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SUMMARY

(1) Three geometrically similar, drum-shaped, single-downcomer wetwell
test sections have been cons® ~ted, with diameters of 14 cm, 28 cm,

and 54 cm, respectively.

(2) Three series of tests have been completeu in the medium-size
system (28 cm dia.), using water as the liquid and air, argon,
and helium as blowdown gases. A broad range of operating condi-
tions was covered in each test series, roughly representative

of Mark I conditions. A comparison of the tests with argon and
helium, whose enthalpies differ by a factor of 10 at the same
temperature, clearly shows tha. proper pool swell scaling is
obtained only if the enthalpy flux through the downcomer is

adjusted according to Moody's scaling law.

(3) One series of tests has been completed in the small <ystem (14
cm dia.), using water as the liquid and air as the gas. Compari-
son of these results with the corresponding ones obtained with
the medium-size system again favors Moody's scaling law for

pool swell phenomena.

(4) The peak downward pressure on the model containment system floor,
which occurs just after vent clearing, i.e., before sia ificant
perturhation of cthe pool surtace, appears to be affected by fluid-
structure interactions. These interactions do not, however, in-

fluence pool swell and the loads after vent clearing.



1. INTRODUCTION

The purpose of this research program, which was funded 1 October
1976, is to develop and verify the scaling laws which apply to LOCA-
induced pool swell in BWR pressure-suppression containment systems.
The work has now progressed to a stage where several critical series
of experiments have been completed, and we are in a position to oive
a preliminary report on our findings.

In Section 2 of this report, we summarize the present understand-
ing of the scaling laws for pool swell. Our experimental test program
for crniecking the scaling laws is outlined in Section 3. Section 4
wescribes some of the experimental results we have obtained to date,

and Section 5 summarizes the conclusions we can draw from them.

2. THE DYNAMIC SCALING LAWS

2.1 Moody's Scaling Laws

A set of modeling parameters and scaling laws for the general
pool dynamic. problem has been derived by F. Moody of G.E. [1]. The
scaling lays are based first of all on the hypothesis that once the
air bubble forms after the fluid slug is ejected from the inside of
the downcomer, the bubble can be viewed as a constant-pressure region

of non-cordensable gas, driven by an enthalpy flux from the exit of

the downcomer and resisted by the inertia of the water above it as




well as by the compliance of the air space above the water. In addi-
tion, it 1s argued that heat transfer from bubble air to the water is
negligible, and that viscous losses in the bubble and in the pool water
are also rugligible. Surface tension effects are not accounted for,

50 that the scaling laws do not apply to any smaller-scale fluid break-
up which may occur as the bubble breaks the surface of the pool (the
maximum loads occur prior to this time, howev.r;.

Apart from the requirement that the model and full-scale system
be completely similar geometrically, dynamic similarity of the (pre-
breakthrough) pool swell dynamics also requires that the following
two dimensionless quantities have the same values in the model and

full-scale sys.em:

m =Y (])

P, )
L =§‘L (3)

MTe! = _.ﬂ‘.q_ = (4)
D93/203f2

have the same value in the model and full-scale systems at corresponding

values of the dimensionless time

t* = tv’m . (5)



specifi~ heat ratio cp/cv H

initial pressure in the wetwell trapped air sp
pool liquid density;
acceleration of gravity;

a dimension identifying scale of system in the general case;

in our case, the wetwell diameter;

©
o
"

drywell air pressure (function of time);

G = air mass flow rate through downcomer per unit area (function
of time);

h, = stagnation enthalpy of air in drywell (function of time):

t = time from initiation of LOCA; in our case, time from valve

opening.

We shall call the quantities w;, w2z, n3(t*), and =, '(t*) the

modeling parameters. The modeiing parameters are a set of (ndependent

dimensionless variables which, once specified, uniquely determine the
pool swel® dvnamics in dimensionless terms.
For in, dependent variable like a particular local pressure p ,

one c2u define a dimensionless form like
p* - ‘*'-‘l y (6)

which, according to the laws of dimensional analysis, is a function

Oﬂ]y of t*, Mry T2y M3 and m,' . Thus,

pr = o*[t*, Tys T2, Wa(t*), *n.'(t*)] : (7)
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The general modeling procedure is this: one chooses conditions in
, the scale model tests such that the fo.r modeling parameters w; to
n.' have the same values as in the fuli-scale system (.n the case of
ny and w,' , the values must be the same at all values of the dimen-
sionless time t*). This ensures that the values of the dimensionless
dependent variables like p* are the same in the model as in the full-
scale system, at corresponding t* . Having measured p* versus t*
in the model, one can then predict P versus t in the full-scale
system, using Eq. (6). Relations like Eq. (6) can be called the scaling
laws for *he dependent variables, since they tell us how a dependent

variable measured in a small-scale simulation can be scaled up to the

full-scale system.

2.2 Moody's Scaling Laws in Modified Form, for Orificed Downcomers

The difficulty with applying Moody/'s scaling laws to small-scale
modeling is that the absolute pressures and the enthalpy flux density
Gh, *ave to pe independently adjusted with scale, the former in pro-
portion to pD and the latter to oD''?, over the whole blowdown time
span.

Now, the enthalpy flux in a model can be adjusted independently
of pressure by the insertiun of a flow-controi orifice inside the down-
comer (Fig. 1). The question then arises, what are the cr . ija for
when an orifice will accurately simulate the enthalpy flux during
the entire blowdowm, assuming that the model drywell pressure is proper-

ly simulated? SRp—
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We have answered this question by considering the scaling laws
for the flow through an orifice in a pipe. Consider a number of geo-
metricaily similar pipes (Fig. 1) with the same length-to-diameter
ratios, and similar orifices of diameter di placed at geometrically
similar places in the pipes. From dimensional considerations we can

show that a dimensionless mass flux density, which we shall call the

mass flow coefficient Cm , in analogy to the discharge coefficient

Cd for volume flow in nozzles,*

C = G e (8)

" -4 [Z(Po . P)]"
(O8] ""'—;T_—

must have the functional form

) G PP
¢, = C, ( TP, 0 Vo Re) (9)
where G = gas mass flow per unit area through the downcomer;

pp = gas density in the drywell;
P, = drywell pressure;
P = pressure at exit of downcomer;

d. = orifice diameter;

*Note that in the incompressible flow limit (P,-P)/P -+ 0, the mass
flow coefficient is related to the usual head loss coefficient k ,
or fL/D , based on exit speed and o, , according to

——






must have the same vaiue in the model and reference system at correspond-

ing pressure ratios (Po,-P)/P . If this requirement is satisfied then

the enthalpy flux scaling prarameter expressed earlier by n,' will
automatically be properly modeled if  , n,, and n; are properly
mode led.

Our conclusion, then, is that the proper modeling laws for pool

swell are that

Ny -=-"% (‘3)
and p
: i

W2 - OQD (]4)

be the same ian the mcdel and reference system, that
p
My = P—° (15)

be the same in the model and reference system at corresponding values

of t* = t/g/D , and that

(16)

My

be the same for the (orificed) model downcomer as for the reference
system at all vilues of the dimensionless pressure drop (P,-P)/P,
encountered in the process. A dimensionless dependent varia.le like

the pressure p* detined earlier will have the form

P,-P
p»} = p* [t*’ Tils M2y T!](t')‘ Ta (‘%0——)] : (]7)

that is, the value of p* for the reference system will be the same

733 354



as for the model if the modeling parameters =, to m, are the same
in both.

The adjustment of =u, in the model to that of the reference (or
full-scal ) systea is made by choosing a suitable orifice diameter di
[see Eq. (9)]. This can be done after several orifices with different
di’s have been calibrated at their design Re's [see Eq. (10)] over the

range of (P,-P)/P expected in the blowdown process.

3. EXPERIMENTAL PROGRAM

The scaling laws are being verified experimentally by studying the
pool swell problem on a small-scale in the somewhat simplified "contain-
ment system” ceometry shown in Fig. 2. The "wetwell" is a simpie cylin-

drical vessel of internal diameter D and height 2.18D . A single

"

downcomer with internal diameter d = 0.182 D enters the wetwell from
the top center. The downcomer length is 15 diameters, that is, 2.73 [ .
he top of the downcomer opens directly into a "drywell,” which in our
case is simply a reservoir with a volume large compared with that of
the airspace in the wetwell, so that the drywell pressure remains essef
tially constant during the entire blowdown process.

Under design conditions, the wetwell is precisely half full of
water, and the downcomer submergence is 2d or 0.264 D . Both water

level and submergence can, however, be independently varied.

Altnough our system is not intended to be geometrically identical
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to any particular existing containment system, its gross qeometric
parameters (see Table 1) do roughly simulate the GE Mark I system.

The yas flcw rate through the downcomer can be independently con-
trolled in our system by placing interchangeable orifice plates (Fig.
1) in the downcomer 11.5 diameters (i.e., 2.1 D) upstream of the down-
comer exit.

A pneumatically operated, fully-opening valve (essentially, a
rubber-lin-d flat disc which, when clcsed, is pressed against the
top lip of the downcomer, and when opened simply 1ifts away from it)
starts the blowdown. The valve opening time is short and does not
affect the flow processes which ensue.

Our intention is to verify the scaling laws by setting the scaling
parameters at certain chosen fixed values, but independently varying
the quantities Pi s Pos 0y D, R, and Cm which make up the scaling
parameters, and checking whether the dimensionless dependent variables
like pressure p* indeed do remain invariant, as predicted by the
scaling laws. The test sections are instrumented to measure pressure
(via kistler Model 206 low-rressure Piezotron transducers) in four
places, as shown in Fig. 2.

Table 2 shows the values which the scaling parameters are given
in our tests. Alsc shown for reference are the corresponding values
for a design basis LOCA in a Mark I GE containment system.

In our test program, the system size will be varied by a linear
factor of 4 . We have completed construction of three test sections,

with D = 14 cm, 28 cm, and 54 cm. These will be referred to as the




small, medium, and large systems, respectively. Each system has a
series of orifices for the independent control of the enthalpy flux
parameter w. through C_ [see Eq. (16)].

Three gases will be used: air (with y = 1.4), and helium and

argon (with y = 1.67). The latter two are chosen because their gas

constant R differs by a factor of 10, and hence allows the parameter

m, to be changed by a factor of 3.16 by changing gas alone, without
changing pressures, flow orifice, or system size.

Also, three liquids will be used: water, meriam fluid (specific
gravity = 3) and, in the small and medium systems, mercury (specific
gravity = 13.6).

The absolute pressures will be varied over a factor of 30 to xeep
the scaling parameters =: and 7; constant while D and o are
changed as described above.

The flow constriction diameter di/d relative to the downcomer

diameter will be varied over a factor of 3 .




12«

4. EXPERIMENTAL RESULTS OBTAINED TO DATE

4.1 General Remarks

it the present time, all three test sections (D = 14 cm, 28 cm,
an? 54 cm) have been consiructed, and a considerable number of tests
have been performed with the medium-size and the small-size systems.
Ir the medium-size system, tests have been run with air argon, and
helium as the gas and water as the liquid. For each gas, the para-
meter PifpgD was set at both 4.2 and 8.4, and Po,'Pi was given
values 2, 2.5, and 3 . Several orifices were used in each case, so
that a range of values of the enthalpy flux parameter =, was covered
for each gas.* In the small-size systeu, the tests to date have been
confined to the air/water combination, but with the same values of
pi/ogD and Po/Pi , and again for several values of the enthalpy flux
parameter.

Figure 3 shows some typical pressure histories, th this case mea-

sured in the medium-size system. The plots are traced uirectly from

*The calibration of each orifice for Cp as a function of (P,-P)/P,
is done by measuring the initial rate of pressure rise in the empty
wetwell (i.e., no liquid) when the valve is opened. Using the first
law of thermodynamics. and assuming adiabatic conditions, it is easy
to show that

Y

Po = P, v P = P, 1
L ( 1 [ R— ( d ) LA
m 5@ d? m* Pa T 2

_.-4—-Y

where V is the total wetwell volume and 1 is the time it would
take the wetwell presswe to reach P, if it were to keep rising

13y 398

at its initial rate.




oscillograms. Trace (a) represents the pressures on the wetwell floor

(center), and trace (b) the pressure on the wetwell ceiling. Trace
(c) is the pressure at a point in the downcomer, just downstream of
the orifice (see Fig. 2). (We use this trace mainly to establish t=0.)
The physical phenomena which give rise to these pressure histor-
ies can be described as follows. Valve opening is signaled by a rapid
rate of pressure rise in the downcomer (Fig. 3c). The positive pressure
in the downcomer beqins to push the water in the downcomer downward.
Initially, the pressure on the floor (Fig. 3a) responds with only a
slight rise, since almost the entire increase in pressure is taken up
across the siug of water in the downcomer, causing it to accelerate
downward. However, as the air/water surface reaches the downcomer
exit (the vent clears) and a bubble begins to form, the pressure in
the downcome: is suddenly transmitted to the essentially stagnant
water below it, and to the wetwell floor. The pressure difference is
now taken up across the layer of water over the downcomer exit, and
that layer begins to accelerate upward. Vent clearing thus gives rise _
to a very sudden, virtually step-function, increase in pressure on the
wetwell floor (Fig. 32,, an increase from Pi to essentially the pres- :
sure inside the downcomer at the time cf clearing (compare Figs. 3a |
and 3c). Actually, the floor pressure in this particular case over- |
shoots the downcomer pressure, but the overshoot appears to recult at
least in part from vibrations set up in wetwell structure in response
to the very suddenly applied load.
Structural oscillations give rise to pressure oscillations on
the floor because they rapidly oscillate (accelerate) the water in

<72 S 1
[ 3D ?
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the wetwell and thereby induce pressure oscillations, below the water
surface, much like the gravitational acceleration causes a pressure
increase in the downward direction in water. The corresponding effect
on the air pressures is negligible because the inertia of the air is

a thousandfold less than that of water. More is said about the fluid-
structure interactions in Section 4.3 below. In any case, the peak
pressure on the floor, occurring just after vent clearing, does appear
to be caused in part by a structural rebound and oscillations. The
oscillations saon die out, however, and they do not affect the pressures
in later parts of the blowdown process.

After the vent clears, the bubble begins to grow rapidly. The
pressures in the downcomer and the wetwell floor decrease, roughly
hand-in-hand, and the pressure on the ceiling begins to increase (Fig.
3b) as the airspace in the wetwell is compressec. The ceiling pressure
reaches a maximum at the point of maximum compression of the airspace,
at which point the airspace, which is overcompressed due to the inertia
of the rising water, expands back towards a larger volume and the ceil-
ing pressure drops. An increase in the floor and downcomer pressures
occurs again since the bubble pressure is increasing. In the case

shown, breakthrough occurs soon thereafter.

4.2 Some Experimental Results on the Pool Swel! Scaling Laws

To make the checking of the scaling laws more convenient, we have
selected five easily identifiable experimental quantities (dependent

variables) for comparison between the various tests:
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(1) the time of vent clearing;

(2) the minimum floor pressure after vent clearing (Fig. 3a);

(3) the time .orresponding to the minimum floor pressure after
vent clearing;

(4) the maximum ceiling pressure before breakthrough (Fig. 3b);

(5) the time corresponding t3 the maximum ceiling pressure before

breakthrough.

The peak floor pressure associated with vent clearing is not used be-
cause it is affected by structural vibrations (Section 4.3), and these
are not expect.1 to scale according to Moody's laws, which were devel-
oped for pool swell in perfectly rigid containers.

We have made two types of fundamental checks on the scaling laws
so far: (a) we have compared results obtained in a given size wetwell
with two gases (helium and argon) which have vastly different enthal-
pies at the same temperature; and (b) we have compared results citained
with the same gas (air) in two different size systems.

The tests with helium and argon were carried ouc in the medium-
size system (D = 28 cm), using water as the liquid in both cases. Ori-
fices with various diameters d1 were used with both gases. Figure 4
shows the dimensionless form

p* = p-Pi
e
of the maximum ceiling pressure and the minimum flocr pressure plotted
versus the dimensionless diameter dild of the orifice, for given
values of Pi/ogD and Po/Pi . Clearly, for specified dimensionless

driving pressures, and for a given system geometry and given internal

3% Ly
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downcomer geometry (i.e., given di/d in this case), the different

gases He and Ar produce vastly different dimensicaless pressure loads.

The difference is a factor of two in the ceiling pressire and as much
as a factor of four in the floor pressure. The results shown are
typical examples. Similar results were obtained with the other values
of Po/Pi and Pi/pgD .

Figure 5 shows the same data as Fig. 4, but now plotted as p*
vs. the enthalpy flux scaling parameter m, = CnﬁﬁT}7§ﬁ . Nete that
Cm is actually not constant, but for given drywell conditions depends
on the dimensionless pressure difference across it, (P,- P)/P, (Fig.
6). We have chosen the value of C, at (P.= P)/P, = 1/3 as a refar-
ence value, and it i< that value which is used in the abscissa in Fig.
5 ard subsequent figures.

It is clear from Fig. 5 that at the same values of n., (and m,,

m2, and 7wy , which are the same for all points shown)--but with differ-

dimensionless pressures (to within +10% or so, which is consistent with

the experimental reproducibility). Similar results are obtained for
other values of Pg/Pi and P1/ugD . In other words, Moody's scaling
laws are supported.
Figure 7a shows the three times, in dimensionless form t* = tJ/g/D ,

corresponding to the data in Fig. 5. Again, it is clear that t* is

a function of the four dimensionless scaling pariveters m;, to w, ,
and Moody's .:aling laws are supported. ‘Actually, none of the times
are very sensitive to n, » or to di/d , in this instance, and hence

the case for the entha]py'flux parameter =, 1is made more by Fig. 5

i s A
J
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vs. Fig. 6 rather than by comparison of the times.)

Figures 8 »nd 9 show a typical comparison of the dimensionless
pressure obtained with air/water in the medium system (D = 28 cm) and
the small system (D = 14 cm). Again, the comparison favors Moody's
scaling laws, where the enth:ipy flux parameter w, must be simulated
by using out-of-scale orifires. The case made by these data is some-
what weaker than the heliuw-argon comparison, mainly because the differ-
ences in p* brought aboit by a factor of two change in scale alone
are not that great. Wi‘n identically structured downcomers (sam: di/d),
the p* for the minimm floor pressure differ by about a factor of two.
The ceiling pressire- actually seem to scale as well as by Moody's scal-
ing laws (c.f. Figs. 8 and 9). This is a fluke, however. In other data,
the ceiling pressur2s do not scale at the same di/d . The scaling with
Moody's parameters is, on the average, distinctly and consistently super-
ior. Comparison of the dimensionless times for the small and medium

systems are shown in Fig. 7b.

4.3 Peak Floor Pressures After Vent Clearing: Role of Fluid
<tructure Interactions

The oscillations which are set up in our test section immediately
a‘ter vent clearing (Fig. 3a) appear to be at least partly due to struc-
tural vibrations caused by the almost impulsive loading of the wetwell
floor and walls at the instant that the downcomer clears. That struc-
tural vibrations play 2 role is evident from the fact that the floor

pressure oscillations can be affected by the type of structure used to

support the floor and walls of the wetwell. We outline here some of




our experimental observations as they relate to this problem and
present a qualitative description of a possible mechanism for the
fluid-structure interaction.

The floor pressure trace shown in Fig. 3a was taken with the

bottow of the medium system test section resting flush on some flat,

1" thick steel plates, and the test section clamped down from the top
onto the plates. In contrast. Fig. 10a shows a trace taken when the

test section was clamped down on a metal rina instead, so that the test

section floor had more freedom to vibrate, while Fig. 10b shows the
floor pressure when the test secti .n rested on some strips of plasti-
cerne, and was not clamped down from the top. (Figures 3a, 10a, and

10b should not be compared quantitatively, since the test conditions
were not absolu! *, identical, though they were roughly similar.) It
is evident that the post-cl2aring oscillation has been changed signi-
ficantly by these changes in system support structure. The frequencies
observed in the post-clearing pressure oscillations are of the same
order as the floor pressure oscillation frequencies prouuced when the
(water-filled) test section was tapped with a mallet.

Quite similar results were obtained in the small system D = 14 cm):
post-clearing oscillations were observed, the frequency was of the order
of the structural response frequency, and the amplitude of tre oscilla-
tions and their decay rate seemed to be affectea by how the fest section
was mounted and held.

Two points emerge from these results: ({a) the post-clearing oscil-

lations are clearly affected by conditions ext- “nal to the hydrodyramics,

(L3 Iv‘u’
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frequency of oscillation does depend on system strcture, the vibration-

induced pressure fluctuations are independent of system stiffness, and
are typically of the same order as the pressure step that gives rise
to the original deflection (P,-Pi).

Not all of the “fine structure" on the post-clearing floor history
can be attributed to structural oscillations. The prominent N-shaped
portion which in Fig. 3a occurs at about 40 ms is certainly due to a
hydrodvnamic effect (probably a temporary occlusion of the downcomer
mouth) since it shows up also on the pressure in the air in the down-
comer. Furthermore, there does appear to be a correlation between the
frequencies of the iater post-clearing oscillations and hydrodynamic
parameters. At this time we conclude only that fluid-structure inter-
action definitely can have a significant effect on post-clearing floor
pressures.

One notes that post-clearing oscillations in floor pressure (i.e.,
pressure on submerged parts o) the wetwell wall) were observed in GE's
scale-model tests of the Mark I containment system, both in the 1/12-
scale model [2] as well as the 1/4-scale model [ .] tect:d more recently.
In their 1/12-scale model studies, GE fournd an unexplained difference
between the peak floor loads (which occur during the post-clearing
oscillations) measured in their December 1975 test series and those
measured in the January 1976 test series, and noted that the only dif-
ference between the two series was the grouting of the basemat on which
the test cell stood. A difference in struc wal oscillations due to a
change in grou.ing is consistent with many . 'r own tests, where we

have seen differences brought about by such things as simply lightly

s
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greasing the bottom of the wetwell before mounting it.

Pressure oscillations due to structural response vibrations will
be present whenever the period of the structural vibrations (with water
in the wetwell) is not small compared with the time span associated
with the suddcn application of the pressure load at vent clearing. This
is true in our models, and also in the models used by GE for their Mark
I system testing. Even more to the point, it is gene,ally expected to
be true for full-scale containment systems. In short, the peak floor
pressure which occurs just after vent clearing may be expncted to depend
on structural as well as hydrodynamic considerations.

It should be emphasized that if the amplitudes of the deflections
of the structure are very small compared with the ¢,stem size we would
not expect pool displacements, pool swell velocilies or pressures in
the wetwell or downcomer airspaces to be significantly affected by the
fluid-structure interaction. Our experimental data support this conclu-
sion. Only the pressures on the submerged walls o. the wetwell, mea-
sured immediately after downzomer clearing (before structure vibration

has been damped out) are clearly sensitive to structure vibration.

5. CONCLUSIONS

Based un the results we huve obtained so far, our conclusions are

tne following:
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1. The floor pressure history immediately after vent clearing in
our system carries an oscillating component which appears tc be affected
by fluid-structure interactions, and hence may not scale accurately with
Moody's scaling laws. The period involved is, however, a short one in
the blowdown process.

2. After the fluid-structure oscillations have decayed, floor
pressure history scales with Moody's laws to a good approximation,
both as regards pressure magnitude and time, up to pool breakthrough.
Also, the ceiling pressure in the wetwell (i.e., the pressure in the
airspace) scales, to a good approximation, according to Moody's laws
throughout the entire blowdown history, up to pool breakthrough. In
order to obtain proper scaling, it is necessary to adjust the enthalpy
flux 1n the downcomer by using orifices so that the enthalpy flux scal-
inc parameter 1w, 1is properly simulated. If the gas scaling para-
mcier m; wnd the prassure scaling parameters 7, and 73 are simu-
lated, but =, 1is not (as would occur, for example, when out-ot-scale
orifices are not introduced), the pressure scaling can be significantly

off.
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TABLE 2. Values of Dynamic Scaling Parameters

MIT System
Parameter Mark I System (Design Conditions)
Y 1.4 1.4, 1.67
P.
i +
59D 2 -3 4.2, 8.4
Po/Pi I -3 2.0, 2.5, 3
5
~ [ RTg o e
ML S c:a 25 5 - 50

+For the Mark I system, we take
4

™

D? = (pool area per downcomer)




TABLE 1. Geometr;. Parameters of
MIT Wetwell System

downcomer area

pool area

submergence

downcomer diameter

liquid depth

downcomer diameter

wetwell gas volume

1iquid volume

0.033
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