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ABSTRACT

The perforated plate weeping phenomena have been studied
in both air / water and steam / cold water systems. The air / water
experiment is designed to investigate the effect of geometric
factors of the perforated plate on the rate of weeping. A new

*
dimensionless flow rate in the form of H is suggested. The data

obtained are successfully correlated by this H scaling in the

conventional flooding equation.

The steaq/ cold water experiment is concentrated on locat-
ing the boundary between weeping and no weeping. The effects of
water subcooling, water inlet flow rate , and position of water

spray are investigated. Depending on the combination of these

factors, several types of weeping were observed. The data obtain-

ed at high water spray position can be related to the air / water
flooding correlation by replacing the steam flow rate to an

effective steam flow rate, which is determined by the mixing
efficiency above the plate.
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NOMENCLATURE

A area
C coefficient in the conventional flooding equation.

C, orifice coefficient in equation (1).

D diameter.
*

D Bond Number defined in equation (27).

f friction factor

F correlation canstant in equation (41) .p
h height ( or head) of liquid.

h' heat transfer coefficient.
*'

H dimensionless velocity defined in equation (55).
*

I dimensionless velocicy defined in equation (28) .

j superficial velocity through holes.
*

J dimensionless velocity defined in equation (9) .;

i k wave number ( = t /2 ).p
k' constant in Fair's weep point correlation.
*

L Bond Number defined in equation (53) .

m coefficient in the conventional flooding equation.

N Eotvos Number defined in equation (47) .g3
p pressure

R thermodynamic boundary.T
t Thickness of the perforated plate .

1 P
U critical velocity.cr
w characteristic length.

W mass flow rate.

6 surface tension

T shear stress

f density

t

t

.
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Subscripts

f liquid phase

L liquid phase

g gas or vapor phase

h hole
i inside or interface

in inlet

o outside

s steam

sat saturated condition

w wall
f
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1. Introduction

The flooding phenomena of vertical counter-current two phase

flow have been studied in various types of flow channels. Packed

columns were the first to receive a systematic investigation.

After forty years, the basic model proposed by Sherwoed(1) and

Lobo (2) is still widely accepted by chemical engineers in packed
tower design (3, 4) . Flooding inside circular tubes, which may be

encountered in several types of process equipment (e.g., cyclone,
liquid film evaporator, updraft condenser, etc.), has probably

been given the most extensive studies in this field. Much basic

research related to the flooding phenomenon is carried in this

type of geometry (5) . The understanding accumulated here also serve
I as a basic guide for the study on other shapes of flow channels.

Recently, due to concern about the refilling and reflooding

process in the event of a loss-of-coolant-accident (LOCA) in nu-

clear reactor safety analysis, flooding phenomena in annuli (6) or

outside the fuel rod bundles (7) have drawn attention. Owing to

similar concerns the restrictive effect of ascending steam on

water flowing downward through a perforated support plate is

currently being studied.

Throughout this thesis, the term " dumping" is used to des-

cribe the condition where essentially all the inlet liquid falls

down through the perforated plate, once the instability starts.

Should there be only part of the inlet liquid falling through,

it is called " weeping", and the starting point of weeping is

,

called the weep point. Weeping is further divided into two cate-
1

gories: continuous weeping and oscillatory or intermittent weep-I

ing.

The objective of the present research is to investigate



weeping in perforated plates with different hole size and geo-

metries with both air / water and steaq/ cold water system. Study
of the air / water system, where the condensation-driven fluid
motions have been totaly eliminated, can lead to some insight

into the hydrodynamic aspects of the weeping phenomenon. The

effect of plate geometry, along with several other factors, has

been studied. Next, the experiments on the steam / cold water are
to determine the effect of condensation on the initiation of

weeping. The experimental parameters studied includes number of
holes in the test plate, inlet steam mass flow rate, degree of

steam superheat, effect of soft volume, inlet water mass flow (

rate, degree of subcooling of the inlet water, position of water

injection, and liquid head above the perforated plate. . ,

,

2
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2. Air / Water Experiment

Basically, the weeping phenomenon, like any other counter-
current flow limiting (CCFL) phenomenon, is a hydrodynamic process
where the momentum and frictional drag of the ascending gas / vapor
and descending liquid interact with each other.

The air / water experiments were performed in the same test
channel with the same perforated plates (Figure 1) designed for
the steam / cold water experiment. The following factors may be ex-
pected to be importanti superficial gas velocity through the per-3

forations j h, head of liquid pool above the perforated plate h ,g g
height of liquid inlet point above plate h diameter of holesin,

D, softvolumeV,andperforationratioA[A*h s h T

l

2.1 Technical Background
.

Since the early 50's, weeping has been studied by investi-
,

gators interested in the performance of perforated plate in dis-

| tillation towers or packed-bed chemical reactors. Operating with the

air / water system, Mayfield(9), Arnold (10), and Zene(11) separately
~

reported that the weep point is a function of j h and h (Figure 2).g g
According to their observations, a higher j h is required to keepg
the plate from weeping as the head of liquid pool is increased

Supported by data from Hunt (12) and Van Winkle (13), Leibson -
(14) indicated that superficial. gas velocity through the holes

an be related to the pressure drop across the plate in thegh
following way:

! d /(gCff) (DI 'h -a ap12 (80 ) " g ghf fp

t 3
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where Co, the orifice coefficient, is a function of perforation
ratioA/A,ratioofplatethicknesstoholediametert/Dh, andT p
hole layout. Though this approach oversimplified the real physi-
cal situation where gas / liquid interaction effects are present,
it has been convenient for design purposes. He further suggested
that the weep point can then be correlated as a relation between
h and h (Figure 3).

3 p

Essentially, based on a steady-state force balance across
a particular hole in the perforated plate, weeping will occur if
and only if the following relation is satisfied (Figure 2):

(2)P2 #P1 * Pel

where p,y is the excess pressure required to overcome the resis-
tance to liquid flow through the holes. It is assumed here that
p , p2, and p lare all time independent variables.y e

By subtracting p3 from both side of equation (2), this cri-
terion of weep point becomes

APr > dPT+Pel (3)
,

Further defining

=U +P N
APf f fy

-4T (5)op12 = 4PT f

where apf means the time average value of apf, etc., equation (3)
can then be expressed as

6
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(6)Pfv > AP12 * Pel

where p is the fluctuating component of p . Causes of thisgy y

fluctuation are many. Should the liquid above the plate be sub-

cooled, condensation (15) can cause the pressure fluctuation. Two

types of oscillation have also been observed when the system is
operating at pressures below atmospheric (16) . In the first type,
full-wave oscillation, a standing wave is generated in the gas /
liquid free surface, with the nodes at the walls (Figure 4-I).
With further increase in the vapor velocity to a critical point

half-wave oscillation is reached where there is a violent slash-
ing from side to side across the direction of liquid flow (Figure
4-II) . If there is no condensation or oscillation, Zanelli and

'
Bianco(17) showed that pf7 is a function of head of liquid pool
h only. This may explain why Leibson successfully correlated his3
weep point data in a h vs. h curve.3 p

This simple model for weep point prediction has been follow-
ed by most of the perforated plate designers (17-20). Up to now,
the weep point correlation curves suggested by Fair (21), where

is equal to f(6/D ), is still recommended by Chemical Engi-pl he
neers' Handbook (22) as the standard weep point prediction method.

However, since almost all of these experiments are simulat-

ing the operating conditions of the distillation tower, the high-
est liquid head h studied is less than 105 mm, perforation ratio-

3
never exceeds 25%, and plate thickness t is usually less than 5

p
mm. Of course, the condensation-driven fluid motion has never been
mentioned. Therefore, their results would not be applicable for

the weep point prediction on the geometries and operating condi-
tion similar to the tie plate of a nuclear fuel assembly in the
LOCA condition.

8
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McCann and Prince (23) initiated theoretical investigations

on the rate of weeping. By using potential flow analysis, the

rate of weeping in a single orifice was studied. According to

their report, weeping of liquid happens after every bubble detach-

ment in a cyclic way as a result of the pressure behind the ris-

ing bubble becoming greater that the chamber pressure (Figure 5A) .
The agreement between their experimental and predicted values is

fairly good; nonetheless, this =odel does not fit the observation

of those experiments on a perforated plate where many holes ope-

rate all together. Instead, the model suggested by Shoukry and

Kolar is closer to the real situation for a perforated plate (24).

.

In this model(Figure 53), .the total cross-section area of

the plate can be divided into three areas which are instantane-

ously changing value and position such that:

A =A +Af+Ab (7)T g

As the liquid flows down in the weeping area A , and gas flowsf
up in the gas area A , there is no fluid flow in the blocked areag
A . However, no data on the rate of weeping were reported in their

b
research.

Wallis'(25) flooding equation and/or its modifications (26) .
which has long been used to correlate the flooding data in ver-

tical tubes and annull, has been again adapted here by many in-

vestigators to correlate the data on weeping rate from perforated
plates (8, 27).

>

Using a separated cylinder model with the assumption of a
constant mixing length in each cylinder, Wallis proved that, in

the absence of viscous and surface tension effects, the flooding

equa, tion in a vertical two-phase counter-current flow system is

10
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of the for=:

J'_2/(ntl) , y*f2/(n+1) = y (g)
s

J , , = [ f .,/gw( f - f ,) ] ! j* (9)where g g f g,.,a

and w is a characteristic dimension of the duct crcss section.
The value of n is equal to 3 5 -or 2.5, depending upon whether the
mixing length '1, and 1 are scaled by the dimensions of each cy-

5*

linder or by the overall pipe diameter. Let n take on the inter-
mediate value of 3, equation (8) then becomes

J ,1! + J*!=1 (10)*

fs
a

This equation is empirically further modified to:

*1/2 , m y 1/2 = C (11)J
5

For flooding inside a single vertical tubes, the characteri-
stic dimension w, as suggested by Wallis, is equal to the diameter
of the tube .

Based on the survey held by Tien and Liu(5), the value of
C depends mainly on the tube inlet and exit gece.etries, ranges
from 0 7 to 1.0, while m has a value of 0.8 to 1.0. For fully
turbulent flow the value of m is equal to 1. The curves of both
Lobo (2) and Sherwood(l) for flooding in a packed column can also
be fitted by this equation as:

*1/2 + J '/2 = 0 775 (12)*'
Jg f

The Wallis equation has also been adapted to correlate the
flooding data in annular geometries. Shires and Pickering(30)

12
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.

suggested four different types of characteristic dimensions for
,

this type of flow channel:

1=D (13)W
4 o

w = (D - D )/2 (14)2 1

w = D. (15)
3 L

:

wg = (D -DM (102
or g i 1

Though their experiments did not provide enough information

to decide the appropriate dimension, the mean hydraulic diameter-

calculated by equation (16) best brought their annulus data toge-

ther. Using wg as the characteristic length, their air / water
flooding data were correlated as:

,

1/2 , y*g /21 = 0 71 (17)J

Ueda and Suzuki (7) used as their form of characteristic,

dimension for the annular geometry:
,

i

w$ = (D - D )/(D . +D)=2w (1 )g y g g 2

Using this characteristic dimension, their data can be expressed

as ,

*1/2 , y*fl/2 = 0.80 (19)J

I while using wg, the same data can be correlated as

J*l/2 , y*1/2 = 0.64 (20)g f,

: Flooding phenomena in annular geometries with gap size of

13
.
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the annulus (w ) between 6.4 mm and 50.8 mm have been investigated
2

by Creare Incorporated and Battelle Coumbus Laboratories (31, 32
33, 34) . The data obtained can not be correlated by the use of
gap size w as the characteristic length. Since scale effects

2
and L/D effects have not been sufficiently studied, a definitive
choice of a characteristic length for the annulus is not possible

at present. The average circumference of annulus has been condi-
tionally accepted by Creare Incorporated (6, 35), Battelle Columbus
Laboratories (36) and Dartmouth College (37) in their data correla-
tions. This characteristic length can be formulated as

+w) (21)w6 = x(Dy + D )/2 = x(D1 2g

( D if D >> w )y 2

Rothe(35) gave a thorough review of the data obtained from
these laboratories. By using w6 as the characteristic length,
all the data can be correlated by equation (11) with a ranging

is fivebetween 0 7 and 0.8, and C between 0 34 and. 0.42. Since D1
to ten times larger than w in the annuli studied, correlating

2
the data with w6 as the characteristic length essentially means
that the flooding condition is relatively independent of the gap
size. Further investigation in larger annulus is necessary to
verify the proper characteristic 1 ength for equation (11) .

Pushkina and Sorokin(26) suggested another form of charac-
teristic length:

= [4/(g( f - P ))]l/2 (22)w f g7

This characteristic length is similar to the horizontal
wave length used in Taylor instability. Introducting this wave
length into equation (11) will result in:

lh
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*l/2 , g*,1/2 = C (23) )K
G -

*
where K , the Kutateladze number, is

K, ,= P,/2 3 ,g'jgg g(p _p,)3 (24)
* 1 1/4
.,s .,g f f e

Their experiments shows that the breakdown of liquid film down-

flow ( the zero liquid penetration point) can be expressed as

*
K =32 (25)G

*'

Essentially, K can be rewritten in the following forma

*l/2* *
(26)K =J D

*
where D is a dimensionless characteristic length

= D [g(f -f)/4]1/2 (27)
*

D
f g

*
D is the square root of the E6tv6s number, or equivalently one

half of the square root of the Bond number (38), and is a ratio

of buoyancy and surface tension force. Wallis and Makkenchery(39)-
* *

found that J correlated the data over a limited range of D

from 3 to 20, while the criterion K = 3 2 was more appropriate
*

for D 1arger thah 30. Recent work by both Battelle Columbus

Laboratories (36) and Dartmouth College (37) indicated that neither
* *

parameter K nor parameter J with circumference as the characte-

ristic length.can satisfactorily correlate the data over a wide

range of scale.

Based on the Helmholtz instability concept for annular geo-

metries, a new dimensionless flow rate scaling I is now under
*

development (40, 48). This I scaling is expressed as

15
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*l/2 (jo p y /2l 1/2 ,J y
f

[dk 3(k, R R )/(g(f -f M) [ (28)= g, g f g

where 3(k, R R ) = D (M )K (M )-K (kR )I (M )]/g, y y g y y y g y g

[I (kR )K (kR )-K (M )I (kR )] (29)y g g y y g g y
-

I, K are the modified Bessel functions, and k is a critical wave-

length. The characteristic length is suggested to be either w
3

or w6. H wever, ne sees that in the limit as R -a , R -- = , with
o y

R -R fixed, 3-0, which does not agree with equation (11)(as itg g

should). In order to generalize equation (28), they suggested
that 3(k, R , R ) be replaced by D", leading toy g

J 1/2 , y*l/2 = [sk D"-1 (g(f -f ))]1! (30)/f f g

*
It is suggested that when 5=1, equation (30) is reduced to J

*
scaling, for m=0, it goes to K scaling, and for 0 < W < 1, equa-

*
tion (30) represents an intermediate I scaling. However, one

should notice that while all the terms in the left hand side of

equation (30) are dimensionless, the right hand side of ' this

equation is not a dimensionless term, which may cause some

problems in the data analysis.

By the use of the momentum equation, Wallis(29) obtained

another form of the flooding equation:

Ignoring compressibility effects and variations'of liquid

film thickness, a momentum balance on the gas core of an annu-

lur two-phase flows yields:

(dp/dz) + g + 4 ]/Dff = 0 (31)

16
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where T is the interfacial shear stress, which may be relatedy
to the interfacial friction factor f asg

= 2T h j (3 }f
i g g6

By considering the force balance for the entire cross-section of

the tube, one can have

(dp/dz) + fg + (1 4) ( f - f ) = 4T/D (33)f g

And the relation between the wall shear stress T ,and the wall
friction factor f,is given as

f,= 2r,(1 a)277 3 (34)f

By combining equations (31) and _(33), the gas arxi liquid
flow rate can be related as

/ [ + 2f,J /(1 d) = (1 d) (35)2fg f

Provided the friction factors f. and f are known, the limit-
1 W. , ,

ing J and J can be obtained as an envelope of curves generatedf g
| with (1 5) as a parameter. This envelope will lie above the flood-

. *
ing curve given by equation (12) in the J vs Jf plane.6

Sun (49) suggested that in addition to equation (35), the

equation of continuity should also be- considered:

(1/a)J + ( f /P ) J /(1- ) = Ucr( f/6D(f -f )) ! (36)
*

f 6 f 6

where U is the critical relative velocity between the phases.
cr

i

The flooding limitation is, then, to find the intersection

17
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of equation (35) and equation (36), along with the proper expre-

ssions for f and f,,, at various values of the void fraction et .
*1/2 *1!2The flooding curve obtained is a convex line in the J vs J

f
plane. Therefore, the suitability of these flooding models for

any particular channel geometry can easily be verified by the

1/2 vs J,1! plane .*
data distribution in a J

5 -

Tobin's steam / water flooding data on a 7x7 EWR fuel bundle
*1/2 vs K,1! plane,sleaves(41) shows a straight line in the K
E

which means the conventional flooding relation expressed as eq-

uation (12) or (23) is more suitable for this case. These data
1

are correlated as

+ K,1! = 1 7912% (37)
'

K
6

Jones' data (8) for 8x8 BWR fuel bundle upper tie plate is

correlated as:

*1/2 g*g /2 = 2.0718% (38)1
K

Naitoh's data (42) for BWR 8x8 upper tie plate is

*1/2 + K,1/2 = 2.061 5 (39); K 6
8

, Mohr and Jacoby(43) reported their air / water flooding data
l obtained with a full size model of the upper core and upper re-

i gions corresponding to a single pressurized water reactor (PWR)
; fuel bundle of both Westinghouse Electric Corporation and German

Kraftwerk Union (KNU) designs. Their data can also be correlated

by straioht lines in the form of

I

*1/2 = g*,1/2 =C (40)K
&

,

l
.

|
,

| 18
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Depending on the particular geometry studied, the value of

a varied between 0 7 and 2.2, and C between 1 31 and 2.04.
Therefore, one can conclude that the flooding phenomena for this

case are heavily geometry dependent.

|

|

|
t
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2.2 Experimental Appa atus
,

2.2.1 Test Channel

Figure 6 shows the sche =atic diagram of the experimental
apparatus. A detail drawing of the test channel is shown in Fig-

'
ure 7. The channel frs=e, which includes the side, top and botto:

; plates, is =ade of 12 7 == thick brass. In order to previde visual
observation during the experiment, the front and back wall of the

channel are made of transparent lexan. After covering the contact
surfaces between lexan and brass with silicone adhesive, the

lexan plates are cla ped to the brass frame by tie rods. This
,

method effectively prevented any leakage fro = the Lexan-brass
con act surfaces.

The plate geo=etries that have been tested in air / water

syste= have been labeled (Figure 1): 15 hole, 9 hole, 5 hole, 5A,

'

hole, 3 hole, 3A hole, 40 hole and 2 hole. The hole diameter (D )
h

] in the 2 hole plate is 28.6 ==, and in the 40 hole plate is 4.3

==. D in all other. test plates is fixed at 10 5 ==, which is sameh
as the lower tie plate of the Ger=an IGiU PWR fuel asse=bly. The

*

dimensicn of all the plates is 72 == x 43 ==. The thickness of

the plates, which is also simulating the KWU geccetry, is 20 ==..

The perforation ratio , the ratio of total hole area to cha-
I

nnel cross-section area , has been varied between 42 3% and 3 55

The 15 hole plate, with the perforation ratio of 42 3%, has a geo-

=etry similar to that of the EdU lower tie plate.*

,

1

2.2.2 Water Line
1

Tap water frc= building 1-1/h inch water supply line is
_

:

20;
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brought to the test channel by a 1 inch brass pipe line. During
,

the whole period of experiment, the tap water temperature varied

from 276 K(winter) to 288 K(summer) . Water is fed into the channel
' through a 1/2 inch flexible hose connected from the water line to

a water inlet spray device. This device is made of a 1 5 m long

1/2 inch 0. D. brass tube. At the bottom end of this tube, the

whole cross-section area is sealed by welding, while 5 rows of

3 cm diameter holes, 6 holes in each row, are drilled along the

i wall of the tube.
i

! Water to the channel flows out horizontally through these holes ,

so that the- downward direc. tion momentum flux of the feed water

can then be minimized. The distance between the test plate and

the bottom tip of the spray tube, hin, can be adjusted. After hin
is adjusted, the spray tube is fixed to the top plate of the cha-

nnel by tightening a swagelock fitting at the top of the channel.

A 50 mm I.D. water overflow port is attached on the Lexan

back wall of the channel. By changing the position of the test

perforated plate, the distance between the centerline of the port

and the top of the plate can be adjusted to either 267 mm or 445
mm. It is assumed that this distance is equal to the head of clear.

liquid above the plate, h (Figure 3) . Excess water that can notg
weep downward will flow out the channel through this port, passing

a 50 mm I.D. pyrex glass tee, and then flowing down torthe water

sump. This pyrex glass tee, with its main function as a gas-liquid;

i

separator, facilitates a visual observation of the onset of water
! overflowing.

1

Water weeping down through the perforated plate will flow '

out through a 1 inch nozzle at the bottom plate of the channel.

A 1-1/4 inch I.D. flexible hose ec nnected to this nozzle can leada

I

the water either to the water sump or to the beam scale measure-

ment to determine the rate of weeping. By adjusting the high point-

23
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of the hose the liquid level in the lower section of the channel,

and hence the soft volume, can be altered.

2.2 3 Air Lines

Two independent air supply lines have been connected to the
test channel. A 1 inch brass line can supply air from the depart-

m:ntal air compressor at 800 kPa with a maximum flow rate of 1.18
-2 3x 10 m /s. Another 3/8 inch air line connected from building air

supply facility can supply air at 300 kPa with its maximum flow
'

rate equal to 1.17 x 10-3 3m /s.

Air and/or steam will flow into the channel through two 1
inch nozzles built into the side wall of the channel. Pointing

downward, these nozzles make a 45 degree angle to the side wall
of the channel, in order to minimize the entrance effect of the in-

let gas momentum.

After passing through the perforated plate, air / steam can
flow out either with water through the water overflow port men-

tioned above or through a 1 inch nozzle on the side wall right

beneath the top plate of the channel. Both of these gas streams
then combine into a 3 inch flexible hose and flow out of the win-
dow. Pressure drop along along this gas outlet pipe line is very
small; hence, operating pressure of the channel in all test runs
is very near to atmospheric pressure.

24
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2.2.4 Instrumentation

The water flow rate is measured by two rotameters installed

in parallel along the water line, with range 0.0227 kg/s to 0.273
kg/s and 0.0379 kg/s to 0.417 kg/s. The maximum water flow rate,
scaled to the KWU experiment, exceeds 0.038 kg/s/ hole for the test
plates with 10 5 mm diameter holes. Therefore, the water flow rate

must be greater than 0 57 kg/s to run the 15 hole test plate. The
flow rate through these rotameters can be controlled separately

,

by adjusting two 1 inch brass globe valves. The rate of weeping |
is measured by a beam scale and a watch. Detailed measurement pro-

.

'

cedures are described in section 2.2.6 of this thesis. No . measure-
ment was made of the rate of water overflow.

The air flow rate is measured by two rotameters connected

to the two air lines mentioned in section 2.2 3. The scales on
these rotameters are 2 to 25 SCFM and 0.15 to 2.47 SCFM. Both the
rotameter readings and the pressure at the rotameter inlet are

required to calculate the air mass flow rate. A pressure gauge is,
therefore, installed at the entrance of each rotameter. The air.

flow rate can be controlled by adjusting the globe valves both

up and down stream of the rbtameter. Opening the upstream globe
valve will increase both the rotameter reading and pressure gauge

reading, while opening the downstream valve will increase the ro-

tameter reading but decrease the pressure gauge reading.

The temperature of the inlet water is measured by thermocou-

ple Tl(Figure 6). installed upstream of the water rotameters. The
temperature of the inlet air is measured by thermocouples T4-and

T5. These' measurements show that the water temperature was 2851
3 K. Readings of' the remaining thermoc.ouples were not recorded.

Two Validyne DP103 Extra Low Range Differential Pressure

25
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Transducers were installed for pressure measurement. The range of

these transducers is from 0.15 kPa to 3 6 kPa. Figure 8 shows the

piping of these transducers. Along the sidewall of the channel,

pressure taps have been installed. The pressure drop between any

two of them can be measured by connecting them to the pressure

transducer via a Swagelock quick-connect assembly. The absolute

pressure at any pressure tap point can also be measured by con-

necting the positive end of the pressure transducer to the tap

while leaving the negative end open to the atmosphere.

2.2 5 Computer Program

A computer program has written in FORTP.AN IV to carry out the

calculation and data plotting tasks. All the important variable
,

names in the Program is given in Appendix I. Input of the Program |
includes rate of liquid weeping W (lbs/s), air rotameter reading |g
W (SCFM), and pressure gaage reading P (psig). Superficial gas andg 6
liquid velocity through the holes are calculated by:

? = exp(-0.05088459721+0.02841336269 x in(P )
-0.05218174597 x in(P )2) (g1)

g

j h " 'g/( 0.0 x F xAh), ft/s (42)g p

These equations are obtained from Fischer& Porter Catalog 10A1022.

Superficial liquid velocity is calculated by equation (43):

jfh * W /(ff*A) 3)f h

The conventional flooding equation in thet form of equation (12)

or equation (23) with several types of characteristic length were

26
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L

tried to correlate the data. Physical properties of the fluid,

which includes density of air and water, and surface tension of

water, are all assumed constant. Results of these correlations

are discussed in Chapter 3

2 3 Experimental Frocedure

The standard experimental procedure can be listed as follows:

1. Select a test perforated plate. Fix it into its position in

the channel.

2. Fix the height of water inlet nozzle.

3. Fix the water inlet flow rate at the pre-selected rotameter

reading.

4. Measure the rate of weeping by beam scale and stop watch thr-
ough the following steps:

4.1 leave the empty water container on the beam scale. Balance
the scale with a weight.

4.2 Measure the time (sec.) required for a pre-set amount of

water (1bs. ) to flow into the container. Calculate the
water flow rate in lbs/sec.

4 3 Repeat step 4.2 at least twice for different amount of
water accumulated.

4.4 Take the average value obtained in step 4.2 to 4 3 as the

28
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|

t

rate of weeping. Without water overflowing, this value
should be equal to the rotameter reading obtained in
step 33

5. Turn on the air inlet control valves. Record the rotameter
reading and pressure gauge reading.

6. Measure the rate of weeping at this air flow rate by following
j steps 4.1 to 4.4.

7. Increase the air flow rate to a new reading. Record the air
air rotameter reading and the pressure gauge reading.,

-

8. Repeat step 6 to 7 at a different air flow rates, and measure
I the rate of water weeping.

8. After enough data points have been collected through step 6
to 8, further increase the air flow rate to the weep point,
which is determined by visual observation. Record the air

flow at the weep point.

10. Repeat step _3 to 9 at different water flow rates to verify

the influence of inlet water rate, if any on the rate of,

weeping.
|

11. (Option) Repeat step 2 to 10 at different heights of water
inlet, hin, to study the influence of water inlet position
on therate of weeping.

i

| 12. (Option) Repeat step 1 to 10 at different heads of water above

the plate, h , to study its influence on the rate of weeping.L

1

|
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3. Air /Nater Experiment Data Analysis

Altogether, the data of 195 test runs have been collected in
the air / water experiments. The parameters studied in these experi-
ments includes height of liquid pool above the plate h , liquid3
inlet position hin, liquid inlet flow rate, and soft volume. The
data matrix is given in Table 1.

The flooding model in the form of equation (12) or equation
(23) is adopted for analysis of the data obtained. This analysis
will involve the selection of a proper characteristic length w for

the flooding equation, and the correlation of coefficient m and
C in the equation.

3 1 Visual Observations

In the 40 hole,15 hole and 9 hole experiments, the ascend-
ing air and descending water flowed separately through different
holes. Most of the holes near the channel wall were occupied by
the descending water, while the air usually flowed through the
holes near the middle of the plate, and there was essentially no
counter-current flow at any particular hole. As the air flow rate
increased, the number of holes which were filled with descending
water was decreased. The weep point is then defined as the opera-
ting condition where no further weeping occurred, as in Shoukry
and Kolar's model(24). (Figure 53)

For the 5(5A) hole, and especially the 3 hole experiments,
the mode of liquid delivery changed to intermittent weeping (Fig-
ure SA) . We can see bubble detachment in the pool, followed by a
falling stream of liquid.

30
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Table 1. Data Matrix of Air / Water Experiment

in ") WLin(Kg/s) No. ofh (mm) h I3 Data Point

15 Holes 267 305 0.165 6

267 5 0.165 18

267 305 0.243 6

267 305 0.474 5

445 305 0.248 11

445 100 0.475 lo

9 Holes 267 305 0.182 12

267 305 0.282 lo

5 Holes 267 5 0 318 6

267 305 0 318 6

267 5 0.248 6

267 305 0.248 9

5A Holes 267 305 0.147 11

267 305 0.118 10

3 Holes 267 305 0.292 6

267 305 0.099 9

267 305 0.168 7

40 Holes 267 305 0.248 18

2 Holes 267 305 0.273 11

267 305 0 335 11

267 305 0.216 7

31
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As for the 2 hole experiment, counter-current weeping occur-
red in each hole. Though 3 different types of weeping have been
cbserved, they will all be analyzed by the flooding equation in

the form of equation (12) or equation (23).

3 2 Correlaticn for Coefficient c

As a first trial, the data were plotted with J,'/2 against*'

s
J,1/~o in Figure 9. The data of each plate can be fitted by a str-+

.

aight line which means the relation of

+ c J,'/2 = C (44)J,^/2*' *
-

s -

holds here. The negative value of the slope of these lines is
equal to m. As shown, all the lines, except the one for 40 hole
data, can be correlated to m = 1. Data obtained in EWR or PWR
tie plate geccetries by Jones (8), Naitoh(42) and Mohr(52) also
confirmed that c = 1.

The data of the 40 hole experiment can be correlated as

J',l/2 , 1, gg y,l/2 = 1 9 (45)
*

s -

with the coefficient of determination equal to

2
r = 0 9958 (46)

This higher value of a is possibly caused by the surface

tension effect. As mentioned by Wallis(38), surface tension will

dominate in the two-phase flow system when the following equation
is satisfied:

32
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2[gD ( P - f )/d] < 3 37 (47)Na =y
f go

For 40 hole plate, D 76 =m, and its E5tv5s number is=
h

Ngg = 3 03 < 3 37 (48)

Therefore, in the low air flow rate region, surface tension could

reduce the rate of water delivery, resulting a nigher value of

3.

3 3 Correlatien of Coefficient C

As shown on Figure 9, the dependence of coefficient C on

the geometry of the perforated plate can not be properly elimina-

ted by using diameter of hole as the characteristic dimension.

In other words, the coefficient C obtained in this way in a per-

ticular perforated plate will not be applicable for other perfo-

rated plates. Sun (28) has made the same conclusion in his flood-

ing correlation for EWR bundle side-entry orifices.

Equation (23) was then tried in order to correlate the data.

*l/2 vs . K,l'/2 in Figure 10. It shows*
The result is plotted as K

& -

that the coefficient C is still influenced by some geometric

factors of the perforated plate.

Based on a hanging film model, Wallis(36, 37) indicated that
the Kutateladze number, i.e., equation (23), is more suitable for

*
the flooding correlation of large tubes ( D > 30), while equation

*
(12) can be used in the range of 3 < D < 20..Hence, a new dimen-

less flow rate is suggested as:

3h
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H*l/2 + H*l/2 = C (49) |
g f -

H, g = [f,,sjgw8( f - f.)]l/2 J ., , g (50)
*

where
f s.,

!SI E g)] (51)8=Dhw
f

The value of c lies in the interval between zero and one,

is just equal to D and equation (49)when c is equal to zero, wg h
reduces to the form of equation (12) with J as the appropriate

scaling form. For a equal to one , wg=w7 ( = [6/g(f -f )] ! )'f 6
and thus K scaling results. For a between zero and one, equation

* *
(49) represents the H scaling. Therefore, H scaling is essenti- )
ally a smooth transitional scaling between J' and K scaling.

*

)

The c is defined as a hyperbolic tangential function of kDh
and perforation ratio A/AT*

c = tanh((k Dh )(A/A )] (52)T

This function is plotted in Figure 11. Table 2 gives the value

of a for each perforated plate tested in this experiment. By the

use of this a function in equation (51), it is found that the

value of C in equation (49) can be correlated as a function of

* ( = n XD EE(I g)! ) nly. The plot of C for each plateL h f ,

against the Bond number L , as illustrated in Figure 12, shows
*

that the relation between C and L can be represented by a simple

linear function. By method of linear regression, this line is

fitted as:

-3 * (53)C = 1.07 + 4 33 x 10 L

with coefficient of determination:
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Table 2. The Values of a for Each Perforated Plate

A[ATlabels of D D "
hh h

Plates

15 hole 10 5 32 .423 0.884

9 hole 10 5 32 .254 0.671

5 hole 10 5 32 .141 0.422 ;
,

5A hole

3 hole 1.05 32 .o85 0.264

3A hole

40 hole 4.8 15 .232 0 335

2 hole 28.6 90 .418 0 999

.

c = tanh[(D k)(A /A )h h T

37
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r = 0 93 (54)

*
The applicable range of equation (49) is 30 < L < 200. Data

obtained in 3WR upper tie plate geometries reveals that as L

becomes large, the value of C approaches a upper limit of 2.0.

Therefore, a general equation for perforated plate weeping
rate prediction is suggested as

*l/2/C = 1 (55)1/2/C + HH f

-3 * < 2.0 (56)where C = 1.07 + 4 33 x 10 L
,

*l/2/C.1/2/C vs. HFigure 13 shows the data plotted with H f
Based on the data shown, it is reasonable to conclude that equa-

tion (55) are an adequate rate of weeping data correlation. This
equation, along with equation (56) and (52) will then be used in
the correlation of steam / cold water experimental data.

3.4 Effect of Liquid Inlet Rate

The dimensionless li uid inlet rate is plotted on the abs-

cissaofFigure13asHhl2/C. The data for each perforated plate,
though taken at several different liquid inlet rates, fit a sin-
gle curve with a constant slope, which means the rate of weeping
is independent of inlet liquid rate. This conclusion agrees with
the results of other investigators (8, 42, 52) .
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3 5 Effect of Head of Liquid Pool above the Plate

The liquid pool head (h 0 has been varied between 1500 mm3
and 40 mm in Naitoh's BWR 8x8 upper tie plate weeping experiment
(42). In this experiment h does not have observable effect ong
the rate of weeping. The effect of h on the rate of liquid de-

3
livery in annular geometry has also been investigated in Air /
Water system at Dartmouth(37). As reported, the rate of liquid

delivery is independent of liquid head as soon as the liquid head
exceeds 50 mm. However, Mohr(43) proclaimed that increasing the
liquid head h will cause a higher rate of liquid delivery.g

}

Figure 14 shows the 15 hole test plate data obtained at two
values of h . The rate of weeping is the same in both cases.g
Hence, we conclude that the rate of liquid downflow is indepen-

dent of the liquid head h in the geometry studied.3

3.6 Effect of Liquid Inlet Position and Soft Volume

The liquid inlet spray position has been varied between 5
mm and 600 mm. Since all the liquid streams are injected hori::en-

tally into the channel, the effect of liquid inlet momentum on

the rate of weeping has been minimized. The position of liquid
inlet spray, as expected, does not produce observable effect on
the rate of weeping.

The soft volume range from 6.75 x 10 m to 2.86 x 10-3-4 3

3 '

m has been tested in a few runs on the 15 hole test plate. No

effect of this factor on the rate of weeping has been observed.
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4. Steaq/ Cold Water Experiser.t

The objective of the steam / cold water experiment is to study
the effect of subcooled water to the onset of weeping. At a fixed

value of water ficw rate and subcooling, the steam flow rate

at which the water above the plate starts to leak through the

perforations, along with all the thermocouples and presstre trans-

ducer readings at this point, is recorded. Water flow rates up

to 0 7 kg/s, water temperature between 285 K and 359 K, and water
inlet spray position between 5 =m and 710 mm have been tested.
Depending on the combinations of these parameters, several types ,

of weeping and dumping have been observed and studied.

4.1 Technical Background

Various aspects of condensation-driven fluid motions have

been examined and discussed by Block (15) . The thermodynamic ratio
- T )W /h fg g) is ado.pted as the main parameter inR7( = C (Tsat W

f gg
characterizing the performance of condensing two-phase flow
systems. The line R = 1 separates the " universal flow regime

T
map for direct contact condensation" into two major regions (
Figure 15). The region RT > 1, where complete condensation of the
vapor is possible, is further divided into three sub-regions,

but no detailed discussion was made for the performance characte-

ristics of region RT < l'

The experiments held in annular or perforated plate geome-

tries have revealed some new information to this flow regime

= 1, a hydro-map. In addition to the thermodynamic boundary RT
'

dynamic boundary is observed in the region RT < 1. This hydro-
dynamic boundary can be expressed in the form of equation (12)

i

4h
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or equation (55) .

Figure 16 is a typical flow regime map for PAR downcomer
geometries. In the region (1), where the steam flow rate is so
high that both the hydrodynamic and thermodynamic boundary are
exceeded, the Emergency Core Coolant (ECC) can not flow down aga-
inst the ascending steam, and it is called ECC bypass (6) . The
region (2) represents the operating condition where the end of
ECC bypass may occur. The region (3) covers both sides of line
R = 1. The flooding equation in this region can be expressed

T
as(6, 35):

-T )C /hfg](f /f ) /2 *f,in} [(J,c- f((Tsat y
f p f g

+mJf/2=C (57)
*

f

where f, the condensation ratio, is correlated empirically as
a function of operating pressure P and dimensionless liquid

flowrateJh,in'inlet

The boundary between - the region (3) and the region (4) is
given by

-T )C/hfg]( f/P ) ! =0 (58)J - d (T # ,inff Ege sat

All the steam will be condensed in the region (4), resulting a

total delivery of the ECC water.

For perforated plate, both Jones (8) and Naitoh(42) indicated
in equationthat once the temperature of downflowing liquid (Tf

(58)) is less than the saturated temperature (Tsat), some steam
will be condensed before it can reach the plate. As a result,
more water can flow down, and triggers the total dumping. In

46
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other words, the condensation efficiency (f) is equal to one in

this case. Setting f = 1 in equation (58), this equation will

then reduced to R = 1. He nc e , for perforated plate the boundary
7

between the region (3) and (4) of Figure 16 will coincide with
the thermodynamic boundary R = 1, resulting a flow regime map

7
like Figure 17. Jones (S) and Naitch(42) held their steam / water
weeping experiments in region (2). Both of them indicated that
,in this region the rate of weeping is independent of the water sub-
cooling. Operating in the region (3) and (h), Duffey(50) studied
the time elapsed between injection of water and the transition
to downficw. The present investigation in steam / cold water system
is to locate the boundary between weeping and no weeping regions
in this flow region map, and to study the mixing efficiency at

/

this boundary.

4.2 Previous Works

The operating condition at the weep point has been studied
by the investigators in Northwestern University (51) in the steam
/ water system. The test channel is made of a 2 inches I.D. pyrex
glass tube. A 6.4 mm thick perforated plate with six holes of 6.4
mm diameter has been studied in this channel. Water is injected
out horizontally through a tube which is attached to the center
of the perforated plate. Holes in this tube, which admit the water
into the channel, are 1 cated right above the plate.

In this experiment, water temperature is kept at building
tap water temperature, which varied between 280 K and 288 K.
The steam inlet temperatures have been varied between 373 K and
518 K to study the effect of steam superheat on the weep point.
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Several important observations have been obtained in this
experiment :

1. The head of liquid pool above the plate (h ) between 50 mm3
and 350 mm did not have any discernible effect on the weep

point.

2. At high water flow rate (0.151 kg/s) and large h (254 and 3563
mm) two types of liquid delivery were observed-- "oscilla-

tory weep" and " total dumping" . The oscillatory weeping is
characterized by its severe oscillation in the water pool v

above the plate. When the steam flow rate is reduced to a point
where all the steam can be condensed right above the plate,

the pressure fluctuation in the water pool is eliminated, and
a stable no weeping condition is, therefore, maintained. Fur-
ther decreasing the steam flow rate can trigger the total

dumping.

3. The effect of steam superheat ranging between 0 K r.nd 145 K
can be correlated by taking into account the sensible heat of

superheated steam in the thermal calculation and the change
of steam density in the hydrodynamic calculation.

|
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4 3 Experimental Apparatus

4 3 1 Test Channel

The same test facilities for the air / water experiment is
used here for the steam / water experiment. The detailed descriptions
of the apparatus and the channel are given in section 2.2. The

perforated plates tested in this experiment include (Figure 1):

15 hole, 9 hole, 5 hole, 5A hole, 3 hole, and 3A hole.

4 3 2 Water Line

The water line used here is the same one used in air / water
experiment. The water inlet temperature ranging between tap water

temperature and 358 K can be adjusted by the control of steam

purging rate to the water line. Two 3/8 inch steam purging lines

are connected from 1 m upstream of th'e 1 inch steam venturi to

0.8 m upstream of the water rotameter. At any fixed water flow

rate, the water temperature can be adjusted to within 0.2 K of

the desired value by this device.

The water inlet temperature is measured by thermocouple T1

(Figure 6) located at 0 3 m upstream of the water rotameter.
The temperature of the downflow water is measured by thermocouple

T14, while the overflowing water is measured by thermocouple T15

located at the overflow port. A averflow weir of 25 mm height

is installed in the port to guarantee the tip of T15 is immersed

in the water. Detailed descriptions about the temperature measure-

ment of the two phase mixture above the test perforated plate

will be given in section 4.3 4.

51
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Since the experiment is concentrated on a weep point study,

no measurement on the rate of weeping has been made The rate

of weeping at the weep point is equal to zero. It is, therefore,

assumed that the rate of water overflow is equal to the sum of

the water inlet rate and the rate of steam condensation. The

rate of steam condensation is estimated by the water phase enth-

alpy balance. ;

,

4 3 3 Steam Line

Steam at 800 kPa is obtained from the building main steam

line. Passing a water separator, the steam venturi system insta- t

lied mainly for other experiments held in the same laboratory,

and several valves, the dry steam is directed to the test channel

via a 1 inch brass pipe. The degree of steam superheat can be
controlled by a electrical heater. The steam flow rate is con-

trolled by two 1 inch stainless steel globe valves installed

before the.1 inch air and/or steam entsance nozzles of the test J

channel. I

Th2 soft volume upstream of the perforated plate caibe ad-

justed by changing the liquid level in the lower chamber of the

channel.'Since the water temperature at the steaq/ water interface
in this chamber can be saturated very soon, and the heat loss

through the channel wall can be assumed negligible, the rate of
steam condensation in this lower chamber is ignored.

After passing the two-phase mixture above the perforated
pla te , the steam left, if any, flows out of the test channel

through a 3 inch hose. The pressure drop through this hose is
small encugh to keep the operating pressure of the channel

52
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near atmospheric for the whole range of steam flow rate. The

steam outlet temperature is measured by thermocouple T3 installed
at the top plate of the test channel. A pressure relief valve is

also installed on the side wall near the the top plate. Should

the operating pressure in the channel exceed 200 kFa, this valve
can reliove the pressure by venting the steam to the atmosphere. j

.

4 3 4 Instrumentation

The detailed description of water rotameters is given in
section 2.2.4.

.

The steam flow rate is usually measured by a BARCO 1/2"-402
venturi installed horizontally on the 1 inch steam line between

the steam purge outlet nozzles and the electrical heatar(Figure
6) . Therefore , this venturi reading is independent of the steam

purging rate. The standard piping arrangement for the steam venturi
is given in Figure 18. Knowing the differential pressure readi,ng
of the venturi, along with the absolute pressure and temperature

of the steam, the mass flow rate of the steam can be calculated

with the aid of the calibration curve of the vanturi. For steam
flow rate higher than the =aximum measurement capacity of this
venturi, a BARCO 3/4"-425 venturi, which belongs to the venturi
system of the laboratory, is used.

Table 3 gives the locations and functions of all the ther-

mocouples used in the experiment. All the thermocouples attached
to the channel are 'jxed by Cajon Ultra-Torr Fittings installed

on the side wall of the channel. These fittings can be made leak

tight by finger-tightening, while traversing the thermocouples can
easily be done by loosening the cap of the fitting. Among all the

53
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Table 3 Function of Thermocouples

TI Position Phase

1 70 cm upstream of water rotameters L

2 50 mm up stream of 1 inch steam venture V

3 Top plate of the test channel V

4 177 mm above the perforated plate V-L

5 152 mm above the perforated plate V-L

6 127 mm above the perforated plate V-L-

7 102 mm above the perforated plate V-L t

8 77 mm above the perforated plate V-L

9 52 mm above the perforated plate V-L

10 27 mm above the perforated plate V-L

11 2 mm above the perforated plate V-L

12 Steam inlet nozzle V

13 Lower chamber of the channel V

14 Lower chamber of the channel L

15 Liquid overflow nozzle L

Note: L: Liquid V: Vapor
-
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4

+

thermocouples, more attention must be given to T12, which was
installed ta measure the dry steam te=perature at the inlet nozzle.
It tends to give a false reading of 373 K( sat ated steam temp-

erature at 1 armosphere) if the tip of the ther=occuple is wetted
by a water dreplet.

.

The temperature of the vapor / liquid mixture above the per-
forated plate is measured by thermocouples T4 - Tll. The tip of
Til is 2 mm above the perforated plate. By properly traversing
this thermocouple, the temperature of two thirds of the cross-section;

area above the plate can be measured. Thermocouples T4 to T10, al'

igning on the centerline of the side wall of the channel with a
equal spacing of 25 mm, can provide some picture about - the tem-

! perature distribution above the plate.

Detailed description about the channel operating pressure |
measurement device is given in section 2.2.4 and Figure 8. Since |

the steam will tend to condense in the pipe line of the pressure
transducer, a constant air purge is usually required to =aintain

i

a stable ' pressure reading.

4.3 5' Computer Program

! A computer program written in FORTRAN IV language is used
!

for the tasks of data reduction and plotting.

The steam flow rate through the 1/2"-402 venturi is calcul -
ated by equation (59):

!

W = 0.051 (V/f ) lbs/sec. (59)
s g

i

i

So
:

I
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where V is the voltage reading from the pressure transducer con-

nected to tha venturi. If the 3/4"-425 venturi is used, the steam

mass flow rate is calculated by equation (60).

W = 0 35 (V/f ) lbs/se (60).s g

The physical properties of the steam ( enthalpy, entropy and
specific volume) can be calculated by the Subroutine PHIS2. The
description and the calling sequence of this subroutine are given
in Appendix II.

The liquid inlet flow rate is calculated by the following

equations:

2
R = 0.4118 + 0.03611 x W1 + 0.001042 x W (61)

If #1 > 0 724, set W1 = 0 724

x R + W )/60 lbs/sec. (62)Nf = (W7 2

where W and W are the readings of water rotameter A and 3.1 2
These equations are obtained by rotameter flow rate calibration

held in the laboratory.

In addition to these flow rates, several temperature read-

ings are also sent into the programs the thermodynamic ratio

and the enthalpy flux of the steam and the water can, therefore ,

be calculated.

The superficial steam and water velocity through the holes
* *

and the dimensionless flow rate H,and Hg , are also calculated
5

in this program. Finally, the reduced data is plotted by plotter

565 of Northwestern University Computer Center via CalComp Easic

57.



Plotting Package.

A list of this program is given in Appendix II.

4.4 Experimental Procedure

Since visual observation is the only method used in weep

point determination, the repeatability of the experiment must be
constantly verified. A standard experimental procedure designed
for this purpose is listed as follow:

1. Select a test perforated plate. Fix. it into the channel.

2. Fix the height of the water inlet spray. Four different water
inlet spray positions have been tested: 5 mm, 102 mm, 305 mm,
and 710 mm.

3. Open all the valves from the main steam supply pipe to the
steam flow rate control valves at the channel steam inlet
nozzles. Run the steam for 3 - 5 minutes to clear the steam
line from the condensed water and possibly the accumulated
air.

~4. Zero the voltage readings of pressure transducer of the
steam venturi and DP103 differential pressure transducers of
the channel pressure measurement.

5. Check the function of all the thermocouples.

6. Turn off the steam.
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7. Open the water. Usually, the water flow rate starts at 0.023
kg/s. Gradually increase the steam flow rate to the weep po-
int, which is defined as the point where the water downflow
ceases. Record the steam flow rate and pressure, water flow rate

and all the relative thermocouples readings. The operating
pressure in the channel can also be measured at this point.

8. Further increase the steam flow rate. Then approach the weep
point, from a high steam flow rate. Record the same informations

mentioned in step 7 at this point.

9. Increase the water flow rate, 0.03 kg/s each time. Repeat
step 7 to step 8. A complete set of test runs is finished at

the maximum water flow rate of 0.65 kg/s.

10. Repeat step 7 to step 9 This time the water flow rate is

changed randomly in the range between 0.03 kg/s and 0.65
kg/s. A comparison between the data obtained in step 9 and
in step 10 can serve as an indication of the repeatability
of the visual weep point determination.

11. Repeat step 2 to 10 at different water inlet height.

12. Repeat step 1 to 11 for different perforated plates.

For the 15. hole perforated plate, steps 2 to 10 have been
repeated at 6 different water inlet temperature between 285 K to
359 K in an attempt to study- the effect of water subcooling.

59.

_ _ _ _ _ - - _ .



5. Results and Discussion for steam / dater Experiments

The flooding phenocena above a perforated plate are quite
different in the stea=/ cold water system from those in the air /
water system. Since the asc.ending steam contacts. the cold water
directly above the perforated plate, condensation-driven fluid
motions can play a signi.ficant role in triggering water break-
through. This ther=al effect may be governed by several factors
including : water subcooling, steam superheat, and above all, the
position of the water inlet spray no::le, .which determines the
mixing efficiency.

In the current steam / water test matrix, steam temperatures
ranged from 373 K to 421 K, and water temperatures varied between
285 K and 359 K; the number of holes in the support plate ranged
from 3 to 15: and the water inlet position was varied from 5 to
710 =m above the plate. Because of the strong effect of the water
inlet position, the data for high and low position are discussed
separately below.

51 Water Inlet Spray Above The Pool

During those experiments, the distance between the center-
line of the water overflow port and the top of the perforated
plate ( and hence the height of the liquid pool above the plate,
h ) was fixed at 267 =m. A liquid inlet height of 305 or 710 =m,-

7a
therefere, means the liquid inlet spray was above the pool surface.

Water spraying out from the inlet nozzle fell gravitationally
after hitting the side wall of the test channel. Only a portion
of tM s water contacted with the steam, with the remainder by-
passing through the overflow port.
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5 1.1. 15 Hole Data

Figure 19 shows the 15 hole weep point data obtained at
five different temperatures. The effect of water subcooling,
as shown, can be correlated in this total enthalpy flux plot.

The steam enthalpy flux required to stop the weeping, starting
at a value of 40 KN, gradually approaches a maximum limit of 71
KN as the water enthalpy is increased. No relation can be found

between this line of weep point and.the line of thermodynamic

ratio R ~* l'T

Two types of weeping were observed during the experiment.

Continuous weeping (Figure 20) happened when the liquid enthalpy

flux is very low ( W Cf p(T -T ) < 15 KW). All the inlet watersat f
was well saturated at this condition, and the steam can flow

through the two-phase mixture above the plate without much being
condensed. The pressure transducer readings showed that except

for high frequency noise, operating pressures both upstream and

downstream of the perforated plate were fairly constant. If the

steam velocity through the holes is lower than a certain value,

its frictional drag can no longer hold all the liquid above the

plate, resulting in continuous weeping.

|
When the liquid enthalpy flux was increased, more steam

was required to keep the plate from weeping. The amount of this

extra steam is determined by the condensation effect in a two-

phase mixture layer close to the plate. Thi' aondensation effect

| is -proportional to the total liquid enthal . lux with a propor-

tional constant f of 0.24 for 15 hole dat igure 19). The pro-

portional constant is named the mixing e. ;iency, because it

represents the degree of mixing between the water inlet and the

plate. As shown in Figure 20, the ascending two-phase mixture
i
!

-
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essentially covered the whole cross-section of the channel,

water from above had no means of bypassing down to the plate,
resulting in a poor mixing efficiency ( 0.24) in this case.

,

t

' Once the liquid enthalpy flux exceeded 50 Ed the steam-
could all be condensed. before it reached the top of the pool.

A layer of water was then formed above the two-phase mixture

above the plate. Along with the increasing of liquid enthalpy

flux, this water layer become . thicker, and its buffer effect be-

come larger. Eventually, the degree of mixing reaches a maximum.-

Further increasing the water enthalpy flux can only resulting in

a larger portion of cold water overflow without much influence

on the two-phase mixture above the plate. This phenomenon can

clearly be identified in Figure 19 when the liquid enthalpy flux

is greater than 120 KN.

When liquid enthalpy flux was increased, the type of weeping

at.the weep point also changed from continuous to oscillatory (

Figure 21). Oscillatory weeping is characterized by the' inter-

cittent.downflow of cold water along with-the fluctuation of.the

operating pressure. . Figure 22 shows a typical thermocouple ' read-

ing obtained at Run 684 operating in high liquid enthalpy flux

region. As shown by the reading of this thermocouple, which is

located 2 ma above the' plate, cold water penetrated all the way
down to the plate, and then passed through the holes of the plate.

The oscillatory weeping of this run has a frequency around 1 cps.

5 1.2 comparison between 15 Hole and 9 Hole Data

Figure 23 shows both the data of 15 hole. and 9 hole experi-
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ment. Two common features can be discerned easily from this

Figure: |

1. The mixing efficiency of both experiments are equal to 0.24.

2. Both experiments show the same maximum required total steam

enthalpy flux at 71 KN.

Visual observation confirmed that the two-phase mixture zone

above the plate in 9 hole experiment still covered the whole cross-

section area of the channels therefore, cold vater can not

find any- bypass to reach the vicinity of the plate. As a result,

the 9 hole experiment shows a mixing efficiency of 0.24, the

same as 15 hole data.

A same maximum steam enthalpy flux.for both 15 hole and 9

hole data suggested that these two plates not only have the same

mixing efficiency, but also have the same upper limit of the

degree of mixing, which can not b e exceeded by further increasing

the water enthalpy flux. Since Figure 23 is a total enthalpy

plot, the same maximum total steam enthalpy flux means that

the weep point at this high enthalpy flux condition depends

on the mixing condition of the channel as a whole, and not on the

flow condition at each hole.

Figure 24 is the same data plotted with the superficial

steam velocity through the holes vs. the total water enthalpy

flux. A comparison between this Figure and Figure 23 shows that:

1. At low water enthalpy flux, though the total amount of steam

enthalpy required to stop the weeping is different, the steam

velocity through the holes is the same, which means the hydro-

dynamic effect is the dominant fac tor of the onset of weep-
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ing.

2. At high water enthalpy flux, the total steam enthalpy flux is the

same, but the superficial steam velocity through the holes of 9
hole experiment is 1 7 times larger than that of 15 hole data.

It is suggested that at high water enthalpy flux the condensa-

tion effect governed by the degree of mixing of the channel j

as a whole is the controlling factor of the onset of weeping.

In order to combine these two effects into one equation,

the ideal of the effective steam flow rate (5, 6, 33) is consider-

ed. for the data correlation.

5 1 3 Data Correlation

The dimensionless effective steam flow rate in the form of
*

H scaling is defined as

-T )/hfg](P /f )1/2 *
* *

H =H - f[Cp(T H (63)g,e g sat f f g f,in

*
where H scaling is suggested from the air / water data correla-

tion, and f is the mixing efficiency obtained from Figure 23

By the use of this effective steam flow rate, the flooding

equation obtained in air / water experiment, i.e., equation (55),

becomes:

1/2/C+Mhl/2/C = 1 (64)
~

H

At the weep point no water will fall through the holes,

71
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*
hence, H is equal to zero, and equation (64) is reduced to

f

H ^/2g,e /C = 1
*1 (65)

where the coefficient C is given in equation (56) .

Equation (65) is then used to correlate the 15 hole and 9
hloe steam / cold water weep point data by setting f = 0.24 with
an upper limit of steam enthalpy flux of 71 KN.

Figure 25 is the dimensionless steam and water inlet flow
*1/2/C*l/2/C. It shows the value of Hrate plotted in the form of H 6

is very close to one at low water inlet flow rate. This means that
the steam / water data agree fairly well with the air / water data
when the condensation effect is insignificant.

Once the liquid enthalpy flux, and hence the condensation
effect is increased, the dimensionless steam inlet flow rate is
replaced by the effective steam flow rate. Figure 26 is the same
data plotted with the left hand side of equation (65) against
the dimensionless liquid inlet flow rate. It shows the concept
of effective steam flow rate has successfully related the steam
/ cold water data obtained at high water inlet position to the
air / water correlation.

5 1.4 5(5A) Hole and 3(3A) Hole Data

Figure 27 shows the results of 5, 5A, 3, and 3A hole experi-
mer.ts. Comparing with the data shown in Figure 23, one can find
that

.
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1. The mixing efficiency here(f = 0.49) is almost two times

larger than that of 15 hole and 9 hole experiment.

2. The maximum steam enthalpy flux required to stop the weeping

is lower than that of 15 hole and 9 hole experiment.

With the number of holes equals to or less than 5, the total

hole area is less than 15% of the whole cross-section area of
the channel. It can be observed that the two-phase mixture will

now cover only the middle portion of the channel cross-section

area, leaving the rest of the area filling by water. Water can

easily reach the vicinity of the perforated plate, resulting a

higher mixing efficiency of 0.49

Since more steam will be condensed in the vicinity of the

plate, the height of the two-phase mixture zone will then be de-

creased. This means a thicker water layer with a higher buffer

effect will be builtup between the top of this zone and the over-

flow port. As a result, the upper limit of the degree of mixing,

and hence the maximum steam enthalpy flux required to stop the

weeping will be decreased. Figure 27 shows that this maximum steam
enthalpy flux has a value of 62 KW for the 5 hole experiment data
and a value of 47 KW for the 3 hole experiment data.

Figure 28 is the superficial steam velocity through the holes
for these runs. At low water enthalpy fluxes, where the conden-

sation effect is not dominant, the velocity through the holes is

almost the came for all these plates. Once the condensation effect
starts playing a role in triggering the weeping, the steam velo-
city of the 3 hole experiment is higner than that of the 5 hole
experiment in order to maintain the same amount of total steam
enthalpy flux.
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Figure 29 is the same data plotted as H_1/2 vs. H ,1/''.
+ *

e -

Again, it shows at low water flow rate the data agrees with the
air / water correlation very well( H,l/2/C = 1).*

e

Figure 30 then replaced the steam flow rate with the effec-
tive steam flow rate defined in equation (63) . It shows that the

data are still in close agreement with the air / water correlation.
Therefore, one can conclude that so long as the mixing efficiency
f can be determined for the particular geccetry of the channel
and plate, equation (55) and (56) are suitable for both steam /

'

water and air / water weeping data correlation.

!

,

1

5 2 Water Inlet spray at the Plate |

As the water inlet spray been positioned right above the
plate, essentially all the inlet water will have the chance to
contact with the steam before leaving the channel, and huge con-

densation rate will cccur in the vicinity of the plate. As a

result, the weeping phenomenon at this operating condition can
be significantly different from that of a high liquid inlet po-
sition experiment.

With the water inlet spray height kept at 5 mm, Figure 31
shows the 15 hole weep point data obtained at six different wa-
ter inlet temperatures. Comparing with the data obtained at high
water spray experiment, two distinct phenomena are shown by the
data point of 12 C( 285 K) experiment:

1. In the region RT > 1, the oscillatory weep point boundary is
= 1.close to the thermodynamic boundary R7
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2. A stable no weeping region is observed when the steam enthalpy
flux is decreased from the oscillatory weeping. Further de-

creaseEng the steam flow rate from the stable no weeping re-
gion will cause total water dumping.

Figure 32 shows some pictures taken at the oscillatory
weeping condition. Severe pressure fluctuation is observed. As
shown in these pictures, the steam / water interface is quite un-
stable, and the weeping is accompanied with the collapse of the
steam region above the plate.

Figure 33 shows some pictures taken at the stable no weep-
ing condition. All the steam is condensed at the vicinitiy of
the plate , leaving a clear layer of liquid between the plate and
the overflow port. Except for high frequency noise, no pressure
fluctuation was observed in this region.

Further decreaseing the steam flow rate will cause total

dumping, which is shown by some pictures taken before, at, and
after the dumping. The clear water pool accumulated in the stable
no weeping condition now all dumped through the plate (Figure 34,35).

The other data in Figure 31 are obtained at some higher tem- |

peratures. The whole phenomenon discussed above disappeared, and
the hydrodynamic effect seems to be the dominant factor in this
operating condition. Presently, no correlation has been obtained
for the subcooling effect in this case.

Figure 36 shows the weep point data collected for different
plates with the water inlet temperature at 12 C and water inlet

height of 5 mm. Two common features are observed among these
data:

1. Starting from the RT < 1 regi n( the hydrodynamic control

88
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region) where the weeping is continuous, the oscillatory
weeping will occur once the ther odynamic boundary is reached.

4

= 1 line, the oscillatory weep pointAfter passing the R7
= 1. The

! boundary is close to the thermodynamic boundary R7
mixing efficiency (f) for 3 hole and 5 hole data is 0.85, the

;

sixing efficiency (f) for 9 hole and 15 hole data is 0.63

2. A stable no weeping have been observed for all the experiments
with different plates.

By assuming the steam is condensed in a hemispherical steam
jet with its diameter equal to the diameter of the hole, the

,

condensation heat transfer coefficients in this stable no weeping
condition,can be esticated with the aid of the thermoccuples re-

! ading at tne vicinity of the plate

,

Therefore, for 15 hole data, the steam enthalpy flux at the i

begining of the stable no weeping condition is around 9.6 KN. the

temperature at the vicinity of the plate is 340 K, and the heat
transfer area per hole is

F

'' 2
A =05 DE'=173x10~m (66)-

b

h'= Q/A a? = 96000/(15x1 73x10- )(373-340)b 6= 1.12 x 10 g7,2 K (67)

For 9 hole,

- 0 2
h' = 74000/(9x173x10 ")(373-337) = 132 x 10 W/m K (68)

,

| For 5 hole,
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h'= 52000 W/(5x1 73x10 " m )(373-339) = 1 76x106 37,2K (69)2-

and for 3 hole

h'= 33000 W/(3x1 73x10- m )(373-333)
6= 1 58 x 10 37,2 g (79)

All these condensation heat transfer coefficients are of the

same order of magnitude. As a result of this high rate of conden-

sation right above the plate, the possibility of the collapse of

steam in the liquid pool and the oscillatory weeping along with.

this collapse are totaly eliminated.

Decreasing the steam enthalpy flux.below the stable no

weeping region will allow some cold water to penetrate through

the holes of the plate. This cold water will condense some steam

before it can reach the plate; as a result, more cold water will

be drawn down through the plate, triggering total dumping.

5 3 Effect of Liquid Inlet Spray Position

Figure 37 and 38 are the 15 hole and 9 hole data taken at

different water inlet spray position. It shows that the weep

point data obtained at hin = 305 and 710 mm( water spray above
the pool) are the same. The data taken at h = 102 mm lie

in
between the data of h = 5 mm and'h = 305 mm.in in
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6. Conclusions and suggestions l

Based on the information collected in the present study,

the following conclusions can be made:

*
a. By introducing the new dimensionless flow rate scaling H ,

* *
which represents a smooth transition between J and K scaling,

the air / water data obtained at 7 perforated plates with diff-

erent numbers and diameters of holes can be correlated by a

conventional flooding equation in the form of

*l/2 + H,1/2 = c (55)Hg

where H = [f /gw( f - f )]1/2 jf (50)
*

f, f f

and w is given in equation (51) and (52), the coefficient C is
given in equation (56) .

b. The liquid spray position, liquid inlet flow rate, soft volume

and the head of liquid pool above the plate do not have any

discernible effect on the rate' of weeping in the present air /
water experiment.

c . The steam / cold water weep point data which were obtained at
high liquid inlet spray position cah be related to equation
(55) by introducing an effective steam flow rate, which is
defined by equation (63).

d. Two types of weeping were observed when the the channel was
running in high liquid spray experiment: For low water flow
rate and subcooling the weeping at the weep point is smooth
and continuous As the water. flow rate or subcooling becomes

high, oscillatory or intermittent weeping was observed.
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l

e. For water inlet near the plate , a stable no weeping region
was observed at high water flow and subcooling. In this re-
gion, all the steam was condensed right above the plate, le-
aving a clear layer of liquid above a bubbly region. Increas-
ing the steam flow rate causes oscillatory weeping, while de-
creasing the steam flow below this region will result in total
dumping.

Several suggestions are made for further investigations:

*
a. The validity of H scaling, which is highly dependent on the

construction of the W function, should be checked over a larger
parameter range, and larger scale.

b. The void fraction of the two-phase mixture above the plate
should be checked by pressure measurenent.

c. The mixing efficiency, which could be a function of liquid
spray position, method of liquid injection, perforation
ratio of the plate, and channel geometry, should be further
studied.
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Appendix I. Computer Program List and the Air / Water
Reduced Data.

The input of this program includes: IP,WF,WG, and PG. where

IP = 1, 15 hole data
2, 9 hole data
3, 5(5A) hole data
4, 3(3A) hole data
5. 40 hole data
6, 2 hole data

WF : liquid mass flow rate, lbs/sec.
WG : air rotameter reading, SCFM.

air rotameter pressure gauge reading, psig.PG :

Depending the selection of DH( characteristic length), the
program can calculate the dimensionless velocity in the form of
* * *

J , K , or H .

The output of the program includes:

superficial gas and liquid velocity through holes,JG, JF :

(m/s).
* * *

JGS, JFS : dimensionless velocity, either J , K , or H.

the data shown ars in HY
square root of the dimensionless velocity.JGS5, JFS5 i

coefficient C in the flooding equation.C :

The data will also be plotted as JGS5 vs. JFSS.
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Appendix II. Computer Program List and the Steam / Water
Reduced Data.

The input of this program includes:

VTS steam venturi temperature reading (mV).
VPS steam venturi pressure reading (V).
VWS steam venturi pressure drop reading (V).

VTG steam temperature at the channel inlet (mV).
VPG steam pressure at the channel inlet (V).

WL reading of water rotameter 1(lbs/ min).
VTL water inlet temperature reading (mV).
IP, perforated plate no. defined in Appendix I.

RUN run no. in the form of XXXX.ZZ, where XXXX shows the

test run no. , and ZZ is the height of water inlet

spray in inches.

VTLO water overflow temperature (mV).
VTP temperature reading 2 mm above the plate (mV).
WL1 reading of water: rotameter.2(lbs/sec.).

The, output of the' program includes:

RUN run no.

PER perforation ratio.

WS, WL steam and water mass flow rate (kg/s).
VGH. j (m/s).g
VLH j (m/s).

f

Whs f (KW).EHG

WCfT -If,in) ( )'EHL fp sat
EHLO -W C (T -Tf,in) (U) *fp out
RER EHL/EHG

JGS H C

~JLS H ,/C '
TSC, TLC,TLOC.TLPC temperature of steam inlet, water ~ inlet

water outlet, and two ghase mixture at 2
mm above the-plate ( v).
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Subroutine PHIS2

a) General Description: To estimate the specific volumn, enthalpy,
and entropy of saturated and/or super-
heated steam,

b) Computational Procedure : The equations and constants used in j

this subroutine are described in

ASME Steam Tables, 3rd edition. '

c) Usage
1) Calling Sequence : CALL PHIS2(T,P,ID,V,S,H)

2) Arguments 1 (SI Unit) 2 (English Unit): ID =

T K F

P kPa psi
3 3V m /kg ft /lbm

S kJ/kg.K Btu /lb, R
H kJ/kg Btu /lbm

d) Required Subroutines & Storage & Tapes : None
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