse cold leg ECC injection
tests 3 and Battelle ECC bypass tests ‘. Comparisons between RELAP4/MOD7
code simulations of these facilities and experimental measurements have
indicated the need for considering nonequilibrium effecte in code simu-
lations Qf LOCA transients. In addition, the results indicate the need
for continuved development of constitutive relations for use in modelirg
- steam-water mixing interactions. Further assessment of the nonequilib-
rium condensation model performance will be carried out prior to the
public release of RELAP4/MOD? through the Nationzl Energy Software
Center, Argonne, Illinois.
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IMPLEMENTATION OF A NONEQUILIERIUM CONDENSATION
MODEL IN RELAP4/MOD7

INTRODUCTION

1

RELAP4 is a computer code which has been written specifically to
analyze the thermal hydraulic behavior of light water nuclear reactors
subjected to various postulated LOCA type transients. The code is quite
general in nature and thus can be used to analyze the two-phase flow and
heat transfer characteristics of various experimental blowdown and reflood
facilities. RELAP4/MOD6° is the current publically released version of the
code and is available through the National Energy Software Center at
Argonne, Illinois and the QECD/NEA Computer Program Library in Paris.

The basic REL‘F4 code provides for the solution of the time~depeundent
one-dimensional conservacion of mass, momentum and energy equations written
for fluild control volumes. The basic code assumes homogeneous fluid con-
ditions and thermodynamic equilibrium between phases within a control
volume. Special models have in recent years been incorporated within the
basic code framework to relax or remove some of the homogeneous equilibrium
assumptions for special circumstances; that is, formation of a well-defined
mixture level, superheating of vapor during reflood or slip between liquid
and vapor phases in gravity dominated flow. The addition of these non-
homogeneous or nonequilibrium models to the RELAP4 code has greatly improved
the capability of the code to predict the complex thermohydraulic phenomena
occurring during the blowdown, refill, and reflood phases of a postulated
LOCA in a light water reactor.

One of the major model development efforts associated with RELAP&4/MOD7
is the development and implementation of a nonequilibrium condensaticn model.
The prime motivation for this development effort is the need for a calcula-
tional model for the refill phase of a postulated LOCA. The thermal equili-
brium assumption inherent in the basic RELAP4 code is neither adequate nor
suitable during the ECC accumulatoer injection phase of a LOCA trznsient.

The homogeneous assumpiion implies that subcooled ECC water mixes instantly
with steam. This process rapidly depressurizes the fluid volume due to
steam condensation which occurs as a result of the equilibrium fluid state
achieved each time step. The assumption of thermal equilibrium during ECC
injection has been the cause of numerous code calculational problems

in: tuding water packing, pressure oscillations, increased run time and
inconsistent code-data comparisons.

Allowing saturated steam and subcooled water to coexist, and limiting
the condensation rate through physical considerations can have a large
influence on the depressurization rate of a reactor during a LOCA. This
pressure change will in tura affect the ECC bypass process in a PWR thereby



inpacting the refill behavior of the reactor downcomer and Jower plenum.
The temperature of the water delivered to the lower plenum that later
enters the core during the reflood phase of a LOCA transient plays an
important roie in the reflood process. TFor instance, experimental results
from LOFT 5 indicate that water delivered to the lower plenum can be

substantially subcooled.

The present nonequilibrium condensation model development effort is
restrictad to dealing with the thermal nonequilibrium of two-phase steam-
water mixtures where the departure from equilibrium is associated only with
subcooling of the liquid phase. That is, the present model addresses
physical situations such as that occurring during ECC injection when sub-
cooled water mixes with saturated or nearly saturated steam. This mixing
of subcooled water with steam occurs not only in the cold leg injection
section of a PWR but also in the downcomer during periods of reverse core
steam flow. The present model is expected to be applicable or useful for
the analysis of PWR upper head injection or hot leg injection systems and
for BWR spray systems. During the upper head spray cooling phase of a
hypothetical BWR LOCA, condensation of steam on subcooled water droplets
may play an important role in determining water delivery to the reactor
core, Nonequilibrium occurring in these situations is assumed, for the
present model, to approach an equilibrium state through interface heat and
mass transfer processes (condensation) between phases.,

Nonequilibrium condensation models have been incorporated into several
of the advanced system and component LOCA codes such as TRAC 6, K~TIF 7,
RELAPS s, and DRUFAN 2, Other nonequilibrium models have been discussed
and proposed by Saha , Jones and Saha !!, and Hughes et al 12 These
models are, for the most part, based on simple empirical type correlations
relating a condensation rate J and liquid thermal nonequilibrium TS - Tl’

that is

J - (Ts - TE)
Wolfert 2 and Hughes 12 attempt to calculate the condensation rate by com-
puting m 2mingful interfacial areas and heat transfer coefficients based on
flow regime considerations. DRUFAN 9 utilizes simple correlations for bubbly
flow at low void fractions (@ < 0.3) and for dispersed flow at high void
fractions (¢ > 0.7). Condensation rates at intermediate void fracticns are
apparently determined through interpolation. Rughes et al 12 recommends a
somewhat more complex set of correlations for interfacial area and heat
transfer coefficients.

One major drawback of these nonequilibrium condensation models is that
they all require specification of empirical constants which must be deter-
mined through comparisons of code calculations with experimental data.
Clearly, such simplistic modals can not be expected to be universally appli-
cable to all of the mixing situations likely to occur during reactor tran-
sients. Enhanced mixing resulting from turbulence, fluid interactions with
reactor intermals, liquid injection techniques, and pipe roughness should
ideally be taken into account. With the preseant state of knowledge, only
an approximation to the physical situation can be anticipated.



In this paper the standard RELAP4 equilibrium assumptions will be
reviewed, the proposed nonequilibrium model will be discussed, the unique
scheme used to implement the unonequilibrium model in the RELAP4 framework
will be presented and finally results of code calculations made using the
new model will be compared with experimental data.

RELAP4 EQUILIBRIUM CONSIDERATIONS

In the RELAP4 1°2  code the thermohydraulic behavior of a system 1is
described by mass and energy comservation equations for each control volume
and by zne-dimensional momentum balances written across the interfaces
(junctions) between control volumes. The determination of the thermo-
dynamic state of the fluid within a control volume is based on the following

assumptions:

(1) Homogeneous fluid conditions exist provided phase separation
models are not applied

(2) The flow of fluid is one-dimensional through volumes and across

. Junctions

(3) For two-phase mixtures, 0< x < 1,0, pressure equilibrium exists
between phases

(4) For two-phase mixtures, 0< x < 1.0, temperature equilibrium exists
between phases
T = Tl = TS
(5) For single-phase volumes subcooled or superheated conditions can
be obtained. For x < 0.0, T, <T or for x, > 1.0, Tg‘i Ty-
For a control volume V(i), RELAP4 uses the total volume mass M(i) and fluid
internal energy U(i) as independent variables from which to derermine the
£fluid state.

Using Figure 1 for reference, the conservation equations for mass and
energy can be written (neglecting potential and kinetic energy terms and
assuming no ailr present) as:

M) = T W) +w(D] - T W) +w ()] o8
j,in & . jout 8 .
U < 1@ @)+ ey @) hy®)] -

j,out [Wg(j) hg<j) + wg‘(j) hﬁ.(J)] + Qwall(i) (2>

. (3)
v(i) =0



From the specific volume v(i) = ;(1; and specific internal energy u(i) = ggi;

all other thermodynamic quantities can be determined based on the equilibrium
assumptions. Mass and energy transfer between phases are implied by the equili-
brium conditions. When subcooled water is injected into a volume containing

a two-phase mixture an equilibrium fluid state is obtained which for two-

phase conditions implies that the injected liquid instantly reaches satura' ion
independent of the injection rate, the degree of subcooling and the volume
conditions. This process results in unrealistically high depressurization rates.

NONEQUILIBRIUM CONDENSATION MODEL

.

The primary purpose of the nonequilibrium condensation model is to allow
the coexistence of saturated steam and subcooled liquid within a single con-
trol volume. This coexistence implies that the heat and mass transfer rate
between phases is no longer determined only by mass and energy conservation
principles. An additional constitutive equation 1s necessary to calculate the
condensation rate depending on the extent of the departure from equilibrium.

The main assumptions for the nonequilibrium model can be summarized as
follows:

(1) The distribution of each phase is homogeneous throughout the
fluid volume implying complete mixing of incoming fluid with fluid already
present in the volume.

(2) For two-phase mixtures pressure equilibrium is assumed between
phases

Pg =Py = P

(3) For two-phase mixtures, the vapor phase is always assumed to be at
saturation conditions

Tg = Ts = T(p).

(4) The ligquid phase may be subcooled. The degree of subcooling is
determined in part by the mass and energy transfer between phases.

(5) The condensation rate is governed by the degree of subcooling, the
interfacial area and an interfacial heat transfer coefficient.

The last assumption leads to the following expression for the mass of
vapor which condenses per unit time, ﬂCOND(i)’

)-4 ) = h (1) A; (1) [?s(i) - Tgfi)] V(i) @
hgs(i) - hzs(l)




To prediet the thermodynamic properties of each phase in a nonequilibrium
system, separate mass and energy balances are needed for each phase. Using
Figure 2 for reference, the mass and energy balances can be written as:

M) = jfin w (1) - jfour wed) = Mo (D) )
M= w@ - I w(@+ ’coun(i) (6)

j,in j,out

S

6 (i) = ¢ w(j)h (G)- &= w (3)h (3) + 6 (i)

p(1) Vg(i) = Moo (L) hg(i) €))

() = 5w (@) () = = w () b, () + Q)
Jj.in j,out

P V(1) + Moo (E) hy (D) (8)

COND

In general, the total wall huat transfer Qwa 1(1) can be thought of as com-

posed of two terms, Q (1) and Q (i), such that Qw 11 Qz(i) + Qg(i).

Additional equations are necessary to determine the wali heat transfer
depending on wall temperature and fluid conditions. Also, the constant
volume assumption in RELAP4 yields

V(1) V (i) + V (1) = €D

and the state equation for saturated vapor and subcoocled liquid

(ug, hg, Vg sg) = £(p)
(10)

(ul, hZ’ st si) f(Tzap)

With Equations 4 through 10, a complete se: of differential cquations
has been obtained to describe the thermal nonequilibrium conditions in a con-
trol volume. An implicit implementation of these equations into RELAY4 would
require a completely different solution technique than is presently usead.
Therefore, to expedite implementation and minimize changes to the existing
code, the following method has been chosen to interface the nonequilibrium
condensation model with the RELAP4 equation set.



IMPLEMENTATION SCHEME

The nonequilibrium situation (saturated vapor coexisting with subcooled
liquid) is replaced with an Pquivalent equilibrium system by introduczng a
pseudo heat input to a volume Q*(i) and a pseudo work, p ) v* (i), done by
the fluid 1n the, volume. This equivalent control volume is shown in Figure 3.
The terms p (1) v* (i), and Q *(1) have to be chosen in such a manner that the
equivalent equilibrium system will result in the same depressurization rate,
P(i), and the same condensation rate, M M (i), as the true nonequilibrium
system expressed by Equations & through QHD That is,

MCOND (1) = Mogupd) a2

BR(1) = B(1)
Using Figure 3 for reference, the overall conservation equations for the
equivaleat equilibrium system can be written as follows:

"%
V(d)y+o

M) = T @) e, @] - T () + Wy ()] (13)
j,in - j,out

) * *
U@)y= 2 [w,(d)h @G)+w (@G) h @] -
j,n B8 R
oy ¥ * (14)
z fwv,(G) h_() +w,(3) h, (1] +
j,out & g . '

“ % * “%
Q (1) -p (1) V (D)

The equations for the pseudo heat input Q {i) and the pseudo volume expansion
rate V° (i) can be derived by equating the equivalent equilibrium system with
the reul nonequilibrium case using the conditions given by Equation (12). )

Q") = - M (1) (i) - b i G - b
“‘conp gt (] - jzin wg(3) [hy(3) = hy(1)]

-z w(J){h(J)-h()l T () [hG) - v
i i +J,Out v U [g(J) g )]

* *
+ Z w (i) [h, (j) - h (i)] +
jrout 2 L L
x & ds « x ds, * .
) g L \
M T q ) +M T (—dp ) 15 p(i)

g g ) 15)



*x * . *
vy =z [wQ)v (1) +w () v - jZ [wg (1) Vg(i)

J,in sout
* * x dvy x
() V] = Mo () V) - vy ] + 1 ()

* dVL * .
M @D P (16)

where

Mconp (1) is given in Equation 4 and p(i) can be derived from
Equations 5 through 10.

The thermal nonequilibrium situation differs from the base equili-
brium case in RELAP4 by an additional term in the overall energy equation,
[Q(i) -p (1) v* (1)], and two additional differential equatiomns for the
volume size, V (i) [Equation (16)], and the enthalpy of the liquid phase
Hp(1). 1If the new values for V*(i) M i), u* (1) and H (i) are known, all
other thermodynamic quantities can be determined from the corresponding
specific values:

* *
Vi = LAy s LRy ) =
M (1) M (1)

Pressure, vapor quality and the state vari.bles of the saturated vapor phase
are calculated as in the above equilibrium case:

[p(1), x(i), h;<1>, sy (1), v;<1)1 = flvi ), u(D)]

The state of the subcooled liquid, however, is obtained from the state
equations of the liquid phase:

[T,(1), b, (1), 5,(0), u,()[ = £[hy(3), (D]

The relatively complex equations for the liquid enthalpy, the pseudo heat

input, and the pseudo volume expansion rate can be considerably simplified
by additional assumptions concerning the state of the fluid in the control
volume.

During the refill phase of a blowdown, the pressure differences in the
coolant system are relatively small. Because the specific enthalpy of the
saturated vapor is only a function of the pressure, we can assume that the
differences in the specific enthalpies between adjacent volumes are small
compared with other terms in the energy equation:

* *
£ h_ (j) -h (i) =
j,in & &

L ho(3) - h(i)
3) = h (i) =
jyout g &



For two-phase states with void fractions not too close to zero, the
compressibility of the two-phase mixture is governed by the compressibility
of the vapor phase., For this condition, a constant liquid density can be

assumed.

v, ) [ v, ] i a
(gB-OT o =0, (ST—-P “ = 0 and vz(i) = vz(i)

If the pressure term in the eaergy equation for the liquid phase as well as
for the overall two-phase mixture is assumed small relative to the conden~
sation term, then

(1) = I wy (D) hy() = T wy(d) hy(3) + Quyy ()
Jin j,out
+ Mgup() (D) a”
v =0
* * * *
U = T [ () RN+ w () By D] - E [ (4) ha(d)
j,sin & & . . J,out & 8
* *
+ w, (3) h 1 - COND(1) [hy (1) - b (1)] (18)

These equations are used in the implementation of the nonequilibrium conden-
sation model in the RELAP4/MOD7 code. The overall equilibrivm energy balance
given by Equation 2 is modified for the nonequilibrium calculation to yield
Equation 18. A separate explicii liquid energy balance [Equation 17] is
performed for each nonequilibrium volume to keep track of the total liquid
enthalpy.

CONSTITUTIVE RELATIONS FOR INTERFACIAL HEAT TRANSFER

The energy transfer between subacooled liquid and saturated vapor is
calcuiated as indicated in Equation 4 by computing interfacial heat transfer
coefficients and appropriats interfacial arzas. In the present model,
simpl: expressions are determined for hj(i) and A;(i) for bubble flow and
dispersed droplet flow. The bubble and dispersed flow regimes are specified
through knowledge of mass flux G and void fraction a as shown in Figure 4.
The flow map in Figure 4 resulted from simplifying the modified Bennett 13
vertical flow regime map. An interpolation scheme is used to obtain the
hj (1) A; (i) term across the transition region.

For bubbly flow the rate of bubble collapse is assumed to be governed
by the convection of latent heat away from the vapor-liquid interface and
into the liquid phase. Assuming spherical bubbles of uniform sizes, the
interfacial heat transfer coefficient and interfacial area can be expressed
as shown in references 12-16 as:



1/2
[2 Ve ky 0y C"psz]
hici) = nrb

bubble

3a
Ai(i) frogn

bubble ' b

For dispersed flow, with liquid droplets uniformly distributed in a
continuous saturated vapor phase, the condensation rate is assumed to be
controlled by the conduction of latent heat from the droplet surface into
the droplet bulk. For spherical droplets with uniform diameters the heat
conduction into the droplet bulk is given in Reference 6 as:

kﬂ
h (i)d = 8,067 — .
i rop rd

The corresponding interfacial area for dispersed flow is;:

_ 3(1-&)-
Ai(i)drOP - Ty

The bubble radius ry and droplet radfus ry are computed based on a
Weber number criterion us?ng Zuber's churn turbulent drift expression !7
with a critical Weber number of:

= 16
WeCRIT 8.0 for bubbly flow and

12.0 for dispersed droplet flow '8,

L}

\f
WecRrIT

In the tranmsition region for_105< G < 106, a two-point interpolacion
technique is employved. For G > 10b, a three-point interpolation procedure
is used to prevent discontinuities across flow regime boundaries.

NONEQUILIBRIUM MODEL EVALUATION

A preliminary evaluation of the RELAP4/MOD7 nonequilibriun conden-
sation model has been conducted using the Battelle 1/15-scale transparent
vessel PWR tests * and Westinghouse 1/3-scale cold leg ECC injection
results as data bases. These experimental results were used to determine
the effectiveness of the nonequilibrium model in describing nonequilibrium
refill phenomena. Within RELAP4/MOD7 the nonequilibrium condensation
model is used in conjunction with the RELAP4 slip model to account for
refill behavior incident to a PWR LOCA. Therefore, to evaluate the model
required not only an understanding of system refill and pressure response,
but also the interfacial heat transfer. Both the Battelle and Westinghouse
results provided indicators of the importance of the nonequilibrium effect
through measurement of liquid temperatures.



The Battelle facility, Figure 5, is a 1/15-scale transparent model of
a PWR designed to explore the effects of ECC subcooling, ECC flow rate, and
various reverse core steam flows on refill of a four-loop reactor. The system
consists of three intact blind flanged cold legs with corresponding ECC in-
Jectors, an extended lower plenum allowing for more complete definition of
filling rate, and a simulated containment. During a typical test, a reverse
core steam flow was established through the system and allowed to equilibrate
prior to injection of the ECC water. For each test,various sytem pressures,
flow rates, and fluid temperatures along with the plenum refill rate are
monitored.

To simulate the Battelle facility the RELAP4/MOD7 model shewan in Fig-
ure 6 was developad. The model consisted of a seven-volume, eight junction
system with the three intact cold legs lumped into a single volume, two down-
comer volumes centered about respective thermocouples, and a time-depeandent
volume simulating containment. A newly implemented flow regime dependent
slip model was specified for all downcomer jumctions along with complete
phase separation in the lower plenum. Thermal nonequilibrium was assumed for
all volumes except the simulated core and containment. The model was initial-~
ized by impressing a given reverse core steam flow on an initially atmospheric
stagnant system. When the system equilibratad, the ECC injection ramp was

iniciated.

Comparisons of RELAP4 calculations with experimental results from
Battelle Test No. 8,shown in Figures 7 to 9, are indicative of the type of
results obtained in simulation of high penetration, high ECC subcooling ex-
periments. Figure 7 indicates that not only is the RELAP4 computed refill in
agreement with the data, but the initiation of delivery is within acceptable
data limits. To arrive at this comparison, a sequential ECC injection
into the cold legs was assumed. This assumption was based on observations of
similar sequential drops in the intact cold leg fluid temperatures. Note
that the RELAP4 simulation yields a time averaged delivery rate in contrast to
the periodic slug delivery evidenced in the data.

Figures 8 and 9 further compliment the Test 8 comparison. In Figure 8,
the computed plenum pressure is observed to fall within the band widths of the
highly oscillatcry data. As may be noted, the pressure prediction is well
within a time averaged range. The calculated downcomer (Volume 2) liquid
temperature is compared with a fluid temperature measurement in Figure 9.

As clearly indicated, the RELAP4 model appears to have reasonably well
accounted for the nonequilibrium mixing phenomena.

In Table 1 the results of RELAP4 simulations of several other Battelle
tests are compared with experimental data. Results for lower plenum pressure,
average lower plenum refill rate and downcomer liquid temperatures are com-
pared. The experimental testssimulated represent the refill spectrum from
low penetration or high bypass tests (Test No. 3), to medium penetration tests
(Test No. 2) and finally to high penetration tests {(Test Nos. 1,8). For all
of the tests, the injected ECC water was about 40T which represented the
most severe test of the nonequilibrium condensation model. As indicated
by the comparisons given in Table 1, the calculated refill rates, plenum
pressure and downcomer liquid temperature agree reasonably well with the
experimental measurements.



To gain further insight into the effectiveness of the nonequilibrium
model, the Westinghouse 1/3-scale experiments were explored. In these
tests & 1/3-scale simulated PWR cold leg, Figure 1C, was comnect.d betwe:n
large surge tanks. For the test, superheated steam was supplied to the
upstream surge tank creating a flow through the test section. The system
was allowed to equilibrate at which time subcooled ECC water was injected
ciarough the injection nozzle. As in the Battelle test, fluild temperatures
and pressures were recorded for a matrix of steam and water injection
rates, liquid subcooling, and system pressures.

Figure 11 is the RELAP model employed for the Westinghouse analysis.
It consisted of 25 volumes and 26 junctions. The outlet surge tank was
simulated by a time-dependent volume. Two fill junctions were employed,
one connected to the inlet flow chamber accommodated the steam flow and
the other simulated the ECC injection flow. During a typical run, steam
was first introduced into the system and allowed to equilibrate before
the water was injected.

Comparisons between RELAP4 calculations and experimental dzta for
two Westinghouse 3IS injection tests are presented in Figures 12 and 13.
In Figure 12 the cal:ulated liquid temperature agrees quite well with the
measured data for the low flow high subcooling injection Test 5-57. Sub-
stantial mixing of water and steam occurs in the immediate vicinity of
the injection secticn rapidly bringing the water to saturation. In
Figure 13 the agreement between calculated and measured temperatures for
Test 5-32 1s again quite good. For this high injection rate run, sub-
stantial mixing occurs for several pipe diameters downstream of the
injection region in the RELAP4 model as evidenced by the distance required
for the liquid to reach saturation. The experimental temperatures indicate
more condensation in the immediate injection region than computed by the
nonequirlibrium model.

CONCLUSION

A general model to simulate the nonequilibrium phenomena associated
with the mixing of subcooled water with saturated water has been developed
and is operational on preliminary versicans of RELAP4/MOD7. Initial assess-
ment of the model using Battelle ECC bypass test data and Westinghouse
cold leg ECC injection data has yielded encouraging results. Comparisons
between RELAP4 calculations and experimental data for the Westinghouse
tests indicata that the nonequilibrium condensation model predicts the
trends of the experimental. data reascnably well. The experimental data
indicates a very high mixing rate in the immediate vicinity (within oue
pipe diameter) of the injection section. The RELAP4 calculation indicates
that the mixing process occurs over a much longer distance (5 8 to 10 pipe
diameters) downstream of the injection section. Enhanced mixing, which
is not accounted for in the RELAP4 model, occurs in the injection section
due to increased turbulence. Properly accounting for this enhanced mixing
points out the difficulty in establishing constitutive relations for
interfacial heat transfer and areas that are universally applicable.

The results of the simulatious of the Battelle facility indicate that
the nonequilibrium model with the RELAP4 slip model can be used to predict



refill type phenomena. Comparisons between code calculations and experi-
mental data for high, medium and low penetration tests with cold ECC water
(40F) wore encouraging. The measured downcomer fluid temperatures compared
favorably with the calculated liquid temperatures indicating again ti:at

the nonequilibrium model constitutive package is ylelding condensation

rates consistent with test data.

Additional code simulations of the Battelle “ and Creare !9 EcC
bypass tests and the LOFT 3 and Semiscale 29 system tests are planned and
needed to provide further assessment of the nonequilibrium condensation

model.

NOMENCLATURE
A - area per unit volume
cp - specific heat at constant pressure
e, - specific heat at constant volume
Dh ~ hydraulic diameter
G - mass flux
hi - interfacial heat transfer coefficient
h —~ specific enthalpy
H - total enthalpy
hfg - latent heat of vaporization
J - conde: sation rate/unit volume
k - thermal conductivity
M - mass
ﬁCOND condensation ra:.e

P - pressure
éw - wall heat transfer
all

Qi - wall heat transfer into phase i

r - radius

s - specific entropy

T - temperature

u - total internal energy

u - specilfic internal energy



VvV - volume of fluid cell

v - specific velume

w ~ mass flow rate

X = quality

a - void fraction

p - density

SUBSCRIPTS \

g - vapor

£ = 1liquid

s = saturaticn

i =~ dnterfacial

b - Dbubble

d - droplet

SUPERSCRIPTS

* -~ vrefers to an equivalent equilibrium value for a nonequilibrium

quantity

« = derivative with respect to time

ARGUMENTS

j = Junction value

i =~ volume gquantity
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Figure 1. Control Jolume for Mass and Energy BRalance
(Equilibrium Case)
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Figure 2. Control Volume for Mass and Energy Balance
(Nonequilibrium Case)
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Figure 3. Equivalent Equilibrium System; Same Conditions as in
Figure 2 Except That the Liquid Phase is Saturated
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Figure 4. Flow Region‘Map
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Figure 5. Schematic of BCL 1/15- Figure 6. RELAP Model of BCL
Scale Facility 1/15-Scale Facility
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Figure 7. Battelle Test No. 8 Lower Plenum Refill Comparison
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Figure 8. Battelle Test No. 8 Lower Plenum Pressure Comoarison
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Figure 9. Battelle Test No. 8 Downcomer Liquid Temperature Comparison
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Table 1. Result Comparisons for 1/15-Scazle Battelle Test
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Figure 12. Westinghouse 1/3-Scale Cold Leg Liquid Temperature Comparison
(Run No. 5-57-1)
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Figure 13. Westinghouse 1/3-Scale Cold Leg Liquid Temperature Comparison
(Run No. 5-32)
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