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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 steam/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 ty-pes 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 6orrelation canstant in equation (41).
p

h height( or head) of liquid.

he heat transfer coefficient.
H dimensionless velocity defined in equation (55).
I dimensionless velocity defined in equation (28).

* superficial velocity through holes.
I dimensionless velocity defined in equation (9).

k wave number ( = tp/2 ).

k' constant in Fair's weep point correlation.

L Bond Number defined in equation (53).

m coefficient in the conventional flooding equation.

NE8 Eotvos Number defined in equation (47).

p pressure

RT thermodynamic boundary.

t Thickness of the perforated plate,
p

Ucr critical velocity.
w characteristic length.

W mass flow rate.

d surface tension

shear stress

density
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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
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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 Sherwood(l) 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

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-

gories: continuous weeping and oscillatory or intermittent weep-

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 steam/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 include: 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.
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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 important: superficial gas velocity through the per-

forations jgh' head of liquid pool above the perforated plate hL,

height of liquid inlet point above plate hin' diameter of holes

Dh, soft volume Vs, and perforation ratio Ah/AT.

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(lO), and.Zene(ll) separately

reported that the weep point is a function of jgh and hL(Figure 2).

According to their observations, a higher jgh is required to keep

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

Jgh can be related to the pressure drop across the plate in the

following way:

hP =APl2/(gff) =gigh (

3
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Figure 2. Perforated Plate Diagram
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where C, the orifice coefficient, is a function of perforation
ratio Ah/AT, ratio of plate thickness to holE diameter t /D and
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

hL and h p(Figure 3).

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):

P2 > Pl + Pel. (2)

where pel is the excess pressure required to overcome the resis-
tance to liquid flow through the holes. It is assumed here that

Pl' P2' and Pelare all time independent variables.

By subtracting P 3 from both side of equation (2), this cri-
terion of weep point becomes

APf > APT + Pel (3)

Further defining

SP f = -p-f + P fv(4

2 4 PT - (5)

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

6
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Pfv ý> 4Ap12 "' Pel (6)

where Pfv is the fluctuating component of pv. Causes of this

fluctuationr 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 pfv is a function of head of liquid pool

hL only. This may explain why Leibson successfully correlated his

weep point data in a hL vs. hp curve.

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

Pel is equal to k'(6/Dh), is still recommended by Chemical Engi-

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 hL studied is less than 105 mm, perforation ratio

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

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 model 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 5B), the total cross-section area of

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

ously changing value and position such that:

AT = Ag + Af + Ab (7)

As the liquid flows down in the weeping area Aft and gas flows

up in the gas area Ag, there is no fluid flow in the blocked area

Ab. However, no data on the rate of weeping were reported in their

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 annuli, 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, iný

the absence of viscous and surface tension effects, the flooding

equation in a vertical two-phase counter-current flow system is

10
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of the form:

j*2/(n+l) + J*2/(n+l) = 1 (8)g f

where Jg,f = [fg,/gw(ff P g)l/2 1g,f (9)

and w is a characteristic dimension of the duct cross section.

The value of n is equal to 3.5 or 2.5, depending upon whether the

mixing length 1if and 1 are scaled by the dimensions of each cy-

linder or by the overall pipe diameter. Let n take on the inter-

mediate value of 3, equation (8) then becomes

'*1/2 + J*1/2 1 (10)

g f

This equation is empirically further modified to:

*'/2 + m j*i/2,= C (11)

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 geometries, 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*1/2 + j*1/2 = 0.775 (12)

g f

The Wallis equation has also been adapted to correlate the

flooding data in annular geometries. Shires and Pickering(30)

12



suggested four different types of characteristic dimensions for

this type of flow channel:

W= D 0 (13)

w2 = (D - Di)/2 (14)

w =3D. (15)

or w4  (D0 2 -Di2)/Di (16)

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 w4 as the characteristic length, their air/water

flooding data were correlated as:

5'l/2 + Ji/2 =0.71 (17)
g f

Ueda and Suzuki(7) used as their form of characteristic
dimension for the annular geometry:

=(D-' - D! )/(D0 + D) 2 (18)
w5 0=

Using this characteristic dimension, their data can be expressed

as
'*1/2 + j*1/2 - 0.80 (19)
g I

while using w4 , the same data can be correlated as

1*1/2 + j*1/2 = o.64 (20)
g if

Flooding phenomena in annular geometries with gap size of

13



the annulus(w2 ) between 6.4 mm and 50.8 mm have been investigated

by Creare Incorporated and Battelle Coumbus Laboratories(31, 32

33, 34). The data obtained can not be correlated by the. use of
gap size w2 as the characteristic length.. Since scale effects

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

w6 =-(Di + Do)/2 = -m(i + w2 ) (21)

D. if D >w>)

Rothe(35) gave a thorough review of the data obtained from

these laboratories. By using w6 as the characteristic length,

all the data can b6 correlated by equation (11) with m ranging

between 0.7 and 0.8, and C between 0.34 and 0.42. Since D. is five
to ten times larger than w2 in the annuli studied, correlating

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:

w7 - [d/(g( f- P)) ]1/2 (22)

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

14



K *1/2 + m K 1/2 = c (23)
g

where K , the Kutateladze number, is

K -l/2, jfg/Eg '( Pf- p ) ]1/4 (24)fg f,g f9f

Their experiments--shows that the breakdown of liquid film down-

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

K = 3.2 (25)g

Essentially, K can be rewritten in the following form:

K = J*l/2 (26)

where D is a dimensionless characteristic length

D* D [g( P)/]l/2 (27)

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

15



J*1/2 + (pg/pf)l/2J*1/2

[dk B(k, R, R (28)

where B(k, Ro, Ri) = EIl(kR0 )K 1 (kR )-K 1 (kR 0 )I(kRi)]/

[ 1 (kR 0 )K 0 (kRi)-K 1 (kR0) I0 (kR )] (29)

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

length. The characteristic length is suggested to be either w3

or w6 . However, one sees that in the limit as Ro-O-, R ,with

Ro-R. fixed, B-0, which does not agree with equation (ll)(as it

should). In order to generalize equation (28), they suggested

that B(k, Ri, R ) be replaced by D•, leading to

g*1/2 + J*1/2 r [k DOg-/(g(Pf-?)1/4 (30)
g +'f 9\~Jd~.

It is suggested that when 0=l, equation (3-0) is reduced to J

scaling, for x=O, it goes to K scaling, and for 0 < o < 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) + _P g + 4 /D = 0 (31)-_g

16



where 7T. is the interfacial shear stress, which may be related1

to the interfacial friction factor f. as
1

f = 27C./ j 2 (32)
1~ gg

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

the tube, one can have

(dp/dz) + fgg + (1-0 )(ff-?g) = 4"tw/D (33)

And the relation between the wall shear stress T and the wallw
friction factor fw is given as

f= 2T (1-01)2/ 2
w w /ff(f

By combining equations (31) and (33), the gas and liquid

flow rate can be related as

2f.J 2/0(5/2 + 2fJf /(1-) = (1-) (35)

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

ing Jf and J can be obtained as an envelope of curves generated

with (l-0), as a parameter. This envelope will lie above the flood-

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

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

equation of continuity should also be considered:

(l/)Jg 9 + ( 9/Pg) /J/(* - ) = Ucr(Pf/gD(f- g))l/2 (36)

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

The flooding limitation is$, then, to find the intersection

17



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

ssions for f. and fw, at various values of the void fraction a

The flooding curve obtained is a convex line in the Jl'/2 vs fg i
plane. Therefore, the suitability of these flooding models for

any particular channel geometry can easily be verified by the

data distribution in a j*l/2 vs J plane.
g pf

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

which means the conventional flooding relation expressed as eq-

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

are correlated as

Kl/2 *1/
Kl K/2 = 1.79+2%, (37)

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

correlated as:

K' /2+ K'l/2 2.07+8% (38)

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

Kg /2+ K*1/2 - 2.o6+6% (39)

Mohr and Jacoby(43) reported their air/water flooding data

obtained with a full size model of the upper core and upper re-

gions corresponding to a single pressurized water reactor(PWR)

fuel bundle of both Westinghouse Electric Corporation and German

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

by straight lines in the form of

K*/2 + MK */2 = C (40)Kgf

18



Depending on the particular geometry studied, the value of

m 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.
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2.2 Experimental Apparatus

2.2.1 Test Channel

Figure 6 shows the schematic diagram of the experimental

apparatus. A detail drawing of the test channel is shown in Fig-

ure 7. The channel frame, which includes the side, top and bottom

plates, is made of 12.7 mm thick brass. In order to provide 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 clamped to the brass frame by tie rods. This

method effectively prevented any leakage from the Lexan-brass

contact surfaces.

The plate geometries that have been tested in air/water

system 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(Dh)

in the 2 hole plate is 28.6 mm, and in the 40 hole plate is 4.8

mm. Dh in all other test plates is fixed at 10.5 mm, which is same

as the lower tie plate of the German KWU PWR fuel assembly. The

dimension of all the plates is 72 mm x 43 mm. The thickness of

the plates, which is also simulating the KWU geometry, is 20 mm.

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

nnel cross-section area , has been varied between 42.3% and 8.5%.

The 15 hole plate, with the perforation ratio of 42.3%, has a geo-

metry similar to that of the KWU lower tie plate.

2.2.2 Water Line

Tap water from building l-l/4 inch water supply line is
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Figure 7. Isometric Diagram of the Test Channel
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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 mm diameter holes, 6 holes in each row, are drilled along the

wall of the tube'

Water to the channel flows out horizontally through these holes,

so that the- downward direction 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, hL(Figure 3). Excess water that can not

weep downward will flow out the channel through this port, passing

a 50 mm I.D. pyrex glass tee, and then flowing down to; the water

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

separator, facilitates a visual observation of the onset of water

overflowing.

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 connected to this nozzle can lead

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
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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-

mental air compressor at 800 kPa with a maximum flow rate of 1.18

x 10-2 m3 /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- 3m3/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.
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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 0.2731

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 2to 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 zbtameter. 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 285±

3 K. Readings of the remaining thermocouples were not recorded.

Two Validyne DP103 Extra Low Range Differential Pressure
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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 FORTRAN 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 Wf(lbs/s), air rotameter reading

W ('SCFM), and pressure gauge reading P (psig). Superficial gas and
g g

liquid velocity through the holes are calculated by:

Fp = exp(-O.050884 59721+O.02841336269 x ln(Pg)

-0.05218174597 x ln(P) 2 ) (41)
g

jgh = Wg/(6O~o x Fp x Ah)' ft/s (42)

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

Superficial liquid velocity is calculated by equation (43):

Jfh = Wf/(Pf x Ah) (43)

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

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

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(lbs.) 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
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rate of weeping. Without water overflowing, this value

should be equal to the rotameter reading obtained in

step 3.

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

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

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.

12. (Option) Repeat step 1 to 10 at different heads of water above
the plate, hL, to study its influence on the rate of weeping.
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3. Air/Water 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 include: height of liquid pool above the plate hL, liquid

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 Kol.iý's model(24). (Figure 5B)

For the 5(5A) hole, and especially the 3 hole experiments,

the mode of liquid delivery changed to intermittent weeping(Fig-

ure 5A). We can see bubble detachment in the pool, followed by a

falling stream of liquid.
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Table 1. Data Matrix of Air/Water Experiment

hL (mm) h. (mm)in .w (gs No. of
Data Point

15 Holes

9 Holes

5 Holes

5A Holes

3 Holes

40 Holes

2 Holes

267

267

267

267

445
445
267

267

267

267

267

267

267

267

267

267

267

267

267

267

267

305

5
305
305

305

100

305
305

5
305

5
305
305
305
305
305
305
305
305
305
305

0.165
0.165
0.243

o.-474

0.248

0.475
0.182

0.282

0.318
0.318

0.248

0.248

0.147

0.118

0.292

0.099

0.168

0.248

0.273

0.335

0.216

6
18

6

5
11

10

12

10

6
6

6

9
11

10

6

9
7

18
11

11

7
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As for the 2 hole experiment, counter-current weeping occur-

red in each hole. Though different types of weeping have been

observed, they will all, be analyzed by the flooding equation in

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

3.2 Correlation for Coefficient m

As a first trial, the data were plotted with Jl/2 against*1/2 g
J f -in Figure 9. The data of each plate can be fitted by a str-

aight line which means the relation of

j *J12 + m J*1/2 = C (44)
g f

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 BWR or PWR

tie plate geometries by Jones(8), Naitoh(42) and Mohr(52) also

confirmed that m = 1.

The data of the 40 hole experiment can be correlated as

'*1/2 + 1.44 *1/2 =1.9 (45)
g f

with the coefficient of determination equal to

r 0.9958 (46)

This higher value of m 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:
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NE,= EgD2 (Pf-tg)/J < 3.37 (47)

For 40 hole plate, Dh = 4.76 mm, and its E6tv6s number is

E8 = 3.03 < 3.37 (48)

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

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

m.

3.3 Correlation 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 tire 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 BWR bundle side-entry orifices.

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

The result is plotted as K*1/2 vs. Kf'/ - in Figure 10. It shows
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:
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H *1/2 + Hl1/2 = C (49)
g f

where Hf,g =[gf,1•gfw("f-Pg)]S/2 (50)
(1-a)E• (p_) ] a/2

w 8 = D hf (51)

The value of a lies in the interval between zero and one.

when a is equal to zero, w8 is just equal to Dh and equation (49)

reduces to the form of equation (12) with J as the appropriate

scaling form. For a equal to one, w8 = w7 ( =1/2

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 a is defined as a hyperbolic tangential function of kDh

and perforation ratio Ah/AT.

a = tanh[ (k Dh )(Ah/AT)] (52)

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*
L ( = n-MDhLg(f f-g)/d>) only. The plot of C for each plate
against the Bond number L , as illustrated in Figure 12, shows

that the re'lation between C and L can be represented by a simple

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

fitted as:

C = 1.07 + 4.33 x 10- 3 L* (53)

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

Labels of Dh Dhk Ah/AT

Plates

15-hole 10.5 3.2 .423 0.884

9 hole 10.5 3.2 .254 0.671

5 hole 10.5 3.2 .141 0.422

5A hole

3 hole 10.5 3.2 .085 0.264

3A hole

40 hole 4.8 1.5 .232 0.335

2 hole 28.6 9.0 .418 0.999

= tanh[(Dhk)(Ah/AT)]
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2r = 0.93 (54)

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

obtained in BWR 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

H 12/ */ C 1(55)

where C = 1.07 + 4.33 x 10-3L* < 2.0 (56)

Figure 13 shows the data plotted with H*1/2/C vs. Hfl/2/C.
g

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 liquid inlet rate is plotted on the abs-
cissa of Figure 13 as Hf /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(hL0 has been varied between 1500 mm
and 40 mm in Naitoh's BWR 8x8 upper tie plate weeping experiment

(42). In this experiment hL does not have observable effect on

the rate of weeping. The effect of hL on the rate of liquid de-

livery in annular geometry has also been investigated in Air/

Water system at Dartmouth(371. 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 hL will cause a higher rate of liquid delivery.

Figure 14 shows the 15 hole test plate data obtained at two

values of hL. The rate of weeping is the same in both cases.

Hence, we conclude that the rate of liquid downflow is indepen-

dent of the liquid head hL in the geometry studied.

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 horizon-

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 10-4 m3 to 2.86 x l0-3

m3 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. Steam/Cold Water Experiment

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 flow 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 pressure 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 mm. 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

RT( = Cf(Tsat- Tf)Wf/hfgWg) is ado.pted as the main parameter in

characterizing the performance of condensing two-phase flow

systems. The line RT = 1 separates the "universal flow regime

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 < 1.

The experiments held in annular or perforated plate geome-

tries have revealed some new information to this flow regime

map. In addition to the thermodynamic boundary RT = 1, a hydro-
dynamic boundary is observed in the region RT < 1. This hydro-
dynamic boundary can be expressed in the form of equation (12)

44



HIGH
FREQUENCY

INTERFACE FLUCTUATIONS
EXCURSION

LL-

R < RT>1
TT

W "LARGE AMPLITUDE
I .INTERFACE OSCILLATIONS

RELATIVELY STATIONARY INTERFACE

LIQUID FLUXWL

Figure 15. Block's "Universal Flow Regime Map for Direct Contact

Condensation",



or equation (55).

Figure. 16 is a typical flow regime map for PWR 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 ope;rating 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):

(Jg - f[T -9Jc- f[sat-Tf)Cp/hfg]'( Pf/Fg) I/J*f, in)I/

*1/2 = C (57)

+mfd

where f, the condensation ratio, is correlated empirically as

a function of operating pressure P and dimensionless liquid

inlet flow rate Jf,in"

The boundary between the region (3) and the region (4) is

given by

Jgc _f[(TsatTf)Cp/hg]( Pf/lgYl2J fin = 0 (58)

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

that once the temperature of downflowing liquid(Tf in equation

(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
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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 RT = 1. Hence, for perforated plate the boundary

between the region (3) and (4) of Figure 16 will coincide with

the thermodynamic boundary RT = 1, resulting a flow regime map

like Figure 17. Jones(8) and Naitoh(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 (4), Duffey(50) studied

the time elapsed between injection of water and the transition

to downflow. 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(hL) between 50 mm

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 hL(254 and .3,56

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

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 and 145 K

can be correlated by taking intb 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 appara~tus 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 the 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 overflow 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.
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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-

lled 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 entrance nozzles of the test

channel.

The soft volume upstream of the perforated plate canbe ad-

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

channel. Since the water temperature at the steam/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

plate, the steam left, if any, flows out of the test channel

through a 3 inch hose. The pressure drop through this hose is

small enough to keep the operating pressure of the channel
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near atmos heric for the whole range of steam flow rate. The

steam outlett 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 kPa, this valve
can relieve the pressure by venting the steam to the atmosphere.

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 heater(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 reading
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 maximum 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 fixed 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
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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 tl- perforated plate V-L

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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thermocouples, more attention must be given to T12, which was

installed to. measure the dry steam temperature at the inlet nozzle.

It tends to give a false reading of 373 K( sat ated steam temp-

erature at 1 atmosphere) if the tip of the thermocouple is wetted

by a water droplet.

The temperature of the vapor/lquid mixture above the per-

forated plate is measured by thermocouples T4 - Tll. The tip of

Tll 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 maintain

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):

Ws = 0.051 (V/fg) lbs/sec. (59)
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where V is the voltage reading from the pressure transducer con-

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

mass flow rate is calculated by equation (60).

Ws = 0.35 (V/?g) lbs/sec. (60)

The physical properties of the steam( enthalpy, entropy and

specific volume) can be calculated bythe Subroutine PHIS2. The
description and the calling sequence of this subroutine are given

in Appendix Il.

The liquid inlet flow rate is calculated by the following

equations:

R = 0.4118 + 0.03611 x w + 0.001042 x W(61)

If W1 > 0.724, set W1 0.724

Wf = (W1 x R + W2 )/60 lbs/sec. (62)

where W1 and W2 are the readings of water rotameter A and B.

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 program; 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 Hf , are also calculated

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

565 of Northwestern University Computer Center via CalComp Basic
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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 we9p

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 anti 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.
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5. Results and Discussion for Steam/Water Experiments

The flooding phenonmena above a perforated plate are quite

different in the steam/cold water system from those in the air/

water system. Since the ascending 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 thermal effect may be governed by several factors

including : water subcooling, steam superheat, and a.bove all, the

position of the water inlet spray nozzle, 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 mm above the plate. Because of the strong effect of the water

inlet position, the data for high and low position are discussed

separately below.

5.1 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 L) was fixed at 267 mm. A liquid inlet height of 305 or 710 mmm,

therefore, 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 this 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 KW, gradually approaches a maximum limit of 71

KW as the water enthalpy is increased. No relation can be found

between this line of weep point and the line of thermodynamic

rat~io RT= 1.

Two types of weeping were observed during the experiment.

Continuous weeping(Figure 20) happened when the liquid enthalpy

flux is very low(WCpTsat -Tf) < 15 KW). All the inlet water

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. This condensation effect

is proportional to the total liquid enthalpy flux with a propor-

tional constant f of 0.24 for 15 hole data( Figure 19). The pro-

portional constant is named the mixing efficiency, because it

represents the degree of mixing between the water inlet and the

plate. As shown in Figure 20, the ascending two-phase mixture
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Figure 20. (Continued)
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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.

Once the liquid enthalpy flux exceeded 50 KW, 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 KW.

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-

mittent 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 mm 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 KW.

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 channel ; therefore, cold rater 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 be 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 factor 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.

Itis suggested that at high water enthalpy flux the condensa-

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

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

* * pff~/2H *

Hg,e =Hg -f[Cp(Tsat-Tf)/hfg](f/g) fin (63)

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:

HA gte /C + Hfp n/C = 1 (64)

At the weep point no water will fall through the holes;
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hence, H f is equal to zero, and equation (64) is reduced to

*1/2/ 1 (65)
g,e

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
anupper limit of steam enthalpy flux of 71 KW.

Figure 25 is the dimensionless steam and water inlet flow

rate plotted in the form of H 1/2/C. It shows the value of H 1/2/C

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-

ments. 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 tihe 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 same 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 higher 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. HfI/2

Again, it shows at low water flow rate the data agrees with the

air/water correlation very well( H *1/2/C = 1).g

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 geometry of the channel

and plate, equation (55) and (56) are suitable for both steam/

water and air/water weeping data correlation.

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 occur in the vicinity of the plate. As a
result, the weeping phenomenon at this operating condition can
be significantly differefit 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 OC( 285 K) experiment:

1. In the region RT > 1, the oscillatory weep point boundary is
close to the thermodynamic boundary RT = 1.
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Figure 32. (Continued)
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Figure 33. Some Pictures of Stable No Weeping.
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Figure 33. (continued)
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Figure 35. A Picture after the Total Dumping
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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-

creaseing 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 region( the hydrodynamic control
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region) where the weeping is continuous, the oscillatory

weeping will occur once the thermodynamic boundary is reached.

After passing the RT = 1 line, the oscillatory we'ep point
.boundary is close to the thermodynamic boundary RT = 1. The

mixing efficiency(f) for 3 hole and 5 hole data is 0.85, the

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

2. A stable no weepirn 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 estimated with the aid of the thermocouples re-

ading at the vicinity of the plate:

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

begining of the stable no weeping condition is around 9.6 KW, the

temperature at the vicinity of the plate is 340 K, and the heat

transfer area per hole is

Ab =0.5 D 1.7 3 x 10 m2 (66)

h'= Q/AbAT = 96000/(15x1.73x0-4 )(373-340)

= 1.12 x 10°W/m2 K (67)

For 9 hole,

h =74000/(9xl.73x10-4)(373-337) = 1.32 x 10 6W/m2 K (68)

For 5 hole,
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h' = 52000 W/(5xl.73x10-4 m 2)(373-339) = 1.76x106 W/m2 K (69)

and for 3 hole

-4 2
h'= 33000 W/(3xl.73x10- m )(373-333)

=1.58 x 106 W/m2 K (70)

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 liein
between the data of h. = 5 mm and h. = 305 mm.in inl
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6. Conclusions and Suggestions

Based on the information collected in the present study,

the followikng 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

H l/2 + H*l/2 = C (55)
g f

where H f,g/=Cfggw(Pf-fg)]jf~g (50)

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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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 U 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 ano, 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.

PG : air rotameter pressure gauge reading, psig.

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:

JG, JF superficial gas and liquid velocity through holes,

(m/s).

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

the data shown arb in H.
JGS5, JFS5 : square root of the dimensionless velocity.
C : coefficient C in the flooding equation.

The data will also be plotted as JGS5 vs. JFS5.
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.IF 33111:S
JG•3.111 =JGSA
1F.331 It =JF";

F L/,r I



105

115

145

ISO

I s

74/'. OPT:- frP. CE FTN 4,i#Lf)O O?/IS/T? 11,3NI VA', -,

JF =JF/3. 28
Z=JGSC SvJFS
PR INf 7O,JG JG3.JGSA,JFJFSJFSA,7?O FUR{HAT (t fXfFJ?*31/1

19 FOPIAT I .XlJGq,/s Jrs
C JFSS C *//'

GO TO 2
5 1lVf1F.EO.1 J GO 10 '.1

ir HR. NUZ Go 10 7z
IF(IR.ZQ.3) GO0 TO0 73
IFIIP.0. iI) Go TO 74.

IFR. O.5l GO TO 75

71 11~ 3f =8 13 4ttI1:I#1
IA=!

72 111111=9

JFSII(121=.IZ5

7z 11=1

GO Q I
73 lt=1+i

JGS3 31) 30.
JFS33(11)=0.
,Jrs3[m3iz.t2
JGS33412[=.157
C-0 TO I
10=1

JFSG44121=.125

G0 TO I7• 1 1=I1

I G 55 5 ( 2 : 2

JFS 55112):. 126O TU 1

JGS66111OI:

77 11=1•1

JFS66(I2),1?5

G 0 0!1

.10 O TO~ (',¶J4O, 111.01
.OO 30 305 K=I,t

CpU s Io

• 3 =f./2-06

JF,41/c .X S



163

170

175

ISO

tga

195

200

PPOrF.'.R JFG; 74/4 flPT~t TRACE FIN4 t,,6..45

• i62)-"0.

C 1 44. 10.
Ci-5) .125
0 1 45=.175
CALL IlAHIFLt
CALL PLOlJ.,,t.,-31C2LL AXISIlQ.,0.-,12HSOPTIKGS|IC 1, 81,,,0;,~ ~ •5 1 .CaLL AXISIJi. 0.,I2HSORTIKFSIIC -1?,8.,0.,0.,.125,10.)

CALL LtIIf.IJFSII,.IGSII, IA,1,-t191
CALL L IN fJFS
CALL LIN IF I3, fC, ,- 1,3J
CALL LIIIIIJFS, 4 IGS44,10,O1.-t,41
CALL LIi| I-IFS555JGS55,9E,-,-5)
CALL LI ME IJFS66,JGS6,IrF,-_1,
CALL L tiE(.FS7 ,.GS77, E.IG t, _ 1, 7

CILL LI MEIt],L, 61, 1 -ld)
CLLL LTPLE(3.C, 43,91,-1, 11
CALL PLOT1 2.5.2I0,-31
CALL SYIIEOL 2, , ..6,•,1 f,,-1I
CALL SYHIOL 12.;1 5.9,.12, 2It15 IiOLIS, UP - 1O. HM,0.,2)
CALL SYlifOL 12. -. 6.,. 12,229,0. 0
CALL SVtIDOLI2. ,!t,6,.I?,•ZH 9 HOLrS. rt' 10.5 m4o...?72)
CALL SYIIPULQ . 36,.I ,3,0. -1)
CALL SYrIEOLm2.' 5.*,.•I.22H5L HOLES, CIH 10.5 1IIH,0.,2,#)
CALL SYIOOL 12. -.06-. .12',0.a -t1
CALL SYM VOL(Z. 5.5*0, .12, 2 It HOLE., CH 10.5 NH,0.,22)
CALL SYI 1OLI2.- .76.12,5.O -1)
CALL SYHPOLI2.5 4f,6.7: 2,,H.HOLMS. CH = t0.5 MR,al,.?71
CALL SY400L |2 X .46 , . 2 6 0. -11
CALL SYNIEOLi 12•'•.:.,.12,;2H4

6 
HOLES. r"I = 4.11 H,0.,221

CALL SYIiILIZ., .16,.12 0. 1-11
CALL SYiIBOL1Z,5,4:.1 2,b2.H. 2 HOLES, OVH = 28.6 111,0.,22)
CALL SYIIUOL 2. Q,3.86 0 12 8.0. * -1I
CALL SYHnOLfJ.5'. 4 • 11A OF NAITOHI,0.,#l.
CALL SYMBO 1- * , 20 2I. 1CALSYHOOL 259,3. 11t.12 1 tL3!DiA OF JnNESs0O.sI3)

CALL U4OPLt
STOP
EllU

I-
C

'-U SYflOLIC RF,-RIICE HAP IR=Il

ENTRY Pf)INTS
6211 JFGS

VAR IA1LES
71. ?5 at
74.5F ALF

76,60 CK
7500 C I

7 32 E

71.71 IE
7573 IG

7443 IF;
10172 IfS!
10502 -F1191Z ,IFS2

11322 JFS,
11532 JFS5

JFS/
IJ42 F3

SN TYPE
PEAL
REAL
Pf .A L
RIAL

PEtELFEAL
REAL
PEAL

I It f. LGERlEAL

IVtlIGER

INTIGER
IN IGER

PEAL
RE . L
P F. L
RE L

PE L
RE AL
P. E A L

ARRAYR LC~O

ARRAY

ARRAY
ARPAY
ARP LY
ARRAY
ARRAY
ARP A Y.
ARRAY

7516
752'.

7?161

4•015

7FC.

7 f)

750

76467440
7441

10336

1t156
11766

12306
12616

Ac
4L
4L s

Cs
CS
U4

13

IFr
IFS.¶
IFS! i

IrsSS5
IFSEO
.1rS?
If' s

PEAL
REAL
REAL

PtAL

rEAL
REAL
REAL

R EAL

I NT I G. R
11 j rLPER
1141 LGER

1141 EGER
RFAL
P I: AL

ILALý
I? L A L

L( A L

RE7 AL.

-UNDFARPAY

A PP A Y
AF PRAY
A ;,'PAY

APPAY

hfl.t d y

A PR A YA1. IP. A Y

A' PAYLI-7 .P.Y
F. I' FAy



F,
LOAOAý LO1AP - JFG4Por,LOAO HAP - JFG5 pa(,E ?

TTLOCK

SKFL .SSQ
SMLIH. I
I4Al. SO
WEOX . SO
Z.SO
/PLIPLL/

AX 153
(PLTPL M/

IIESPLT
NUHULR
PLTPKG
/PLT 93/
SYMBOL
CPUMSG
CPUSYS
ENCODE
GOTOER=
REIIARK
SINQOS=
SYSTEM
XTOI,
EXPMIG
SYS=A 0
fLWAoil

ADDIRESS

?557Z
?5643
Z56-3

26316
'6-26
26430
27503
277653005'
31024
.113:37
331032
3303'

34200

34374
34.110
34413
3450L
345Z7
3461Z
34630
31-637

LEKGTl FILE

51 SL-SYSJO
0 SL-SYS 0

303 SL-SYSIO
150 SL-SYSIO
110 SL-SYSIO

10Q3 SL-FT'.L['3
262 SL-FTILIrO

677il SL-FIh[io
.113 SL-FT4L10

1473 SL-FT-LI9
2

1134 SL-Fr'LI9I? S-SYSL4S-SY5LID
125 SL-FORriAN
t4 SL-FORIRAN
61 SL:FORIRAN

SL-FOR RAt4
26 SL-FORTRAN
63 St-FORTRAN
1. SL-FOR2RANSL-FORTRAN

13452fl)

VATE

01/10/73
01/14/.7
01/10/78
01/1 0/18
oI/1017A

I?/29/17

1 Z/29/76
12#/t9/76

12/29/V5
06/Il/70
06/11/75
1011/617
10/16/79
1o/16/78
0E/ I/74

10/16/17
10/16/78

10/16/78

PRnCSSR VER LEVEL OtAP. )wARE COi'H'tNTS

OPTr2OPT= 7

OPT=?
OPTý?

Fill '. .6 (-3 1'.If 6. 3
FIN ,6 4.3 6E.L'.

FIN 4.6 1433 646L
FIN 4,6 433 16564

FINl .. 6 *'33 f'.6ý.
COMPASS I.- .60COMFA;S 3.4 450

COIPfASS 3J. 460
COUMF3S 3.4 460
COHPA3S 34, 460
CO'IPaSS 3:4 '60
COMPASS 30s '60
COHPA3S .1,4 460
COMFASS 3.' 450
COMPASS 3.&. 460

tt

!
OPT-2
07/19/7:. SLNO MA,: ,-'.3TAG,
a6/l'7 735 PROC.SS 3Y;TM ! ()U.".St,FORIfAiTEý' NODTE 11111) CORt.,

COMOUTIEI GO TO -P!RPR Ir'OCESSfR.
IS-UE A MJSSAC.E TO IltF DAYFILE.

SRIGflNO C-TRIC 5I1l4- OP COSIN17 OF ). OPT=ALL.
USER CALLABLE ERROR FPOCESSOR.
REAL T9 [NTEr;EP ExPOI ITii 1 TI1.
CO1I4ON EiPR M'F.SSAG K FOP IXP'NEt,1IATIOt,
AUXILIARY O1ATH LIP94Y Lt1k FIOP tRPOPS.

00

.734. CP SECODOS

jr, ,1/s

0.000

6. 9'.8

9. 760

16. 731

'.775

6.'. 5

5.655

21.37Z

J.010

1.770

4 . OI -

F. '16

526000 CM STORAGE USED

JGS iF • IFS JFr5 c

0.000

0.000

1.05?

2.06t

1.534'

u . a00

1 . •.2

1.o07

1.*372

1.19'-

7. 1. '0

0.000

.6 H

7..'.

.533

.62?

.7'.'

.97'

0.000

.664

.537

.607

. 566

.803

0.000

.499

. 7.

.Cos

.127

S12t

.os?

.01,

I1 ?0

.1'.1

-12?

.I .0•-

2 I",

3. 720

.77:.

.55.

0. 000
.31')

1.161

.876

* 7L--
.?LT

317.

., ,T 1 .

I *.31

1. 11

,1i I

.991

.t56

.456

,38"•

.271

I 77

.,:4 -

,Il.

.999

t. 45F,

.558

1.037

1. 12

I.QS4

1. 0.7

I. v12

1.00:.

I * •!

77.-

7 TLILE MOVES



14-

(4

I1. 18 4.

P. 2",8

3. d15

4. 175

3.618

4 . 4-.2

5.326

6.30'.

7.002

8. d.69

9. 20s

IRV. 0?41

to0. 381'.

11.162

12.99

17.633

JG,ti/S

hole
2.9.59

4.011

0. 000

1.74.3

1.3-7

2 . '.L. 0

2.205

6.371

10, 3.8Z

8.353

1.175

, oo

2.117

.781

.81.8

2.193

1.311

2.72L

1.789

2.4117

2.893

2.358

JGS

.661

1.767

.368

I . 364.

.259

.357

.466

.4-95

.4.77

.501

.550

.598

.665

.693

.72?

.754

S71'?

.796

.855

1.*000

JGS5

.460

.919

.537

0.000

.354,

.311

.3 13t

.677

.0164

.775

.I.9

.170

.15'3

•17,4
1 ..9

I1E9

.158

.14t

.136

I CA3

0800

064.

.045

.033

. 023

0. 0 CO

,ir, HI s

aj m/s

I oi

0.*0 00

51

.207

13?

016

017

1. 1 54

1.15.

10 39J

.972

106 1

1.0312

.964.

.861

.833

.653

.392

.324.

.29 5i

.232

.138

0.O000

,IFS

662

0.000

.513

3.370

1 3 q

.838

. 838

0.i 3

h.O'J

.557

,~ r,+ ?

.5. 2V

.250)

.5'.t

.191

9.ro0

*4.73

'.20

.36.5

3..•

..28'

,250

JFS3

,475

.457

0.009

. I'1

1.071

.E56

.F 17

36

.1,1.

.t •7

i If,

1 . 0101

1.030

1 .i071

1 . •085

1.*05b

1.1)47

I]•01.9

S1.049

1.0.59
1.04,9

1.048

1.009

.935

.956

,9tq

J56

11071

1.010

V98

.133

.951

. O•. I

I'

... .. . Do --- .... . ... .• 189 "* -.. . ... l .'I 15

C

a . 0 40 41.. 0 of 0.010 .34.v A . t+,- ++ +. .



I1 (Ito .3",0 .34,0 -218 1.3.]3 L 0- 1: .

?. 631 .569 .440 .132 .81,3 .?5

2. t-45 .4,53 .333 .1 i .346 ,f6d .3"f0,O

1.00•. .635 .465 .106 .651 ... 71 . 436

I 3.611 .763 .510 .091 .571 .4•1. *)51

4.559 .963 .573 . 07t .4.33 .34 1 3•7

6.177 1.3, .667. .035 .21'. .-7a .937

6.734 1.122 .696 .030 .11e .241 .94t4

10.535 2. 22 .S71 0.000 0. 00) 0.000 .071

,JtH/S J65 JG6S JF,"iS IFs JFS5 C

0.000 0. 0 0 0.4000 .7.3' 4.489 1.316 1.316

3.0o0 .6 .9F .1•1 .92?5 .597 1.092

2.312 .488 .434 .191 1.170 .672 1.105

2.892 .611 .4,85 .1ý5 " .'1 " 606o, 1.091

3.785 .799 .555 . 1 5 .706b F?•2 1.077

1.1 8.668 1'. 835 .841 0.000 0.000 0.000 .04L1

0.000 0!.000 0.000 1.2C6 7.375 1.6035 1.6A6

5.170 1.092 .649 .074 .453 .418 1.067

2.9ZO .617 .488 .159 .965 .610 1.097

2.287 .483 .4.32 .191 1.170 .612 1.103

6.444 1.361 .724' .033 .216 .2A9 1.013

8.989 1..899 .856 0.000 0.ooo 0.000 .856

0.00. 0.000 0.000 .57. 3.502 1. 1.I. 2t?

.2.112 .488 .434 ,196 1.19- '.680 1.1fil

•2.904 . 6•t3 .486 .1i .92-6 .517 1.984

3.878 ,819 .562 09.? .561 .S5 1.02t

1 4. 754 1.004 .622 .0 CI363 .374 .•)316

17.063 2.448 .991 0.000 a. Doi. •.000 .391

J.30o0 ).306 0.000 ,21, 1. 1.7 .713 .739

.307 .0 8? .177 .232 1.417 .7 1 •1L,

1.021 .216' .2138 t20 1. . .711 1.027

.. 07IS.F'- .;' 1 .1.'1 .7 S .



A

.592

J"; 7"3d

2.3.10

3.225

Jr .'4/S

15A Moe.
0.000

.721

1.073

1. 313

1. 7'12

2.246

2. ,•88

2.962

4..o76

.565

,736

1.30'.

1.936

1. 325

t.711

2.213

z. 500

1.463

,}. 000

7.12

391

1..117

1. IM?

.802

.503

.681

.556

'.1.0

.512

JGS5JA

0.000

.120

.15?

.227

.284

.359

.47'.

.5'7

.626

.861

.|19

.275

.409

.280

.3161

.467

.528

.309

.;'30

0.00(0

.083

. 4, Oq

0.000

.215

.24.2

.296

.3.31

.372

.398

.428

.459

4.91

.576

.214.

.245

.326

.397

. 32i

.373

.425

.451

.345

.278

121

.1 34.

33

t01

.2 -1

.Ii7

.101

oe'.

.073

.041

2"ý5

.239

1 2A

102

* .002

. . 140

.100JF.1/S

.2 71

.2?7

• .?1

IFS

.739

.983

.8a1I

.IF 3, c

~r34

1?,

2.071

1.8 41

1.783

1.30.!

1.020

.763

.716

.616

.513

.449

.250

1.623

1.462

1.033

.609

t.000

.782

.62Z

.500

.814

1. 731

.r•81 ... ... .081

. e,94

.04?

.82)

.704

.62T

.5112

4.87

.481

.1.16

.311

.791

.751

.E31

.465

.621

.549

.491

.439

.F 76

.4-8

1.070

1. 894,

1.057

1.071

1.00'

.958

.915

,2-+

.915

.904

.907

.887

L.005

,996

.957

.882

.943

.922

.91.

.090

.921

.966

1.071

1d31,

I.4)1

JGS5 .Irs JFS5 c

0o.000

.2tul

o163

.337

1.57'1

i . '..o) 1

I .f~71

fl)

.iv I



- a I5J - ý IZ al0 --. b.17 50 .16 1

0. 010 0.000 O.o00 .3A? ?. 337 .97 9 7-

.1.75 1 :10 .20? .2.1 I. 5¶- 0 .7). 317

o.623 .132 .231 2.-5 1.-.,96 .781 L1.0 1

.7j•7 I.t 0 .255 .2,11 1.451 .77 1 1. a.2f.

1.277 .?70 .. 31 19.2 1.176 ,F.? 1.02.O

1.821 .385 .396 .143.) .876 .597 .491

1.9(i .9 t1 .41.0 10 .6.: . ,.'

2.F90 .51.7 .9.72 .091 .55 .77? .-3 49

3.007 .635 .509 .081 .5.3 .4.57 .966

o. 00O 00.000 .000 .E'7 3.)5i 1.76) !.?tA

.994 .210 .292 .218 1 1.3311 .738 1. 0.0

k..1,410 .298 .348 .192 1.176 ,292 1.040

31.479. .379 .393 .121, .7 E 9 .554 *.9

., 3311 .639 .534 ,OE .. 15 , ' A I 1415

3.615 .76a 558 .Osl .355 -380 .338

.. 378 .925 .614 .o00 .I Bt .271 .885

JGH/S JGS JGS5 JF,?H/S JFS JFS5 c

I~"40 kWle
0" 0. 000 0.000 0.000 .314, 2.124. .77) .773

1.550 .327 .306 .2C6 1.259 .6000 .106

2.102 .444 .356 182 o 1.114 .56i .921

2.116 .578 .407 1 Up -. 9's. .533 .• 40

1.553 .751 .,.63 .1311 .803 ., 79 • 34.2

2. c19 .532 .190 . 612 .99. .51.2.2

2.920 .617 .420 .155 .951 .521 .912

3. 790 .8)1 .4.79 .118 . 'h .1.1' .470

3. 31' .704 .1.9 .11.5 .885 .n,,1 .352

.216 .890 .505 .120 .73• 3.l.9 .'Th?

74*9 1 . 0 03 .16 . 107 .655 31 1

3.250 1.109 .563 .10w .63- )-?8 .1)1

,5.e71 1.24.0 5)6 ,O t .557 .. 9-3 ,

6.•t l,•t 1: . , ~I I . U (it



/. 112

I-.
I-

I.'.

S.

7.4q06

'1. 863

1.537

2 kole
0. 000

.353

.921

1.251

I * 085

1.7J5

2.311

Z.965

3.F92

4.873

0.000

.205

* 306

.4•60

. 757

1.069

t.504.

Z. 14.9

2.629

0.*000

9.79

, * ?1O

1.221

t.726
$.0*

1.670

1.873

3.083

.658

.691

.732

.939

.W 7'

JG, J.rpS5

9.000

a07'.

,126

.264

.2.

.360

*.•H

.626

.759

1.029

0.000

.043

.065

.017

.160

•3180.2:6

.756

.555

.788

0.*000

.203

.365

. i 0

0.000

201

.261

.325

.379

.353

.443

.515

.58U

.64.2

.745

0.000

.153

.187

.230

. 295

.350

.373

.497

.654

0.000

. .17 L,

JF HI/ S

.212

.212

202Z

.148

112

E63

.0311

•02.5'

.025

.?€.O

.243

,213

.162

.122

.17.'

.06'4

.030

168

.1 0

.0'* 3

.iI?

.186

.323

0. 001

JFS

1.293

I.299

1 . 2311

.90.

.686

.996

.662

. 39,:

22)

.156

1.593

1.528

I 1.465

1.34,0

.991

.71.

.5(48

1.082

.390

.64.

.18'.

1.0.26

.8..)

.578

t 7

. 33?

.304

,1F35

.81-3

8.64

.923

.701

.611

.7 36

.,63

.354

.291

.931

.91 ?

.854

,63

•767

a, 61'

414,

.70'

.1 1 )

C'

.339

1.04.2

t . 0 1,2

I .026

.990

1.089

1.051

.378
.978

I .03)9

.'3.3 V

1.065

1.086

1. 081

1.329

.983

1 .1~40

.357

.941.

.374

1 .319
..10

.7n f

.440 .35i 1.113



.J vu

'•~ JGe, tIS

2.362

,qf1 ..- l.

:1 8.404
6.844

9 .12 H

9.937

I11.60
3.235

3.554

4.9??

:1 . 6.066
'~-6 .. 7 12

0.000

I.81'2

4.055

5.6

a.4 1.?

* 9.506ii II.1-39

.IGFMIS

0.000

JFS5iGS JGS5 JF pti/S ,/FS C

0.000

.499

1.776

1 .44b

1.928

2.099

2.46Z

.603

.751

1.051

1.281

1.418

0.000

.343

.397

.515

.856

1.154

1.777

2.00a

2.416

0.000

.366

.691

,b23

.719

.151

.813

.428

.449

.531

.586

.617.

0.000

.304

.327

.372

.479

.557

.616

.691

o734

.805

.127

.127

.076

.110

.058

.0§8

.020

.181

.168

.143

.125

..,101.

.283

.233

.21,

.205

.152

.127

.113

.065

.050
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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 l(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. g(/S).

VLH jf(m/s).
EHG Wshf (KW).

EHL WfCp Tsat - Tf,in) (KW).

EHLO WfC (Tout - Tfin) (KW).

REH EHL/EHG

JGS H C2

JLS bH /c 2

TSC,TLC,TLOC,TLPC temperature of steam inlet, water inlet
water outlet, and two-phase mixture at 2
mm above the plate ( C).
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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

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

T K 0F

P kPa psi

v m3 /kg ft 3 /lbm

S kJ/kg.K Btu/lb °R

H kJ/kg Btu/lbm

d) Required Subroutines & Storage & Tapes None
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