NUREG/CR-2030
rB‘E\Ill-Z()'ﬂ

Application of
Battelle’s Mechanistic Model
to Lower Plenum Refill

Manuscript Completed: February 1981
Date Published: March 1981

Prepared by
A. Segev, R. P. Collier

Battelle Columbus Laboratories
505 Ving Avenue
Columbus, OH 43201

Prepared for

Division of Reactor ¢ afety Research
Office of Nuclear Regulatory Research
U.S. Nuclear Regulatory Commission
Washington, 0.C. 20555

NRC FIN A4048

Blo41 79575



ABSTRACT

A mecharnistic model has been developed to describe the refilil
orocess of ECC during a postulated LOCA. The model analyzes & one-
dimensional liquid film draining down a heated wall, in the presence of
countercurrent steam flow. The effects of nonequilibrium void generation
and steam condensation were inves’igated. These effects were incorporated
into 2 momentum transfer correlation which was developed from air-water
data in 1/15- and 2/15-scale models of a PWR, w.th standard and distortead
geometries. This correlation is based on the Kutateladze parameter and
indicates that the overall momentum transfer between the phases does not
depend on scale for geometrically similar models. Theoretical predictions
were compared with results from steady-steam flow tests in 1/15, 2/15- and
1/5~scale models with adiabatic walls, hot wall tests with steady and
ramped steam flows, and with test Ll-4 conducted in the LOFT facility.

The comparisons exhibit fairly good agreement. When applied to a full
scale PWR, the analysis predicts that ECC penetration would occur at a
time shorter than the recommended 11 “ensing time delay, even when highly

conservative assumptions are made.
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1. INTRODUCTION

During a postulated loss-of-coolant accident (LOCA) due to a
break in a cold leg of a large pressurized water reactor (PWR), emergency
core cooling (ECC) water would be injected into the primary system piping
to provide cooling for the reacto- core. Depressurization during the blow-
down phase of the LOCA would result in steam flow in the reverse direction
down through the core and up the downcomer annulus. This upward steam flow
in the annulus has the potential to retard or even prevent the penetration
of the injected ECC fluid to the lower plenum (Figure 1).

Extensive experimental studies of the downcomer behavior lLiave
)(1) (2)1n PWR models

of different scales. 1t was found that the penetration phenomenon is very

been conducted at Battelle-Columbus (BCL and at Creare
chaotic in nature, involving complicated thermal and hydrodynemic effects.
Thus, purely theoretical approaches often face numerous difficulties, and
the use of empirical correlations is necessary.

Semi-empirical correlations have been constructed bv several in-

(3.4,5,8)  shese

vestigators using numerical "best fits" to test data
correletions include functional depvendencies based on physical reasoning

where possible. The best-estimated model developed by Creare describes the

combined effects of steam upflow and hot wall steam on the liquid penetration

behavior. This analvsis was shown to be sensitive to the models chosen
for interfacial excnange of momentum, and energ), and wall-to-fluid energy
trenzfer. When this analysis was applied to steam flow transients at full
scale with extreme assumptions for the adjustable parameters it was found
that the calculated delivery time delav was unaccepi+bly longer than the
licensing delay time. The long delay time was predicted because the param-
eter which describes partition of wall heat between steam generation and
liquid heating could not be bounded realistically.

To overcome this weaknec an alternative method of calculating

(7 (8). This mechan-~

hot wall effects was developed by Segev and Collier
istic model was based on the simple flow pattern of a liquid film draining
down & heated wall, assuming that this one-dimensional flow configuration
represented the average chaotic phenomenon which occrs in the downcomer.
Standard mass and energy conservation equations were coupled with an em-

pirical flooding correlation which represents the net result of momentum
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exchange in the system. When this mechanistic model was applied to full
scale, the calculated time delays were all shorter than the current licens-
ing model, even wnen the most conservative assumptions were made in the
analysis.

To substantiate these findings,additional data analysis has been
sonducted. This includes comparison with results from hot wall tests in
1/15-and 2/15-scale models and recent tests conducted in a 1/5-scale model.
As a result, some modifications have been made in the mechanistic model.

In this report, we will present the modified model and its application to
the available data. We will also describe the results obtained from apply-
ing the model to full scale.



I1. BATTELLE'S MECHANISTIC MODEL

Two exchange processes are involved during ECC penetration:
momentum exchange and mass exchange. We will begin by discussing the
complicated process of momentum exchange between the upflow steam and
the downflov liquid film. It was shown in Reference 7 that the momentum
exchange can %e adequately described by a flooding correlation which re-
presents the n»t result of this exchange. The flooding correlation may
be considered as a limiting hydrodynamic relationship in which the upward
gas flow rate controls the partitioning of the inlet liquid flow, wﬁin' into a
liquid flow which penetrates to the lower plenum as a film on the dowa-
comer walls, "11’ and bypassed liquid,W » Which flows toward the
outlet., (Figure 2.)

Momentum exchange effects may be isolated from the effects of

Lin hfi

mass exchange by conducting tests with steam and saturated water or with
air and wrter. Experiments with both fluid combinations in the same test
facility have shown that liquid penetration b havior is identical when
described in terms of suitably nondimensionalized momentum fluxes.
This suggests that air-water data can be used to understand the momentum
exchange between steam and saturated water in countercurrent flow.
Experimental and theoretical studies in tubes or in annuli can
provide insight into the momentum exchange phenomenon. However, in view
of the strong dependence on geometry and flow configuration it is ques~
tionable whether the theoretical models or correlations developed in those
geometries can be applied directly to the complicated flows in scaled models
of PWR's. To minimize the consideration of these effects when analyzing
momentum exchange in PWR-like geometries, air-water experiments have been
conducted in 1/15- and 2/15-scale models of a PWR.
These tests were carried out for a range of air and water injec-
tion flow rates and water tqmperatures(Q?Typical test results are presented

in Figure 3a using the Wallis parameter, which is defined as
* 2 1/2
= € {p.=p
Jx [ijx/Bv‘(»ﬂ Cg)] , (1)

where jx is the superficial velocity of phase x and C8 is the average annulus
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circumference. It is clear that the data from the two different models do
sot overlay on J* coordinates, but form two distinct curves. When compared
to 2/15-scale data, the 1/15-scale data show increased penetration for 4
given dimensionless gas flux, J; .

Figure 3b compares the same data using the Kutateladze number,

whikh is defined as

* 2,172
Kx (oxjx)

1/4
Meo G- o) P4, @
(3
where o is the pas-liquid surface tension. As shown, the data from both
*
models converge much more closely than they did when compared with the J

B
parameter. Thus, we conclude that a correlation based on the K parameter

is more suitable for scaling air-water data in scaled models of a PWR. Uti-

lizing the aveilable air-water data from 1/15- and 2/15-scale models (in-
cluding data from distorted 2/15-scale geometris:) we have constructed a

new interphase momentum transfer correlation in the fo.m

K* 1/2 /&

1+, = (uc, /)’ i (3)

Equation (3) indicates that for a fixed gas flux the liquid penetration
depends only on the length-to-circumference aspect ratio, so it is indr-
pendent of scale for geometrically similar models. This flooding correla-
tion also indicates that the complete bypass point, K; = (QCG/L)IIZ. does
not vary with scale for geometrically similar models and its value,

K; ® 3.0, is close to the value 3.2 z:ggested as a criterion for complete
bypass in tubes with large diameters .

Figure 4 compares the available air-water experimental data and
the momentum exchange correlation of Equation (3); reasonably good agree-
ment is shown. Note that the effects of liquid injection rate (as in the
short core barrel tests) and liquid temperature (as in the extended core
barrel tests) are not accounted for in this correlation. We have accepted
these shortcomings for the sake of simplicity.

It is interesting that if one defines a parameter m as:

172

* "
m = (l(g K. y) (&)
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then the momentum exchange correlation of Equation (3) can be written as:

14
M2, L * 112 _(fs 5 (5)
g ‘3 \ 1
or:
3*1/2 + mJ" /2 , C (6)
g |
where

4 . 1/2 . 1/4 N
¥ '{ 11gC, 0.) }
Lg
Equation (6) can readily be identified as the Wallis flooding correlation(ll)
if the parameter m is assumed to be constant along the penetration curve.

The parameter can be rewritten as:

*1/2
1 Kﬂi 4C. )1/5 (8)
1+1€fi L

m

* >
and is almost constant for K21" 0.5. Thus, the data in the high penetration

region can be well represented by a linear relationship in the form of

-
Equation (6). However, for K
& L

ly dependent on Kli and cannot be considered as a constant. Thus, the ewperi-

mental data in this region will deviate from the straight line redicted by

< 0.5 (th- high bypass region), m is strong-

Wallis correlation. These concl sions are consistent with the experimental
results in a 2/15-scale annuli with side 1njection(12).

Equation (4) suggests that any reduction in the eifective steam
flow rate, K:. would result in an equivalent decrease in m. Thus, for steam-
water flows, the value of m will decrease when the condensation potential
increases (e.g. increase in liquid subcooling). This agrees with the find-
ings of Creare(13) or Beckner et al(S).

The second exchange process which is important in ECC penetration
is interphase mass transfer. The main components of the mass transfer are
condensation of steam on the injected subcooled water and steam genera-

tion on the superheated wall..
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| The dimensionless net mass exchange along the penetrating liquid
*
| film, KN. is given by (8):

*
tm Q

o | ¥ 9

where

* Q
Q . / (10)
2 4
1&[@g gole ~ c:g)]l heg

1/2 :

5, 'f_i_z)(ﬁ) (11) |

heg by |

|

|

§ e DA (12) |
i Tﬂi

The parameter  may be regarded as the condensation potential. The paraneter
f represents the effectiveness of energy transferred to the liquid from the
hot walls and from condensation.

When applying the one-dimensionus?! analysis to ECC penetration in
PWR scaled models, condensation is not limited only to condensation along
the liquid film. Additional condensation occurs on the liquid which is being
bypassed. This condensation component is denoted by the nondimensional

parameter K:bp and will be evaluated helow.

The effects of mass transfer on the momentum exchange may be
described by modifving the rumentum exchange correlation of Equation (3).
This can be done by considering K; to*be the effective gas flow rate for
momentum exchange. In other words, Kg in Equation (3) is the net steam
flow rate at the liquid entrance region. It consists of externally sup-
plied steam (K;c) and net mass exchange along the film (K:m) and on the

bypessed liquid:

K;-K + K - K (13)
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Substituting Equations (9) and (12) into Equation (3) we obtain

(x;c - K], - x:bp N Q*)x/z (1 s )t(fz_, )1/:. s

Let us examine now the special case in which the walls are adi-

*
abatic. In this case Q = 0 and f represents the condensation efficiency
of steam on the countercurrent liquid film. From a separate effect study(la)
it was found that f is given by
Re 0.30

3. - A IR (15)
f=1=exp (-1.34 x 10 3920.27 : )

where t is the film thickness and Rex is the Reynolds number of phase x,

dcfined as
W

(16)

The best agreemen. between the theoretical predictions and the experimental
results from scaled models was obtained when the film thickness was assumed
to be 3.5 x 107°1.

For the case in which all injected liquid is bypassed (K:1' 0‘)-
Equation (14) can be written as

" sc, 1/z+ - -
b L cbp (17)

*

where xgb is the core steam flux which causes complete bypass. Obviously,
the only mase exchange in the system at the complete bypass point occurs on
the liquid being bypassed, which is essentially a turbulent liquid ring being

®
held up in the downcomer. Thus, K

bp can be evaluated if the complete bypass

point is determined.
By studying the trends of the available complete bypass point data
we found that condensation on the bypassed liguid can be described by:
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13

sensitivity to changes in ) becomes more pronounced as scale increases.
Thus, we may expect that penetration curves at larger scales will be more
sensitive to condensation than in smaller scales. This is particularly
true for high liquid temperatures (low subcoolings). In this case the
relative changes in subcoolinrg, and consequently, the relative changes in
» , are very significant. As an «.ample, a subcooling of 3 C in a 1/5-scale
model may result in an * 30 percent increase of K:b from its value at
saturation. This is shown later wher 1/5-scale model data are presented.
For the case in which saturated water () = 0) is injected into
the annulus, Equation (14) indicates that the effect of liquid injection
flux diminishes and that the penetration curve would coincide with that of
an air-water system. Practically speaxing, however, it is extremely dif-
ficult to carrr out countercurrent flooding experiments with saturated water
at prec. termined conditions. Any small peturbation in temperature or system
pressure will result in flashing or condensation. As discussed before, even
a slight deviation from the saturation conditions can lead to a significant
amount of condensation, an effect which Increases with scale.
Substitution of Equation (18) into Equation (14) yields the final

form for the penetration curve equation:

#*

. . Y 1/2.#" % 11/2
{Kgc' k™ % f‘xain’ Kea? l A ;

* 1/4
(1 + Kii) = (aCaIL)

The steady steam flux nececsary to bypass a given amount of liquid can be
calculated from this equation. This was done in Reference 8 and the re-
sults obtained were in satisfactory agreement with the experimental data.

The pertinent dependent parameter to be predictec is the penetrat-

. * .
ing liquid flux, Kl?. which is approximately related to Kﬁi by (7):
C AT f
- *
K =K, exp| Et—-"— (24)
Lp ki hfg

(23)
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{air-water flooding) by a J. parameter is not suitable for flows in PWK
scaled models. This is evident from the low subcooling data which lie well
below the J. correlation sugpested by nreare(lj)for the scaling of air-water
or steam-saturated water data:

o 172 « 172

Jg + 0.8 in = 0.4 (25)

On the other hand, the calculated low subcooling curva agreee
guite well with the experimental data. This indicates that the scale de-
nendence of momentum exchange is consistent with a K‘ correlation such as
Equation (3).
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1I1. HOT WALL TESTS

The mechanistic model may be applied to tests where the vessel

and the core barrel walls are initially superheated. The downflow oi liquid

in thi case is limited by the countercurrent upflow of vapsr penerated on
i the heated walls in addition to that from the core region. For tests in
| which the core steam flow is steady, a relatively simple closed-form ex-
‘ pression can bte derived for the liquid penetration time delay(s). Even
| though this expression can be used in the evaluation of our model it is
restricted to steady core steam flows. A different method is required to
describe transient core steam flows. Also, by considering only the pene-
tration delay times we ignore the initial transient penetration peried,
which may be significant in the theoretical description of the filling
| process. Therefore, an alternative procedure is required which will
apply to both cases (steady and ramped steam flow) and will describe the
complete lower plenum process.
| The approach utilizied here is a numerical one, where the position

} of the _iqu“d front in the downcomer is determined at any given time. For
*

ki
momentum correlation of Equation (23). For the hot wall tests we assume

each time step, 4t, the value of K (t) is determined from the effective
that fl is unaffected by the hot walls and that it represents only the
steam condensstion efficiency on the bypassed liquid. We also assume that
the condensation heat transfer to the liquid film is negligible compared
to the wall heat transfer. Thus, the parameter f represents the effec-

tiveness of energy convection in the film, given by(a)

(26)

f=[1-exp(- Mo)].rs =
‘

where AL 12 the significant boiling length and z, is the point of net vapor
generation, given by

wli?p(To - )

z =
- Pty

-
"R

(27)



<




PRESSURE PSI .

FTe3

PLENUM VOL..

RUN 28002

T,* 232 °C

Teee = 21 °C

P, = 0.10MPo

Kge=0.0

Ky =2.57
4'n

o
é —
L]
o
v -
e T
- - T T T T T -
0.00 3.00 6.00 8.00 12.00 15.00 18.00
1.ME. SECONDS A MODEL LOWER PLENUM
B CONTAINMENT
-
© -
- EXPERIMENT
~ - ==~ THEORY
[«
»
o
. N . L -
- 'JF P 1 T T T 1

0.00 3.00 6.0y $.00 12.00 15.00 18.00
TIME. SECONDS A 330 DEC. LEVEL PROB

Figu-~ 8. Theoretical and Experimental Kesults of Test 28002



PRESSURE PSIA

FTe3

PLENUM VOL..

RUN 28102
T,5299°C
Teec 272 C
R, = 0.14 MPa
5
Kge = O
»
Kl"1='2.444

30.0
-

15.0

0
-

0.

1 I T 1 L i 1
0.00 5.00 10.00 15.00 20.00 25.00 30.00

TIME. SECONDS A MODEL LOWER PLENUM
B CONTAINMENT

10.0
!

EXPERIMENT
- - -—- THEORY

5.0

0.

T 1 = N T 1
0.00 5.00 10.00 15.00 20.00 25.00 30.00

TIME. SECONDS A 330 DEG. LEVEL PROB

Figure 9. Theoretical and Experimental Results of Test 28102



PRESSURE PSIA

FTe3

PLENUM VOL.

RUN 28402

T,2277C
T 2505 T
P, = 0.25MPo
Kge = 3.08
. -
Ktin" 247
o
S -
& o
o
® t T T T T ]
0.00 6.00 12.00 18.00 24.00 30.00 36.00
TIME. SECONDS A MODEL LOWER PLENUM
B CONTAINMENT
°©
= ————— EXPERIMENT
~ —-- == THEORY w
°
o
@ —— “if ™ T T T 1
.00 6.C0 12.00 18.00 24.00 30.00 36.00

TIME. SECONDS A 330 DEG. LEVEL PROB

Figure 10. Theoretical and Experimental Results of Test 28407



PRESSURE PSIA

Fre3

’

PLENUM VOL.

60.0

Jo.r

0.0

10

S

RUN 28702
Ty=277 °C
Teee =49.4°C
P, = 0.30 MPa

-
Kqc = 5.14
ko
2247
Kpin = 2
el X
T j 1} 1 1 1 1 -
0.00 9.00 18.00 27 .00 36.00 45.00 $54.00

TIME. SECONDS A MODEL LOWER PLENUM
B CONTAINMENT

—— EXPERIMENT
----- THEOF Y
417:—r—"1 T T 1
.00 9.00 12.00 27 .00 J36.00 45.00 54.00

TIME. SECONDS A 33C DEG. LEVEL PROB

Figure 11. Theoretical and Experimental Results of Test 28702



PRESSURE PSIA

FTe3
0.0

PLENUM VOL..

0.0

10.0

5.0

RUN 28802
T,=132°C

Teec=989TC

P, = 0.34 MPo
Kge=4.37

Ky

2.41

in

1 L | - i T | 1 B i
0.00 9.00 18.00 27 .00 36.CH 45.00 54.00
TIME. SECONDS A MODEL LOWER PLENUM
B CONTAINMENT
h EXPERIMENT
- === THEORY
—
‘i-? T — T T ]
0.00 8.00 18.00 27 .00 36.00 45.00 54.00
TIME. SECONDS A 330 DEG. LEVEL PROB
Figure 12. Theoretical and Experimental Results of Test 28802



PRESSURE PSIA

FTe3

PLENUM VOL.

RUN 28903
T,2204TC

Teec 2933 C

PV=O.4OMP0
Kgc = 4.03
K;in =2.39

T T T T T 1
0.00 9.00 18.00 27.00 36.00 45.00 54.00

TIME. SECONDS A MODEL LOWER PLENUM
B CONTAINMENT

60.0

30.0
1

© 4 ———— EXPERIMENT

- - === THEORY
o
il W
it ~#hwuvuu&~”-w¢mﬁJﬂN¥#~
o
.
0.0 18. 00 27 . 00 36. 00 45. 00 54.00

TIME. SECONDS A 330 DEG. LEVEL PROB

Figure 13. Theoretical and Experimental Results of Test 28903



27

generated. This is similar to the results obtained in vortical tube
experimcauo's). However, even though more vapor is generated as wall
temperature increases, no significant increase in time delay is observed.
The explanation for that may be related to the competing effect of pres-
sure on the penetration behavior. This point will be discussed later.
After the pressure reaches its peak then decreases gradually to near am-
bient pressure (in cases when cold liquid is injected), or decreases
slightly in an oscillatory manner (in cases when hot liquid is injected).

A typical plenum filling curve is characterized by a time delay
before filling is observed. During this time delay the liquid front moves
in the downcomer and vapor is generated at the hot walle. As the film
reaches the end of the downcomer the lower plenum begins to fill at a low
rate, which is transient and controlled by the wall vapor generation.
When the vapor generation decreases significantly (due to decrease in wall
heat flux and/or an increase in zo) a shift in the perctration rate is
noticed. The rate increases and becomes .teady, vontrolled only by the
core steam flow.

As shown in Figures B - 13 the calculated penetration delay
time coincides in most tests to the time at which liquid first reaches the
lower plenum and the calculated penetration rates are also in satisfactory
agreement with the experiments.

The tests shown above were conducted with a scaled broken leg.
To further investigate the effects of pressure build-up in the vessel,

tests were conducted with an enlarged b-olien leg(lg)

, resulting in a
reduced pressure increase in the lower pienum. As shown in Figures 14 -
19 the mechanistic model accounts quite well for the changes in pressure
and the agreement with the experiments is fairly good.

The mechanistic model was used to analyze cold plenum tests con-

ducted by Creare(zo)

in their 1/15-scale model. In these tests, the lower
plenum was cooled by subcooled water during the heat up of the annulus walls,
resulting in a subcooled lower plenum. In this way, the effect of downcomer
wall heat flux is isolated from possible effects of icwer plenum heat flux.
Figures 20-22 show the experimental results and the theoretical filling
curves predicted by Creare's best estimate analysis and by our mechanistic

model. 1n these figures the wall temperature is maintained at 177 C and
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the inlet liquid flux is K_, = 2.11. For earh ECC temperature, results

with several values of coni::nt steam flux are shown. In general, both
theoretical models are in reasonably good agreement with the cold lower
plenum data.

The next series of tests were conducted with a hot lower plenum.
In these tests, the lower plenum and the downcomer walls were heated up to
a predetermined temperature and no effort was made to cool down the lower
plenum before a test. The hot plenum may result in additional steam gen-
eration in the system. It may cause Jonger delay times and lower pene-
tration rates in cumparison to tests conducted with cold lower plenum.

To predict the available data with the mechanistic model, a lower plenum
heat transfer subrrutine was developed. In this subroutine, the heat trans-
fer from the walls is assumed to be conduction limited and the total lower
plenum area is considered as the heat transfer area. Also, the boiling

in the lower plenum is assumed to be in equilibrium.

Predictions of several filling curves are shown in Figures 23 -
25 for liguid temperatures of 27, 65.5 and 99 C. As shown, the lower
plenum heat transfer effect on time delay is well modeled by the mech-
anistic model. Even for the low liquid subcooling tests, which frequently
present a special problem, the time delay predictions are reasonably good.
Penetration rates are also well predicted by the theoretical model. The
only disagreement between the experiments and the thecry ie the shift fi wm
the transient to the steady-state penetration, predicted to occur sooner
than the experimental one.

When the same data are compared with Creare's best estimate model,
we note that the delay times predicted are relatively longer than the ex-
perimental one and therefore, do not match the early filling. However, the
overall time to fill the plenum as well as the steady penetration rates are
predicted reasonably well.

Experiments with elevated pressures shown in Figures 26 and 27
with liquid temperatures of 100 C and 146 C (subcooling of about 50 (C and
nearly saturated, respectively). The comparison with the mechanistic model

shows the same trends us observed before. The predicted delav times are in
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reasonably good agreement with the data, but the plenum filling rates are
overpredicted for high steam flows, especially in the saturated liquid case.
Creare's best estimate model underpredicts the penetration rates for the
subcocoled case and overpredicts them for the saturated case.

Figure 28 illustrates the effect of initial wall superheat on
plenum filling behavicr. Theoretical predictions with two different assump-
tions are described. One assumes that the lower plenum is hot and con-
tributes to the vapor generation only in the downcomer. For the lower wall
temperature (121 () no difference between the two is observed and the pre-
diction agrees well with the experiment. For wall temperatures of 177 C
and higher, the hot lower plenum assumption results in underpredicticn of
the penetration rates and overprediction of the time delays. This becomes
more pronounced as the wall superheat iacreases. The same trends are also
evident in Creare's predictions. A better agreement is observed when the
penetration is predicted by the mechanistic model with the colder lower
plenum assumptior. Tris is similar to the results obtained for the 2/15~

scalc model(ZJ)

where the predicted penetration curves were in better BgTee~
ment with data when a cold lower plenum was assumed.
From the experimental data and from the theoretical model we can

evaluate the effects of the major variables on the plenum filling behavior.

Core Steam Flow - As core steam flow rate increases more liquid

is bypassed, resulting in a longer delay time, a Jonger period of steam
generation, and lower rate of steady penetration.

ECC Water Flow -~ The major effect of inlet liquid flow rate is

” ). 4As K‘ increeases, K.

& cbp kin cbp
increases and consequently Kli increases, resulting in shorter time delays,

on the condensation on the bypassed liquid (K

& shorter transient period, and a larger steady penetration rate.
ECC Subcooling - Subcooling (AT. = T. - Tli) affects the conden-

sation potential and net vaporizatlion point z,- An increase in AI. results

in an increase in condensation and 'o’ The latter indicates that the boil-
ing component of the wall heat flux decreases as liquid subcooling increases.
This also cun be shown from the expression f, Equation (26). All of *hese

processes cause enhancement of liguid penetration.
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Pressure - As the pressure in the vessel increases, liguid sub-
cooling increases, wall superheat decresses, and the effective dimensionless
stem flux decreases, all resulting in faster filling of the lower plenum.

Wall Superheat - (ATV = Tw - Ts) When the wall superheat increases,
more vapor is generated. 1f the pressure remains unchanged, the vapor
penerated increases the effecti e steam flow and the filling of the low.r
plenum is delaved. However, if the pressure in the lower plenum increases
due to the enhanced vapor generation, the filling rate may incresse and the
time delsy may decrease according to the pressure effects discussed above.

Predictions of thermal-hydraulic behavior in PWR's during a LOCA

show that reverse core steam flow and pressure will vary with time before

and during ECC injection. Typical exanples of such calculated transients
are presented iu Section V where the present analysis is applied to a full
scale PWR.

Transient experiments have been conducted in 1/15-(2) and ?/15-(1)
scale models in which various transients in the core steam flow and the
vessel pressure were produced with different initial conditions. Usually
in these experiments the reverse core steam flow is held initially at some
high value and then it is ramped to zero at a controlled rate, by closing a
control valve. A detailed discussion of the experimental results, data

trends, and the effects of various parameters on the filling rate can b.
found in References 2 and 3.

We have shuwn‘that the mechanistic model may be applied to ramped
steam flow experivents (B)by assuming that the penetration process is in a

pseudo-steady state. Comparison with experiments in the 1/15-scale model

of Creare resulted in very good agreement(s)but the comparison with the
2/15~scele model experiments was not as eood. It was hypothesized that the
disagreem.ut was pr~bably because the liquid film does not fill the annulus,
as was assumed. [0 the present modified mechanistic model, the film thick-
ness is obtained from the Nusselt € uation. As a result, the modified
model predicts the filling curves better, as shown in Figures 29 and 30,
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IV. ECC PENETRATION IN LOFT TEST L1-4

This section compares analysis and experimental measurement of
lower plenum filling for Test Ll-b(zz) of the Loss-of-Fluid Test (LOFT,
Progr.m(zs). The LOFT facility is a scale model of a PWR with a volume
scaling ratin of approximately 1 to 60. Its downcomer is approximately
full scale in the axial direction and approximately 1/5 linearly scaled
in the radial direction. The pertinent dimensions of the LOFT vessel are
listed in Figure 1,

“est L1-4 was the fourth in a series of five non-nuclear iso-
thermal tests performed as part of the LOFT integral test program. This
enp riment was chosen for comparison with our analysis because it is a
double ended blowdown with ECC injection and bccause extensive information
is available in terms of experimental data(zz’ and code calculations using
RELAP 24,25 grq TRac(?9),

Except for the downcomer steam flow rate-inforﬁation; the LOFT
data generally meet the input requirements for the transient plenum fill-
irg analysis. Figure 35 describes the time dependent values of vessel
pressure, tempersture of the mixture entering the upper annuvlus, and the
ECC flow rate which were obtained in iest L1-4 and used in our calculations.
The transient reverse core steam flow used in the analysis has been cal-
culated in Reference 27 and is given here in a dimensionless form in
Figure 36.

The experimentas filling behavior in Test Ll-4 is shown in Figure
37. We note that at the time of ECC injection, about 22 seconds after
rupture, the plenum inventory is decreasing due to blowdown. This de-
crease is observed to last an additional period of 12 seconds (34 seconds
after rupture) when the plenum inventory reaches its minimum of about 65
percent of the plenum volume. At that time, which may be regarded as the
experimental delay time, the lower plenum beings to fill. The plenum is
full approximately ?2 seconds after injection began, or 10 seconds after
the plenum started to fi31, which implies an averaspe fillinp rate of 0.025m3
pey second (0.5 gallons/sec).
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The calculated plenum filling is *'s0 shown in Figure 37. 1Two
theoretical cases were evaluated. In Case One, we assume that the film
thickness is given by Nusselt equation. In Case Two, we assume that the
liquid fills the downcomer as it propagates down. For Case One, the plenum
filling is predicted to begin 9.0 seconds after ECC injection, or 3.0
seconds earlier than the experimental value. At 18.0 seconds into the
transient, the lower plenum is predicted to be full, implying an average
filling rate of 0.026m3/sec (6.80 gallons/sec). Thus, excellent agreement
is shown between the experimental and the predicted filling rate. For Case
Two, the predicted time delay is 1.5 seconds longer than in Case One, i.e.,
td for Case Two is 10.5 seconds. The lower plenum is filled after 19.5
seconds, resulting in the same filling rate as in Case One. It is unclear
at present why the predicted time delays in both cases are shorter than the
experimental value (it is 25 per.ent shorter in Case One and 12.5 percent
shorter in Case Two). The rerson for that may be found in one of the follow-
ing:

(1) Inaccuracies in the calculated input of the reverse core
steam flow to the downcom:r may have caused the predicted ramp tim~ to be
less than the experimental value.

(2) ignificant voiding may have occurred in the wer plenum.
This would supply additional steam flow to the dowacomer, resulting in longer
experimental time delays. This potential voiding was neglected in the present
analysis.

{3 Inaccurate measurement of liquid level.

It 1» interesting to note that the shorter time delay predicted
here is consistent with the calculations done with the TRAC computer code,
which also underpredicts the time delay by 4 .econds(26).

For the reasons stated above, it is difficult to draw definite
conclusions concerning the liquid behavior in the downcomer. However,
since the assumption made in Case Two is more conservative and the results
obtained are closer to the LOFT experiment, the liquid was assumed to fill

the downcomer in the following analysis of a full scale PWR.
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V. ECC PENETRATION IN A FULL SCALE PWR

In this section we calculate filling of the lcwer plenum in a
full scale PWR during prescribed transients in steam flow and vessel pres-
sure. The LOCA transients used as input in the calculations are based on
tabulated results of typical vendor and NRC evaluation model calculations
for Pﬂk's(zs). These results provide the required input for the present
analysis in terms of time cependent values i.r downcomer steam flow rate,
ves. | pressure, flow rate and temperature of liquid entering the downcomer.
Figure 38 describes three of the six steam flow transients fer which cal-
culations have been performed, representing different ramp time character-

istics.

Time delay and plenum filling behavior were calculated according
to our analysis. In addition, we have examined the most conservative case
where we assumed that all wall heat flux is transferred as boiling component
only, i.e., f = 0, and no condensation occurs in the system, 1.8, K:bp. 0.
This case describes the hypothetical situation in which the largest possible
amount of vapor is generated and no steam condensation occurs in the system,
resulting in the maximum amount of countercurrent steam flow possible. Thus,
the calculated time delays are the longest possible for a given set of con-
ditions and are highly conservative.

As was done for the LOFT experiment (Section 1V), calculations
have been conducted for each case with two different assumptions concerning
the film thickness. One set of calculations assumes that the film thickness
(denoted by tl) is given by the Nusselt equation. The other assumes that the
liquid fills the annulus (film thickness is denoted by ty), resulting in a
more conservative set of results. The dependence of condensation on scale
was taken in both cases ag wD*0'30. i.e., n= 0.30. This value for n is
the same one used in the 1/5-scale comparisons. It is a conservative value
since the condensation was found to depend on D*nwhere n increases with
scale. Indeed, if the n dependence on scale is extrapolated to a full

scale, we find that n = 0.90.
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Figure 38, Dimensionless Steam Flow Rate Input for
PWR Blowdown Transients (Reference 28)
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Calculated time delays for the various transients and the two
cases are given in Table 1. The delivery rates for all the transients
were found to be essentially egqual to the liquid injection rates. We
have also calcuated the time delay according to a typical recommended
licensing approach ("sequential methed") in which:

Total Time Delay = Time At Which wgc = 0
4 Gravity Fall Time From Cold Leg Height (1.1 sec)
+ Hot Wall Delay (2.2 sec)

As shown in Table 1, the time delay calaculated according to
the licensing approach is ulways longer than that calculated by the pies-
ent analysis, even for the most conservative assumptions.

There are several reasons to question the realism of the given
LOCA transients themselves, as they were calculated with the assumptions
of thermodynamic equilibrium and the decoupling of the core steam flow

from major interaction with ECC flow(27).

TABLE 1. CALCULATED TIME DELAY, ty

Best Estimate Conservative Case
Trensient t t, t ty Licensing
(a) 1.2 4.4 4.5 4.5 6.7
(b) 2.0 10.0 10.0 12.1 13.3

(e) 2.0 8.0 13.0 15.1 16.3

IS TR RAETR T
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V1. CONCLUSIONS

(1) Air-water data in 1/15- and 2/15-scale models are scaled
* B
better with a K parameter than with the J parameter which scales very
small geometric sizes.

(2) The condensation efficiency parameters, f and f_, depend

,
on the liquid and steam flow rates, among others, and are not cinstavt
along the penetration curve.

(3) Simultaneous effects of mass and momentum exchange are
accounted for ; easonably well by a modified flooding correlation for the
liquid penetrat ion behavior.

(4) The effect of steam condensation or the injected water
increases with scale size, resulting in more ECC penetration for a giveu
dimensionless stean flux.

(5) Additional tests in the ./5-scale model continue to show
that K. is the proper scaling parameter, and that the condensation effect
increases with scale.

(6) The mechanistic mcdel includes improved modeling of hot
wall effects. The partitioning of wall heat flux is treated in a more
mechanistic manner, than previoucly done.

(7) The consistently good agreement obtained for data in
three different scale models and in the LOFT facility suggests that con-
densation effects, hot wall effects, dependence on scale, subcooling, and
pressure, are well modeled by the present analysis.

(8) Application of the mechanistic model to full scale shows
that the current licensing models are conservative even when highly
conservative asswiptions are made in the model.

(9) It is recommended that the K* scaling continue to be used

in licensing calculations with an allowancz for increasing condensation
effects.
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NOMENCLATURE

Annulus cross section
Parameter
Average circumference

Specific heat of liquid

Bond number
Parameters
Gravitational acceleration

Heat of vaporization
Dimensionless volumetric flux
Superficial velocity of phase
Thermal conductivity

Dimensionless volumetric flux

Dimensionless volumetric flux

on bypassed liquid

Dimensionless volumetric flux

complete bypass point

Dimensionless volumetric flux

Dimensionless volumetric flux

Length of core barrel
Distance
Parameter

Parameter

of

of

of

of

of

of

phase x

phase x

steam condensation

core steam at

core steam

penetrating liquid
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P, Pv, PLp Pressure in lower plenum
Ph Heated perimeter
Q Heat transfer rate
Q. Dimensionless heat transfer rate
q Heat flux
Re, Re Reynolds number
S Gap size
T Temnerature
T‘ Saturation temperature
ty ty, 8, Film thickness
t Time
td Penetration time delay
Y Volume of liquid in lower plenum
vo Volume of lower plenum
“ Mass flow rate
% Distance
GREEX
o Thermal diffusivity
) Paramet: ;
¥ Viscosity
[ Density

o Surface tension
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SUBSCRIPTS

Vapor

Film inlet

Inlet of cold leg

Liquid

Point of net vaporization

Total net mass exchange

Wall
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