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Abstract-The onset ofdownwards penetration of a bubbly water pool above a perforated plate was studied 
with both air and steam upflows. An interpolative scaling length is developed empirically, which, when 
introduced into the Wallis countercurrent flow equation, fits the air-water data for a variety of perforated- 
plate geometries, as well as full-length tube bundle data with saturated water and steam. The same equation, 
when suitably corrected for steam condensation in the immediate neighborhood of the plate, fits the 

steam-water data also. Implications for the cooling of overheated nuclear reactor cores are discussed. 

NOMENCLATURE 

liquid specific heat; 
dimensionless constant for perforated 
plate, equation (8); 
dimensionless constant for vertical pipes 
or channels, equation (6); 

diameter ; 
mixing efficiency of steam and cold water 
at plate, equation (10); 
acceleration due to gravity ; 

2x/t,, critical wave number based on plate 
thickness; 
latent heat of vaporization ; 
input rate of enthalpy relative to satu- 
rated water ; 
height of inlet water tube; 
dimensionless volumetric flux, equation 

(4); 
dimensionless volumetric flux, equation 

(1); 
vapor velocity through holes ; 
volumetric flux ; 
dimensionless volumetric flux, equation 

(3); 
Laplace capillary constant, equation (2); 
bond number, equation (8); 
number of holes ; 
temperature ; 
Liquid subcooling, T, - T,; 
Plate thickness; 
reference length, equation (5); 
mass flow rate ; 
Cf(T, - T,) Wf/h,, W,, ratio of enthalpy 
flow rates of water and steam; 
Ratio of enthalpy flow rates of water 
delivered through the plate (based on 

- 
t Chemical Engineering Department. 
$ Present address: Walden Division, Abcor Inc., Wilming- 

ton MA 01887, U.S.A. 

entrance conditions) and inlet steam, 
equation (12). 

Greek symbols 

8, exponent, equation (7); 

Y? perforation ratio, area of holes/area of 
plate ; 

P, density ; 
Q, surface tension. 

Subscripts 

d, downwards delivery; 

f, liquid ; 

is steam or air; 

e, effective; 
in, inlet ; 

k phase indicator, k = g or f; 

s, saturated ; 
sub, subcooling; 

u, upwards. 

1. INTRODUCTION 

WHEN GAS and liquid flow countercurrently under the 
influence of gravity in a vertical pipe, channel or 
through a perforated plate, a limiting condition 
known variously as flooding or CCFL (countercurrent 
flow limitation) is eventually reached as either the gas 
or liquid inlet flow is increased, keeping the other flow 
constant. This limitation determines the throughput 
capacity of various types of equipment, and hence has 
been extensively studied. Representatives of this work 
are the studies of sieve plate performance in mass 
transfer towers [l-4], and the more recent work 
simulating the injection of cold water into an over- 
heated nuclear reactor core [5-81. It is clear from just 
these two examples that a wide variety of phenomena 
are assumed under the topic of flooding, and a more 

detailed classification is required. 
Three effects can be identified as being important in 

determining the stability of countercurrent flow. In 
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long vertical channels interfacial shear tends to dom- 
inate, and several studies [9-111 have examined the 
condition for instability of an interfacial travelling 
wave in an annular or flat-plate configuration. IIow- 
ever, entrance and exit inertial effects can be very 
important, especially for short tubes. In perforated 
plates with zero or negligible condensation, these 
effects are probably dominant. Lastly, most studies 
have dealt with gas/liquid pairs, or vapor/liquid pairs 
which are nearly in thermodynamic equilibrium, so 
that interfacial mass transfer is either absent or else not 
important in determining the hydrodynamics. Re- 
cently, however, there has been considerable interest in 
steam/cold water, where rapid condensation can have 
a significant, and even dominant, effect in determining 
the stability of the flow. 

An example where all three effects may be significant 
is the vertical countercurrent flow of steam and cold 
water through a horizontal perforated plate. This 
situation may be encountered at the upper tie plate of 
an overheated pressurized water reactor (PWR). The 
entrance of emergency core cooling system (ECCS) 
water into the core can then be impeded by the flow of 
rising steam from the hot fuel pin surfaces. Indeed, this 
is the motivation for this study. Another example is the 
injection of ECS water into the annular downcomer 
region of the same PWR, in an attempt to flood the 
overheated core from below. In a number of small- 
scale studies of this situation [12-151 the importance 
of condensation has been amply demonstrated. The 
point at which the entering water flow is just sufficient 
to condense all of the steam, assuming perfect mixing, 
represents an instability condition, in which water 
begins to be delivered downwards through the an- 
nulus, or end-of-complete bypass (EOCB) occurs. It 
turns out, however, that this criterion is not important 
in this study, for reasons to be explained below. 

A major problem is the choice of appropriate length 
scales in order to allow prediction of inception of 
flooding (countercurrent flow instability), or inception 
of liquid downwards penetration (EOCB) in large- 
scale equipment from small-scale prototypical data. 
The importance of this is underscored by the highly 
informative LOFT (loss of fluid test) program [16]. 
One of the questions to be settled by this costly 
program, involving a one-eighth scale mock-up of a full 
scale PWR, was whether the annulus width or circum- 
ference is the appropriate length scale in determining 
the downcomer penetration. Two length scales have 
been generally available, corresponding to two dimen- 
sionless superficial velocities (or volumetric fluxes). 
One is the hydraulic diameter of the flow passage, 
leading to the widely-used J* scaling introduced by 
Wallis [ 171 

wherej, is the volumetric flux of the gas (g) or liquid (f), 
and D is the pipe or hole diameter, as the characteristic 
length of the flow cross-section. In large-scale equip- 

ment, however, the influence of the flow passage 
diameter becomes small, and another characteristic 
length has been constructed from the properties of the 
fluid-fluid interface. This length is the Laplace capil- 
lary constant 

L, = [~~;il;:’ (2) 

incorporated by Kutateladze [ 181 in the dimensionless 
number 

(3) 

which has been found to be useful in determining the 
stability of boiling and of CCFL [ 191. In cases where 
both the interfacial properties and the characteristic 
diameter are important, no satisfactory means exists at 
present for interpolating between these two length 
scales. Following to some extent the work of Liu and 
Collier [20], a new dimensionless group 

is introduced here, where the interpolative length scale 
is 

w=D’-flLf o<p<1 (5) 

and where the empirical exponent /I is correlated for 
data on the particular geometry of interest. An empiri- 
cal treatment of this sort is necessary because of the 
presence of at least two other geometrical ratios, one 
being the ratio of plate thickness to hole diameter and 
another the fraction of the plate area occupied by 
holes. A more detailed discussion is given in Section 3. 

Wallis [17] derived a purely kinematic equation for 
countercurrent flow li~tation, based on the assump- 
tion of a critical relative velocity between the phases 
which is independent of the void fraction a. This 
assumption is equivalent to a one-parameter (a) family 
of straight lines in the &-jr) plane, whose envelope, 
when made dimensionless, is 

(J,*)‘:2 + (J:)‘:2 -_ C’. (6) 

Here c’ is a parameter of order unity, which depends 
on entrance and exit conditions and other geometric 
factors. Surprisingly, it turns out that this equation 
correlates the present data very well, with the sub- 
stitution of H: for J:, and a geometrical parameter C, 
which is determined by the horizontal perforated plate 
configuration. Indeed, the same equation can be used 
to determine the onset of downward liquid penetration 
(EOCB) with saturated or superheated steam and with 
cold water at various temperatures, by subtracting the 
fraction of the steam which is condensed in the 
neighborhood of the perforated plate. Furthermore, 
the same correlation equation can be used to predict 
results for a range of perforation ratios and geomet- 
ries. Thus, while the results are geometry-specific, it is 
hoped that this approach can be used fairly generally. 

Finally some physical insight can be obtained into 
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FIG. 1. Diagrammatic sketch of the perforated-plate air-water countercurrent flow systems. 

the complex problem of penetration of cooling water 

downwards into a full-scale tube bundle from these 
results. Data obtained in countercurrent flow of 
saturated water and steam in a simulated full-length 
boiling-water reactor (BWR) tube bundle agree with 
the correlation developed herein, despite important 
differences in the physical mechanisms involved. From 
a consideration of these results one is led to some 
generalizations concerning countercurrent flow with 
interphase mass transfer in extended-surface systems. 

00000 1 00000 
00000 

I5 holes 9 holes 5 holes 

1001 
5A holes 

2. EXPERIMENTAL APPARATUS AND PROCEDURE 

The flow system (Fig. 1) allowed either saturated or 
superheated steam, or air, to be introduced below a 
horizontal perforated plate. Cold water entered the 
upper plenum chamber from a closed-end adjustable- 
height tube with horizontal spray holes and over- 
flowed to drain. The height of the bubbly pool could be 
adjusted from 267 to 445 mm by moving the perforated 
plate. Various perforation geometries were tested (Fig. 
2); the 15-hole geometry corresponds to a small 

000 El 000 
000 

0 I 000 
0 

3 holes 

40 holes 2 holes 

FIG. 2. Test plate perforation geometries. 

71.5 mm I 

t,= 20mm 
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No of holes D, mm 

. 15 10.5 
* 9 10.5 
* 5A 10.5 

Hin = 267 mm 

4 5 10.5 
0 3 10.5 
0 40 4.8 
0 2 28.6 

A . 0 

FIG 3. J* Scaling plot of air-water countercurrent flow data, equations (1) and (6). 

segment of the upper tie plate of an actual pressurized- 

water reactor (PWR). The plate dimensions were 71.5 
x 42.9 mm by 20 mm thick. Polycarbonate front and 

back plates were used in the test chamber to facilitate 

visual observation. The soft volume in the lower 
plenum could be varied by changing the height of the 
water drain tube. The inlet steam could be superheated 
by passing it through electrically heated stainless steel 
tubing. The water inlet flowrate was measured by two 
rotameters in parallel, and similarly the inlet air flow 
rate. To determine the void fraction in the bubbly pool 
two sensitive differential pressure transducers, with 
ranges of 0.15 to 3.6 kPa, were available for connection 
to a series of pressure taps along the side wall of the 
channel. 

With air the procedure consisted of establishing the 
water inlet flow rate, and then increasing the air flow 
rate, determining the water delivery rate at each step, 
and finally the point of essentially zero downwards 
delivery (EOCB). With steam, the bubbly pool was 
first established at a steam flow rate greater than that 
required for complete bypass. The steam flow-rate was 
then gradually reduced at constant inlet water flow 
rate to determine EOCB. 

3. AIR-WATER COUNTERCURRENT FLOW 

One hundred and ninety-five data points were taken 
with air/water, using seven perforation geometries and 
two inlet water tube elevations. As shown in Fig. 3, 
plotting these data in the form of J:, k = g or f 

[equation (l)] produces considerable scatter ; al- 

though the expected slope of - 1 [equation (6)] is 
obtained. Using the capillary constant I,, as the 
characteristic length to plot the data in the form of K: 
[equation (2)] reduces the scatter (Fig. 4) somewhat, 
but is still not satisfactory. An additional empirical 
parameter must be introduced, which is provided by 
the length scale given by equation (5). A trial function 
which is found to work very well is 

j? = tanh (yk,D) (7) 

where the critical wave number k, = 27&, cor- 
responds to the maximum wavelength which can be 
sustained on an interface of length t,, the plate 
thickness ; and y, the perforation ratio, is the fraction of 
the plate area occupied by holes. Equation (7) has the 
desired property that b-0 as D-0, and p-1 as 
D+ic. From equations (l)-(5) this implies that H* 
approaches J* for small diameters and K* for large 
diameters. However, the concept of an established, 
fully-developed annular flow with a critical relative 
velocity between the phases is clearly not applicable 
here (if ever), and these dimensionless functions should 
be regarded as following purely from dimensional 
analysis. Equation (7) also implies that H* approaches 
J* for small perforation ratios and large plate thick- 
nesses, both of which approximate the long-tube 
geometry more closely. For large perforation ratios 
and thin plates, H* approaches K+ ; since an open- 
tank geometry is more closely approximated. How- 
ever, the simple form of this trial function, with no 
adjustable exponents or coefficients, is noteworthy. 
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A 9 10.5 Hin = 267 mm 
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0 2 28.6 

FIG. 4. K* Scaling plot of air-water countercurrents flow data, equations (3) and (6). 

The parameter C is a function only of geometry, and, c = 1.07 + 4.33 x 10-3L* I,* < 200 
as mentioned before, reflects entrance and exit effects. (8) 

We have chosen to use the same function constructed 
= 2 L.* > 200 

by Sun [21] in correlating BWR (boiling water where the Bond number L* has been defined as 
reactor) simulated bundle data obtained by Naitoh, hx%7(Pr - PJbl l ‘z and n is the number of holes. 
Chino and Kawabe [22] and Jones [23] with satu- It is ofconsiderable interest that the simple equation 
rated water and steam, in the hope of generalizing 
these results. This function, as shown in Fig. 5, is 

jql/Z + ~~112 = c (9) 

1 

C IO- 
I. 15 holes 

2 9 holes 
3 5 holes 
4 5A holes 
5 3 holes 
6 40 holes 

0.5 - 
7 2 holes 
8. Data of Noitoh 1221 
9. Data of Jones [231 

I 
50 100 150 200 700 800 IO00 

L’ 

FIG. 5. Intercept C as a function of bond number for the present air-water data, and the steam-saturated 
water data of [22] and [23] in simulated boiling water reactor tube bundles, equation [8]. 
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0 I5 holes 
I’ A 9 holes 
f f 

l 1 5A holes . 
* 5 holes 
o 3 holes 
l 40 holes 
q 2 holes 
* Doto of Noitoh 
* Doto of Jones 

0.25 0.50 0.75 I .oo 

H;“‘/C 

FIG. 6. H* Scaling plot of air-water countercurrent flow data in seven perforated plate geometries, equations 
(6)-(9), and tube bundle steam-saturated water data compared to equation [9]. 

correlates all the present air-water data, as well as the 
previous steam-water data of Naitoh, Chino and 
Kawabe [22] and of Jones [23] in full-length tube 
bundles satisfactorily (Fig. 6). Furthermore, the effects 
of the inlet water elevation and of the lower plenum 
volume were both found to be negligible. 

4. STEAM-WATER END-OFCOMPLETE-BYPASS (EOCB) 

In these experiments a steam-supported water pool 

was established above the plate, and the steam flow 
rate was then slowly decreased until liquid penetration 
through the plate (end of complete bypass or, in 
chemical engineering terms, onset of weeping) was 
observed. Test ranges were T, = 373-421 K; Tr = 
285-359 K; number of holes (Fig. 2) 3-15; Hi”, water 
inlet height above plate 5-710 mm. 

Figure 7 shows the effect of AT,,, on EOCB for the 
15-hole (PWR geometry) plate with inlet spray above 

T f, In 

012°C 
A’30”C 
+ 46°C 
*67”C 
0 74°C 

100 - 
/ 

I. . I. I . I . . . 

100 150 200 250 

hr, kW 

FIG. 7. Effect of liquid subcooling on EOCB (end of complete bypass) 15-hole data. Inlet water tube height 
above plate, Hi, = 305 mm. 
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I50 200 250 

ti,, kW 

FIG. 8. Inlet enthalpy rates of steam and water at EOCB. P.-hole and 9-hole plate geometries, H,, = 
305 mm. 

the pool surface. The line R, = C, (T, - T,) Wf/hf, W, 
= I&& = 1, which represents thermodynamic equilib- 

rium between the entering steam and water flows to 
produce only saturated water, is uncorrelated with 
these data. This differs from (water delivery, CCFL) 
data taken in tube bundles [22,23] and scaled PWR 
downcomers [6], where this line represents an impor- 
tant stability threshold. The reasons for this difference 
will be discussed later. It is seen, first of all, that the 
EOCB correlation curve has a positive intercept, 
h,, mi,,, as h, approaches zero. This corresponds to a 

saturated-water pool above the plate, and hence 
approximates the air-water situation. With zero mass 
transfer the determining factor for downwards penet- 
ration of water is hydrodynamic, and not thermody- 
namic. As & increases from zero, a straight line is 
obtained, with positive slope. One can attribute the 
increased water flow as that necessary to condense the 
excess steam above h 8, mirr The slope,f: is thus a mixing 
efficiency for condensation of steam in the immediate 
neighborhood of the plate. There is a linear range for 4 
< 120 kW, which implies that the mixing efficiency is 

0 I5 holes 

A 9 holes 

D=lO.?imm 
Hin = 305 mm 

ii,, kW 

FIG. 9. Vapor velocity entering the holes, 15-hole and 9-hole data, H,, = 305 mm. 
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+ 15 holes 
EJ 9 holes 

D= 10.5mm 

Hin = 305 mm 

0.25 0.50 0.75 I.00 1.25 I.50 

( H:, In I’“/ c 

FIG. IO. Comparison of &hole and g-hole data with EOCB correlation corrected for condensation, [equation (lo)] 

inde~ndent of the input flow rates in this range. For & 
> 120 kW this linear mixing process becomes satu- 
rated, and excess water simply bypasses to drain. As 4 
increases, the EOCB changes from a continuous 
leakage to oscillatory weeping, with a period * 1 s. 

Similar data were taken with the g-hole plate (Fig. 
8), showing a similar slope (f = 0.24), but a lower 
intercept, in the linear range, but the same listing 
value of gg N 71 kW for the saturation range. This 
suggests that the vapor velocity through the holes,&, 
may be important in the linear range, which is verified 
by replotting the data in Fig. 9. 

An effective dimensionless steam flowrate can now 
be defined as 

which differs from the analogous quantity for PWR 
annulus flows [i5] by the fact that f represents an 
effciency for transport of cold water into the plate 
bubble boundary layer. However, j. is not a free 
parameter chosen to fit the data, but is the (constant} 
slope of the & vs A8 curve in the linear range. From 
equations (9) and (lo), the EOCB point, corresponding 
to the limiting case when countercurrent flow of steam 
and water through the plate just commences, is given 

by 

H+liZ = C. I. e (11) 

Figure 10 shows that the steam-water EOCB data for 
two different perforation ratios, agree remarkably well 
with equation (1 I), which is deduced from air-water 

countercurrent flow data. 

Similar runs were made with plates with smaller 
perforation ratios (Fig. 11) and Tr = 285 K, giving 
similar results; except that f = 0.49 and h,. mBII = 
62 kW for 5 holes and 47 kW for 3 holes. The 
explanation for the improved mixing efficiency is 
believed to be the presence of large vertical standing 
eddies above the plugged-off regions, which help bring 
cold water down to the plate. This is shown by Fig. 12, 
where the EOCB point is no longer determined only by 
the steam velocity entering the holes, but now also 
depends on hf and the perforation ratio. These data 
can also be correlated by equation (il), as shown in 
Fig. 13, although the spread is somewhat larger, in 
view of the great variation in plate geometry. 

These data may be representative of EOCB be- 
havior of the upper-head pool with elevated ECCS 
injection. To investigate the effect of bringing ECCS 
directly down to the tie plate, data were taken with 
horizontal injection of the water 5 mm above the plate. 
The effects of Tr are shown in Fig. 14. A marked 
improvement in li,quid penetration ability is seen with 
T,= 285 K. For ht> 150 kW two distinct modes of 
EOCB are observed. The higher mode, called oscil- 
latory weeping, lies close to RT = 1, which means thatf 
N 1 for mixing of steam and cold water in the vicinity 
of the plate holes. Vapor-rich regions grow and 
collapse above the plate, resulting in inertial pene- 
tration of the holes. As the steam flow rate is reduced, 
the large scale growth and collapse ceases, and so does 
inertial penetration. Further reduction of steam flow 
leads to a nearly all-liquid pool, with high-speed 
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2 
^D 

‘L 

50 - 

* 5 holes 
’ 5A holes 
o 3 holes 
0 3A holes 

D= 10.5 mm 
Hin = 305 mm 
Tin = 12°C 

I. . . I . . . . 8.. . . 1.. . I 
50 I30 150 200 250 

h,, kW 

FIG. 11. EOCB data for 5-hole, SA-hole, 3-hole and 3A-hole geometries. Hi, = 305 mm; T,, in = 285 K. 

bubble (or vapor jet) collapse in a thermal boundary 
layer near the plate (lower mode of EOCB). This is a 
stable region with no liquid penetration. Still further 
reduction of steam flow results in dumping of the entire 
pool into the lower plenum. The behavior at higher 
water temperatures was not investigated at these high 
values of /tr due to equipment limitations. The data at 
higher temperatures do not appear to follow the line 
R,= 1 closely, indicating much less effective conden- 
sation at the holes. 

This phenomenon with Tr = 285 K was explored 
more fully with different perforation ratios (Fig. 15). 
Here the RT = 1 line (f = 1) is followed more closely 

5 holes D= 10.5 mm 
0 5A holes Hin = 305 mm 
0 3 holes 

r n 3A holes 

0 
0 

* 

with f-O.85 for h,<9kW, and f-0.63 for h,>9kW 
with n < 15. This shows again the powerful effect of the 
standing eddies above the blocked-off regions of the 
plate in bringing cold water back to the plate, and 
inducing excellent mixing in a thin layer above the 
holes. These eddies are very weak for the reference 
plate (n = 15), so that with low water flows (h, < 
4 kW) most of the steam-water mixing takes place 
away from the plate, even with Hi,, = 5-15 mm. Hence 
for this plate, the EOCB behavior in the RT < 1 region 
is similar both for the high and low water inlet 
positions. In the RT > 1 region, the two-mode 
behavior (for the same hr one observes oscillatory 

0 0 
0 

* 

0 0 0 

* x 

* 

50 100 150 200 250 

FIG. 12. Steam velocity entering holes for 5-hole, SA-hole, 3-hole, and 3A-hole geometries [Refer to equation (2)]. Hi, = 
305 mm. 

HMT 24:0 - G 
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* 5 holes 
o 5A holes 
0 3 holes 
0 3A holes 

cl= 10.5 mm 
Hin= 305mm 

FIG. 13. Comparison of 5-hole, SA-hole, 3-hole, and 3A-hole data with EOCB correlation, equation (10). 

weeping at a high h,, dumping for a low h, ; with a then be estimated from the steam flow rate and the 
region of zero leakage in between) was exhibited (at all water inlet temperature. This gives a range of conden- 
perforation ratios). sation heat transfer coefficients of 1.1-1.8 x lo6 W 

A rough estimate of the interfacial area in the bubble me2 K-’ for these data for n = 3, 5, 9 and 15. This 
boundary layer above the plate can be made by range agrees with condensation heat transfer coef- 
assuming a hemispherical bubble to exist above every ficients measured by Bankoff and Mason [24] for 
hole. The heat transfer coefficient for condensation can single steam bubbles injected into a high-shear, cold 

T,, in 

12°C 
0 30°C 

%46”C 
.: 67 “C 
0 74°C 

100 - 086°C 
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INo weeping) l 
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/ ‘** * ** 

(Oscillatory weeplng) 

, * --y 

__--- 

* *I 
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* *- * \“* * l 

* ** 
--P 
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t 

(Dumping) 

50 
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l l 

l 

100 150 200 250 

Ii‘, kW 

FIG. 14. 15-hole liquid penetration data obtained with water injected at plate. (EOCB) end of complete bypass = dumping. 
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0 3 hoies 

D= 10.5 mm 
Hin=5mm 
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** 
-* 
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Fro. 15. Liquid penetration data with 285 K water injected at the plate (L, = 5 mm) for various perforation ratios. 

water region ; and estimated by Merilo, Colah and effective. This is also shown by Fig. 16, where the 4.5” 
Duffey [25] from data for transition to downflow for a diagonal line (RT = 1) is approximated only by cold 
steam-water bubbly pool. water injected at the reference plate (n = 15). The 

It follows therefore that direct injection of cold situation is somewhat better for n = 9 (Fig. 17), since 
water at the plate has a strong effect on EOCB, while cold water can penetrate down along the walls more 
water injected at higher elevations is much less effectively. 

Hin, mm 

0 5 D=iO.Smm 

FIG. 16. Effect of liquid inlet spray nozzle position on EOCB, iShole data. Tf. in = 285 K. 
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Hln, mm 

5 D;10.5mm 

0 102 Tin= 12°C 

l 305 
* 710 

ii 

100 - 

z 

-& ‘L 

50 - 

.I 

.* .* l 

. 

15r) 200 250 

Ii,, kW 

FIG. 17. Effect of liquid inlet spray nozzle position on EOCB, 9-hole data. T,, in = 285 K. 

5. APPLICATION TO REACTOR FLOODING 

Although the present perforated plate steam water 
data deal only with EOCB (minimum wg. in such that 
wI, d = 0, where wg, in and wy, d are the mass flow rates 
of steam in and liquid delivered), it is interesting to 
consider the reactor flooding problem by upper-head 
injection of ECCS water in conjunction with the data 
of Naitoh, Chino and Kawabe [22] and of Jones [23, 
261. These investigators measured wf, d vs wg. in with 
constant wy. in in unheated simulated BWR tube 
bundles, the steam being introduced at the bottom of 
the bundle. With saturated steam/water a delivery 
curve was obtained as a function of wg, in, and was 
correlated by a Wallis-type equation [21], using K* 
scaling and Bond number dependence of C. As shown 
above, we are able to correlate all their data, plus our 
own air/water data in a variety of perforated plate 
geometries, by a new scaling (If*). In their cold 
water/steam experiments (CCFL) the line RT = 1, 
corresponding to marginally complete condensation 
of all the steam in a perfectly mixed system, signals an 
important change in water delivery. 

In the ‘water-first’ mode, delivery is complete as the 
steam flow is increased until the line RT = 1 is reached. 
At this point some steam can reach the upper tie plate 
and reduces the downward water flow. However, any 
slight reduction in downward flow increases the steam 
flow reaching the plate, since the large tube bundle 
area guarantees excellent contact between the steam 
and water. This has a destabilizing effect, resulting in a 
jump to the CCFL line. Further increases in steam flow 
decrease wI, d until at the EOCB point, wf, d = 0. On 
reversing the direction of traverse (steam-first mode) a 

hysteresis loop is obtained, since the jump point is now 
at RT > 1. This is because the delivery through the 
holes in the neighborhood of RT = 1 is saturated 
water, and it is not until the water delivery and the pool 
subcooling both increase, as wI, in decreases further, to 
some critical value, that subcooled water is drawn 
through the holes, producing a jump to full delivery. 

It is thus clear that a two-dimensional flow map is 
inadequate, and a three-dimensional representation 
must be constructed for any particular flow system. 
One can define an additional thermodynamic quantity 
for each system 

R T. d = 4, $hs = WI. d CfATsub/hfg w,. (12) 

No steam reaches the holes in a simulated tube bundle 
experiment if R,, d > 1, and hence there is complete 
delivery in this region. However, for a perforated-plate 
the delivered water may not be in thermodynamic 
equilibrium with the upflowing steam, so that steam 
can reach the holes for a limited range where RT, d = 1. 
In this case the partial CCFL region extends past the 
line R,., d = 1. The partial CCFL region has not been 
explored here experimentally, but it is suggested that 
an equation similar to equation (9) may hold 

Hz,? + Ht\12 = C (13) 

where Hz, c is defined by equation (10) and C is given 
by equation (8). For the purposes of this discussion the 
exact form ofthe partial CCFL equation is not needed. 

The complete bypass region is 

Hg*‘;’ > C. * - (14) 

For Hg*.‘/’ < C and RT, d < 1 equation (13) holds. The 
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FIG. 18. System behavior, water-first mode of operation (Fixed Hz,,), unheated tube bundle or perforated 
plate. 

details, however, are different for a perforated plate 
with or without an unheated (or heated) tube bundle, 
as well as for the steam-first or water-first modes of 
operation. It is therefore difficult to represent the three- 
dimensional flow map in the H: - Hr*, ," - Hc ,, space. 
It is easier to visualize the locus of the system at 
constant H: or constant Hz ,,,, corresponding to either 
the steam or water inputs being held constant, while 
the other independent variable is manipulated. 

Figure 18 shows a cross-section of the three- 
dimensional flow map at constant HE in. In this case 
the water flow is first established, and steam flow 1s 
then begun. Initially, therefore, the system is at point A, 
corresponding to full delivery, and then moves along 
the line AA’. However, the behavior is now different for 
an unheated tube bundle and a perforated plate. We 
postpone the discussion of the heated tube bundle until 
later. For the unheated tube bundle no steam can reach 

the upper tie plate until RT, d = 1 (point A’). At this 
point a jump occurs to B’ on the partial CCFL line, 
since the ‘choke point’ (defined as the location where 
CCFL is most likely to occur) shifts from the bottom of 
the tube bundle to the upper tie plate. Further 
increases in steam flow cause further decreases in water 
delivery until the point C is reached, corresponding to 
zero delivery of water. The point C is the EOCB point, 
since increases in steam flow result in complete bypass 
of entering water (line CD). For a perforated plate, 
however, the system locus is slightly different. The 
jump to the partial CCFL line occurs at A” to B”, since 
subcooled water can be delivered through the plate, 
even for RT, ,, > 1. For a tube bundle the large surface 
area implies equilibration between the incoming steam 
and the downflowing water. For a perforated plate the 
choke point is, of course, always at the plate, but for a 
tube bundle, the choke point is initially at the bottom, 

/ 

Complete 
delivery 

E’ 

FIG. 19. System behavior, steam-first mode of operation (fixed Hz), unheated tube bundle or perforated plate. 
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where the steam velocity is maximum, but moves to the 
top once steam reaches the upper tie plate. This jump 
behavior has been observed by Jones [26] and Naitoh, 
Chino and Kawabe [22]. If the water inlet flow is 
changed, points A and C will both be different, 
although the line RT,d remains unchanged. There is 
thus a family offlow paths, which together make up the 
three-dimensional flow surface for the water-first 
mode. 

In the steam-first mode (Fig. 19) the inlet steam 
variable Hz is fixed, so that the slice is taken in the Hf, d 
plane. The line OEE’ represents complete delivery, 
while the positions of the constant lines Rr. d = 1 and 
RT = 1 depends upon the inlet steam flowrate. As the 
water flow is increased, the path moves along the line 
OC until EOCB (point C) is reached. The unheated 
tube bundle follows the partial CCFL curve until R, = 
1, or slightly past this line (point D). This is a hysteresis 
effect due to the fact that cold water must penetrate 
down to the tie plate before full delivery can occur. At 
this point the flow is unstable. A small increase in cold 
water passing through the upper tie plate decreases the 
steam flow to the tie plate, since excellent contact is 
mainlined in the tube bundle. A jump therefore 
occurs to the full delivery line (point E). For the 
perforated-plate, however, the hysteresis may be lar- 
ger, since subcooled water can leave the system (D’ to 
E’). If RT > 1 at C, then EOCB may nearly coincide 
with full delivery. 

Some words of caution should be expressed at this 
point. In the unheated tube bundle studies, as well as 
our own studies, W,, and hence Hi, is a fixed input 
variable. With hot dry surfaces below the tie plate, 
however, water penetrating down no longer has the 
destabilizing effect of reducing the steam flow to the 
plate. Instead, there is a feedback between W,. d and 
W s, uI where Wf, d is the water flowing downwards 
from the plate, and W,, u is the steam flowing upwards 
to the plate. When the EOCB is reached, (W,. d > 0) 
water penetrating downwards results in an increased 
steam flow upwards, so that complete bypass is re- 
established. One can therefore expect the system to 
oscillate around the EOCB point for some time, unless 
delivery incoherencies are established due to scale 
effects, radial non-uniformities of rod temperatures, 
and/or ECCS inlet design. 

6. CONCLUSIONS 

A new scaling parameter, W*, has been proposed 
which interpolates between the J* and P parameters, 
and which may therefore be generally useful for CCFL 
studies. Applied to horizontal perforated plates and to 
unheated full-length tube bundles with no interfacial 
mass transfer, the simple equation (9) correlates a wide 
variety of data satisfactorily, With condensing mass 
transfer, the same equation can be used to predict the 
onset of downwards penetration, or end-of-complete 
bypass (EOCB), using an effective Hz+ [equation 
(lo)]. The application for the full CCFL region with 
condensation has not been studied. The mixing ef- 

ficiency,f, is a constant, which is obtained experimen- 
tally. Applications to reactor flooding are discussed. 
The EOCB point is particularly significant in this case, 
since it will be stabilized by evaporation of water which 
has penetrated the upper tie plate and impinged on the 
hot surfaces. Further studies on this effect are 
indicated. 
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ECOULEMENTS A CONTRECOURANT AIR/EAU ET VAPEUR D’EAU,/EAU A TRAVERS 
UNE PLAQUE PERFOREE HORIZONTALE 

R&me-La penetration dune piscine d’eau au-dessus dune plaque perforce est Ctudiee avec l’air et la 
vapeur d’eau en ecoulement ascendant. On diveloppe empiriquement une echelle de longueur qui lorsqu’elle 
est introduite dans l’iquation de Wallis, d&it les don&es air-eau pour une variete de geometries de plaques 
perforees, aussi bien que des donnees pour la grappe de tubes avec de la vapeur d’eau et de l’eau saturee. 

La meme equation, corrigQ convenablement pour la condensation de vapeur dans le voisinage immediat 
de la plaque, represente aussi les donnees vapeur d’eau-eau. 

On discute les implications pour le refroidissement des coeurs surchauffes de riacteurs nucleaires. 

GEGENSTROM VON LUFTWASSER UND DAMPFWASSER DURCH 
EINE HORIZONTALE PERFORIERTE PLATTE 

Zuaammenfassnng-Der Beginn des Eindringens von titer einer perforierten Platte siedendem Wasser nach 
unten wurde sowohl mit aufwartsgerichteten Luft- als such Dampfstromungen untersucht. Empirisch wurde 
eine Bezugsliinge fur die Interpolation ermittelt, die-eingefiihrt in die Wallis-Gegenstrom-Gleichung-die 
Luft-Wasser-Messungen fur eine Vielzahl von perforierten Plattengeometrien gut widergibt und such fur 
Messungen an einem Rohrbiindel iiber die ganze Lange mit gesattigtem Wasser und Dampf anwendbar ist. 
Dieselbe Gleichunge pal3t such fur die Dampf-Wasser-Messungen wenn sie entsprechend der Dampfkon- 
densation in der unmittelbaren Umgebung der Platte korrigiert wird. Es werden Anwendungen ii3 die 

Kiihlung von uberhitzten Atomreaktorkernen diskutiert. 

BCTPEY HOE TEYEHkiE B03AYXA-BOA61 F llAPA-BOOM qEPE3 TOPM30HTAJIbHYIO 
nEP@OPHPOBAHHYIO nJIACTAHY 

AHHOTSUUIS- k'kCneL,OBanOCb 803HUKHOBeHUe HanpaBneHHOrO BHU3 nepeMeIQeHW4 HaCbWeHHOrO ny- 

3bIpbKaMB o6%eMa BON4 Han ne&OpHpOBaHHOti IInaCTBHOti flpH BOCXOf,llIUCM Te'leHWW BO3nyXa B 

IIapa. 3MIIIipEi'IeCKHM IIyTeM Hai-ineHi-4 HHTepIlOnRlWOHHaR LUlWHa MaCIIITa6EipOBaHkiR, BBelleHPe 

KOTOpOi? B ypaBHeHHe YOnnHCa NIR npOTBBOTOqHOr0 L,BW~eHWR nO3BOnfleT XOpOI"0 OnACaTb AaHHbIC, 

nonyqeHHbIe .4JIR Bosnyxa B BOnbI npe pa3nwiHbIx reOMeTpH5IX nep~opwpoBaHHo~ nnaCTUHb1, TaKwte 

KaK B AaHHbIe LUIFi ny',Ka Tpy6, 3aIIOJIHeHHbIX HaCbWeHHOii BOJlOti H IIapOM. np&l COOTBeTCTByEOUleM 

yYeTeKOH~eHCaUHHnapaBHeIIOC~~CTBeHHOfi 6nesocrn OT ~naCTHHbI3TOypaBHeHBeTaK~eOnHCbIBaeT 

,lIaHHbIe, nOnyqeHHbIe QnSI napa II BOflbI. PaCCMOTpeHa 803MOXHOCTb IIpHMeHeHilR pe3yJTbTaTOB 

HccnenoBaHm an51 0xnaxmeHm neperpeTbIx cepneqnnkoa nnepuoro pearropa. 


