- NUREG/CR-1808

Countercurrent Air/Water and
Steam/Water Flow above a
Perforated Plate

Prepared by C. Hsieh, S. G. Bankoff, R. S. Tankin, M. C. Yuen

Department of Chemical Engineering
Northwestern University

Prepared for
U.S. Nuclear Regulatory
Commission



NOTICE

This report was prepared as an account of work sponsored by
an agency of the United States Government. Neither the
United States Government nor any agency thereof, ar any of
their employees, makesany warranty, expressad or implied. or
assumes any legal liability or responsibility for any third
party’'s use, or the results of such use, of any information.
apparatus product or process disclosed in this report. or
represents that its use by suchlthird party would not infringe
privately owned rights, '

Available from

GPQ Sales Program
D1v151on of Technical Information and Document Control
U. S. Nuclear Regulatory Commission
Washington, D. C. 20555

Printed copy price: $5.50
and

National Technical Information Service
Springfield, Virginia 22161




NUREG/CR-1808
R1, R2, R4

Countercurrent Air/Water and
Steam/Water Flow above a
Perforated Plate

Manuscript Completed: October 1979
Date Published: November 1980

Prepared by
C. Hsieh, S. G. Bankoff, R. S. Tankin, M. C. Yuen

Department of Chemical Engineering
Northwestern University
Evanston, 1L 60201

Prepared for

Division of Reactor Safety Research
Office of Nuclear Regulatory Research
U.S. Nuclear Regulatory Commission
Washington, D.C. 20555

NRC FIN No. B6188






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 betweén 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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f liquid phase

L liquid phase

g gas or vapor phase
h hole _

i inside or interface
in inlet
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1. Introduction

The flooding phencmena 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 englneers in packed
tower design(3; 4). Flooding inside circular tubes, whlch 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 aiso»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- acc1dent(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
éurrently 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-dfiven fluid
motions -have been totaly eliminated, can lead to somé insight
into ‘the hydrodynamic aspecfs 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 platé, inlet steam mass flow réte, degree of
steam superheat, effect of soft volume, inlet Water mass flow
rate, degfee_of subcooling of the inlet water, position of water
injection, and liquid head above the perforated plate.



2. Air/Water Experiment

BasiCaliyL;the weepihg phenomenon, like any other counter-
current flow lihiting(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_wefe 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 importént: superficial gas velocity through the per-
forations jgh’ head of liquid pool above the perforated plate h
‘height of liquid inlet point above plate hin’ diameter of holes
D

L’

n’ 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.'Opérating with the
'air/Water system, Mayfield(9), Arnold(10), 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(1l2) 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:

ho = 4p,,/(&f) = Pi,/(es P;) (1)

p = ‘P12 f gigh o/t

3
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where C o' the orifice coefficient, is a function of perforation
ratio Ah/AT, ratio of plate thickness to hole ilameter tp/Dh, and
hole layout. Though this approach over51mpllf1ed 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 hp(Figure 3).
Essentially, based on a steadyastate'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 ¥ Pp * Pey : - (2)
where‘pel is the excess pressure required to overcome the resis-

tance to liquid flow through the holes. It is assumed here that
P1+ Pos and Pgjare all time independent variables.

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

4Py > 4Pp * Poy; (3)

Further defining

Apf = A_Pf + pr . ' (&)
4D15 = 4Py - 4&Dp (5)

where ZE} means the time average value of 4p., etc., equation (3)
can then be expressed as
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Ppy > AP35 + Poq - (6)

where Pry is the fluctuating component of Py Causes of this
fluctuation” are many. Shouid the liquid above the plate be sub-
cooled, condensation(l5) can cause the pressure fluctuation. Two
types of oscillation have also been observed when the system is
operating at pressures below atmospheric(l16). 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(l7) showed that Pey is a function of head of liquid pcol
hL only. This may explain why Leibson successfully correlated his
weep point data in a hi 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(2l), where
P,y is equal to de/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 1s less than 105 mm, perforatlon 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.
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McCann and Prince(23) initiated theoretical invéstigations

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 rié-
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. Instéad; the model suggested by Shoukry and
Kolar is closer to the real situation for a perforated plate(2h4).

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 positidn such that:

Ap = Ag * Ap *+ Ay | (7)

As the liquid flows down in the weeping area A, 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 séparatéd cylinder model with the assumption of a
constant mixing length in each cylinder, Wallis proved that, in
the absence of.viséous and surface tension effects, the flooding
equation in a vertical two-phase counter-current fiow system is

10
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of the form:

_J;‘?/('n’;l) + gy (1) oy - (8)

where J;'f‘= [fg;f/gw(ff - Pg)]l/z j (9)

g, f
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 lf and lg 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 *1/2 _ |
Tg + Jp =1 | (10)

This equation is empirically further modified to:
* . ¥* 2
J /2, m J /2 . ¢ (11)
g _ b
L4 . '
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:

J;l/z + T3H2 = 0.775 "  (12)

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, | |  (13)
w, = (D, - D;)/2 (14)
Wy = Dy | o - (15)
or w, = (D,° - D,%)/D, | (16

Though their experiments did not proVide enoughvinformation
to decide the appropriate dimension, the mean hydraulic diameter
calculated by equation (16) best brought their annulus data toge-
ther. Using w, as the characteristic length, their air/water
flooding data were correlated as:

#® * ’ '
V2L Y2 50 ' (17)
g : f

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

2 W,
z

(18)

I

Wy = (D - D;)/(D, *+ D)

Using this characteristic dimension, their data can be expressed

as .
*1/2 *1/2 _
Tg + Js = 0.80 - (19)

while using W s the same data can be correlated as
Y2 22 1 g e (20)
g by
Flpoding phenomena in annular geometries with gap size of

13



the annulus(wé) between 6.4 mm and 50.8 mm have been investigated
by Creare Incorporated and Battelle Coumbus Laboratories(31l, 32
33, 34). The data obtained can not be correlated by the use of
gap size w, as the charaeteristic 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(6é, 35), Battelle Columbus
~Laboratories(36) and Dartmouth College(37) in their: data correla-
tions. This characteristic length can be formulated as

(21)

wg ='1t(Di + Do)/2 = ™(D; + w,)

( 'D:.L ' i_fDi>>w2)
Rothe(35) gave a thorough review of the data obtained from

these laboratories. By using wg as the characteristic length,

all the data can bé 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 w, in the annuli studied, correlating

the data with Wg as the characteristic length essentially means

that the flooding condition is relatively independent of the gap

size. Further'investigation in larger annulus 1s necessary to

verify the proper characteristic 1 ength for equation (11).

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

= [d - : 22
w, = [4/(g(£e-£))] (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



.-

Lo E
K;l/z +m Kfl/z = c - . (23)

¥* .
. where K , the Kutateladze number, is ,

%

Kf’

_pl/2 . /b |

P e g, /T8 ¢ (PP )] (21)
Their experiments-shows that the breakdown of liquid film down-
flow( the zero liguid penetration point) can be expressed as

K, =32 | . (25)
Eésentially, K* can be fewritten in the following form:
k* = ;¥ p*/2 | (26)
where D* is a dimensionless characteristic length
D" = D la(f,-£,)/417/? | . (27)

D* is the square root éf,the Eotvos number, or equivalently one
half of the square root of the Bond number(38), and is a ratio

of buoyancy and surface tehsion 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 than 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 dlmen51onless flow rate scaling I is now under
development (40, 48). This I scaling is expressed as

15



#1/2 1/2 *1/2 _
Jg f (fg/Pf) s =

= [dk B(k, R_, Ri)/(guf-,ogm]l/u (28)

where B(k, Ry Ri) = [Il(kRo)Kl(kRi

) -K; (kR il(kRi)]/
[I, (kR IK (kR )-K, (kR

)
JI(R)T (29)

I, K are the modified Bessel functions, and k is a critical wave-
length. The characteristic length is suggested to be either w |
or Wg . However, one sees that in the limit as RO-—ao, Ri--ao, with
R,-R; fixed, B=~0, which does not agree with equation7(ll)(as it
should). In order to generalize equation (28), they suggested

that B(k, Ri,.RO) be replaced by D%, leading to

e R S I SIS A (30)
It is suggested that when ®=1, equation (30) is reduced to J*'
scaling, for ®=0, it goes to K*/scaling, and for 0 < & < 1, equa-
~tion (30) represents an intermediate 1 scaling. However, one
should notice that while all the terms in the left hand side of
equatidn (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 éffects and variations of liquid
film thickness, a momentum balance on the gas core of an annu-

lur two-phase flows yields:

(dp/dz) + P8+ 4T./DlE = 0 | (31)

16



where Ti is the interfacial shear stress, which may be related
to the interfacial friction factor f, as
2 . 2 '
= T o .
fi 2T /Png (32)
By considering the force balance for the entire cross-section of
the tube, one can have

(dp/dz) +Pg + (L-)(Pp-f, ) = 4T /D - (33)

- And the relation between the wall shear stress Tw and the wall
friction factor fw is given as

2 .2
= —a
£y = 25,1207/ Pels (34)
By combining equations (31) and (33), the gas and liquid
flow rate can be related as
2

%2 ,.5/2  __ %2 _
2fiJg /o + 2f Iz /(1-%)" = (1-4) (35)

Provided the friction factors fi and fw are known, the limit-
¥*
ing Jf and J* can be obtained as an envelope of curves generated

with (1-®) as a parameter. This ervelope will lie above the flood-
\ v e
ing curve given by equation (12) in the Jg vs J, plane.

Sun(49) suggested that in addition to equation (35), the
equation of continuity should also be considered:

* V2 x iy = U (P /eD(f /2 (36
(1/a)3, + (Pe/ Py Tp/(1-%) = U, (Pe/eD(Fe-P )" (36)

where Uor is the critical relative velocity between the phases.

The flooding limitation is, then, to find the intersection
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of equation (35). and equation (36), along with the proper expre-

ssions for f and f y at various values of the void fraction o .

The floodlng curve obtalned is a convex line.in the ng/z Vs Jfl/2

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

any particular channel geometry can easily be verified by the
#1/2 *1/2

- data distribution in a Jg T Vs Jf plane.

Tobin's steam/water flooding data on a 7x7 BWR fuel bundle
'sleaves(41) shows a straight line in the K;l/z Vs K;l/z plane,
which means the conventional flooding relation expressed as eg-
uation (12) or (23) is more suitable for this case. These data
are correlated as

*1/2

K ®#) /2
g

+ Ko/ = 1.79%2% - (37)

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

K;l/z ¥ K;l/2'= 2. 07+8% (38)

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

K;1/2 + Ket/2 = 2.0626% | | (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 reactqr(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

*1/2
Kg / +

n xp/2 = ¢ (40)
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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.'phenog;ena 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 expériment, 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 holé, 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 othervtest 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 tbtal hole area,tb cha-
nnel cross-section area , has been varied between 42.3% and 8.5%.

The 15 hole plate, with the perforation ratioc 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/b inch water supply line is
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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 l.5m lbng
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 diametéer 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 ad justed, 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 gaé-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 1072 3/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 2m /s

Air and/or steam will flow into the channel through two 1
inch nozzles built into the side wall of the channel. P01nt1ng
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 O. 2?3:
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 measuremehtvpro—
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 0.15to 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 rotameter. Opening the upstréam'globe
valve will increase both the rotameter reading and pressure gauge
ceading, 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 T1(Figure 6).-instailed 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 recdrded.

Two Validyne DP103 Extra Low Range Differential Pressure
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Transduberé were installed for pressure measuremént._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 éan 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
Wg(SCFM), and pressure gauge reading Pg(pSig); Superficial gas and
liquid velocity through the holes are calculated by:

F_ = exp(-0.05088459721+0. 02841336269 x 1n(P,) |
-0.05218174597 x In(Pp)%)  (41)

i h = Wg/(é0.0 X Fp X Ah), ft/s .‘ (42)

These equations are obtained from Fischer&Porter Catalog 10Al1022.
Superficial liquid velocity is calculated by equation (43):

jfh = wf/(Pf X Ah) R : | » (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 datal-Physicgl 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 procédure can be listed as follows:

1. Select a test perforated plate. Fix it into its positibn‘in
the channel. | : |

2. Fix the height of water inlet nozzle.

v3. Fix the water inlet flow rate at the pre-selected rotameter
reading. '

L. Measure the rate of weéping'by beam scale and stop watch thr-
ocugh the following steps:

L.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.

L.4 Take the average value obtained in step 4.2 to 4.3 as the

28



10.

11.

12.

rate of weeping. Without water overflowing, this value .
should be equal to the rotameter reading obtained in
step 3.

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

£

. Measure the rate of weeping at this air flow rate by following

steps 4.1 to 4.L4.

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

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

. 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.

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.

(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.

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

the plate, h

L,‘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 ihclude: height of liquid pool above the plate h., 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 descendihg 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 Kolir'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 iiquid.
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- Table 1.

15

5A

Lo

Holes

Holes

Holes

Holes

Holes

Holes
Holes

Data Matrix of Air/Water Experiment

hy (mm)

267
267
267
267
b5
LS
267
267
267
267
267
267
267
267
267
267
267
267
267
267
267

hin(mm)

305

5
305
305
305
100
305
305

5

305

5
305
305
305
305
305
305
305
305
305
305

31
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Wy (Ke/s)

.165
.165
243
A7l
248
75
.182
282
.318
.318
248
248
147
.118
.292
.099
.168
248
.273

»335
216

No. of
Data Point
6
18
6
5
11
10
12
10
6
6
6
9
11



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 bé4analyzed by the flooding equation in
“the form of equation (12) or equation (23).

3.2 Correlation for Coefficient m

1/2 against

. .As a first trial, the data were plotted-with’J;
Jfl/~ in Figure 9. The data of each plate can be fitted by a str- .
aight line which means the relation of '
J;lZZ +n J;l/z = C o (bh)
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 cofrelated tom = 1. Data obtained in BWR or PWR
tie plate geometries by Jones(8), Naitoh(hz) and Mohr(52) also
confirmed that m = 1.

The data of the 40 hole experiment can be correlated as.
J;l/z s 14 332 = 109 (45)

with the coefficient of-detérmination equal to

r = 0.9958 ' (46)

This higher value of m is possibly caused by the surface
tensibn 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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Nps = [D°(Pe-£)/61 <337 )
'For_hb hole plate, D, = 4.76 mm, and its Eotvdés number is
Npy = 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 dependénce of coefficient C on
the geometry of the perforated plate can not be prdperly 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 appliéable 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 ogder to correlate the data.
‘ _ *1 #1772 ,
The result is plotted as K 1/2 vs. K;l’“ 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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Figure 10. Data Correlation with Equation (23).
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*1/2  *1/2 . | |
Hg, + Hf = C _ v (49)

whers Hy = [P, g/gw8 PP, )Jl/2 1 ~(50)

wg = D, "V 0/e(p,-£,) 1972 D)

The value of a lies in the interval between zero and one.
when a is equal to zero, Wg is just equal to Dh and equation (49)
reduces to the form of equation (12) with 3 as the approprlate
scaling foim. For a equal to one, Wg = W, (= [d/g(f%—Fé)] |
and thus K scaling results. For a between zero and one, equation
(49) fepresents the H' scaling. Therefore, H scaling is essenti-
ally a smooth transitional scaling between 3" and K* scaling.

' The a is deflned as a hyperbolic tangential functlon of kD,
and perforation ratio A /A

a = tanh[(kD, )(4,/A;)] (52)

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

of « 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 ( = n1ch[g(ff—Pg)/3]l£2) only. The plot of C for each plate
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:

C=1.07 + 4.33 x 10°°L° (53)

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

Labels of Dy, D,k Ah/AT' o«
Plates
15 hole 10.5 3.2 423 0.884
9 hole 10.5 3.2 250 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

a = tanh( (D k) (A, /Aq)]
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r° = 0.93 ' . . (54)

The apblicable 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

3;?/2/0 * H;I/z/c =1  (55)
where‘C.= 1.07 + 4.33 x 107717 < 2.0 | (56)

Figure 13 shows the data plotted with H;I/Z/C vs. H;l/z/c..,
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 H;l Z/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(hLO'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 h; on the rate of liquid de-
livery in annular geometry has also been investigated in Ain/’
Water system at Dartmouth(37). As»reperted, the rete 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

1 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 h

L in the geometry studied.

3.6 Effect of Liquid Inlet Position and Soft Volume

The 1liquid 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 ligquid 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 lO'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 subcéoling,_the steam flow rate
at which the water above the plate starts to leak through the
perforatibns, 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(1l5). The thermodynamic ratio
RT('= Cf(Tsat' Tf)wf/hfgwg) is adopted 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 ma jor regions(

Figure 15). The region R, > 1, where complete condensation of the

T
vapor is possible, is further divided into three sub-regions,

but no detailed discussion was made for the performance characte-
< 1. '

ristics of region RT

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)
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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 bypasé(é). 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
as(6, 35):
* ' 1/2 ‘ 1/2
(Jge= TU(Tqy-Te)Co/Mp I(Pe/ )™ "0 50)
' + m J;é/z =C (57)

whére'f the condensation ratio, is correlated empirically as
a function of operatlng pressure P and dimensionless liquid
inlet flow rate Jf in®

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

3*

1/2 % _ '
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 1iquid(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 canﬁflow 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 £ = 1 in equafion,(58), this équation will
then reduced tQ'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, resﬁlting 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 erks

The operating condition at the weép point has been studied
by the investigators in Northwes+tern 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 1mportant observatlons have been obtained in thls
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(°54 and 356
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 o
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
dﬁmping. |

3. The effect of steam superheat ranging between 0 K and 145 K
can be correlated by taking intd account the sensible heat of
superheated steam in the thermal calculation and the changé
of steam density in the hydrodynamic calculation.
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4.3 Experimental Apparatus
4L.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. |

4L.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 1s 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 thérmocouple‘TlS
located at the overflow port. A overflow weir of 25 mm height
is installed in the port to guarantee the tip of T1l5 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 sevérél.valves, the dry steam is directed td the test channel
via a 1 inch brass pipe. The degree of steam superheat can be
controlled by a electrical heater. The steam flow raté_is con-
trolled by two 1 inch stainless steel globe valves installed
befbre_the.l inch air and/or steam entrance nozzles of the test
channel. V

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 atmoséheric for the whole range of steam flow rate. The
steam outlet temperaturé 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.

d

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 capaéity 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

10
1
12
13
14

15

Note: L

Position

70 cm upstream of water rotameters

50 mm up stream of 1 inch steam venture

Top plate of the test channel |

.177 mm above the perforated plate

152 mm above the perforated plate

127 mm above the perforated plate
102 mm above tie jaerforated plate
77 mm above‘theAperTorated plate
52 mm.above the perforated plate
27 mm above the perforated plate

2 mm above the perforated plate

Steam inlet nozzle

waer chamber of the channel
Lower chamber of the channel

Liquid overflow nozzle

: Liquid Vo 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 étmoSphere) if the tip of the thermocouple is wetted
by a water droplet.

The temperature of the vapor/liquid mixture above the per-
forated plate is measured by thermocouples T4 - T1ll. The tip of

'T11 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):

W, = 0.051 (V/Pg) 1bs/sec. (59)
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where V 1s 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/yg) lbs/sec. (60)

The physical properties of the steam( enthalpy, entropy.and
.specific volume) can be calculated by.the Subroutine PHISZ. 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:

R = 0.4118 + 0.03611 x W

: 2
1t 0.001042 x Wl (61)

If W, > 0.724, set W, = 0.724

1 1

We = (wl xR +_W2)/6O. lbs/sec. | (62)

where wl 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 ratié
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 dimensicnless 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 we=p

point determination, the repeatability of the experiment must be

constantly verified. A standard experimental proéedure designed

for this purpose is listed as follow:

1.

2 L)

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

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.

. 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.

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

. Check the function of all the thermocouples.

Turn off the steam.
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10.

11.

1z2.

Open the watef. 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 amd pressure, water flow rate
and all the relative thermocouples readings. The operating
pressure in the channel can also be measured at this point.

F@rther'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.

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.

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.

Repeat step 2 to 10 at different water inlet height.
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 phenomena above a perforated plate are quite
different in thewsteam/cold water system from those in the air/
water system. Since the éscending steam contacts the cold water
directly above the perforated plate, condensation-driven fluid
motions can play a'significant role in triggering water break-
through. This thermal effect may be governed by sevsral factors
including : water subcooling, steam superheat, and =zbove all, the
position of the water inlet spray nozzle, which determines the
mixing efficiency. ' |

In the current steam/water test métrix, 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 Spréy Above The Pool

During those experiments, the distance between the center-
lihe 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 mm. A liquid inlet height of 305 or 710 mm,
therefore, means the llquld 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 datd obtained at
five different temperatures. The effect of water subcooling,
as shown, can be correlated in this total enthalpy flux plect.
The steam enthalpy flux required to stop the weeping, starting
at a value df 4O KW, gradually approaches a maximum 1limit 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
ratio R,l,f”= 1.

Two types of weeping were observed during the experiment.
Continuous weeping(Figure 20) happened when the liquid enthalpy
flux is very low( Wpr(Tsat'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 efficienéy, 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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essentially covered the whole cross-section of the channel,
water from above had no means of bypassing down to the plate,
resulting in aipoor 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 PFPigure 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 continuocus 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 c¢ps.

5.1.2 Comparison between 15 Hole and 9 Hole Data

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

1. Thefmixing efficiency,of both experiments are equal to 0i24.

2. Both experiments show the same maximum required total steam
enthalpy flux at 71 KW.

Viéual observation confirmed that the two-phase mixtu;; zone
above the plate in 9 hole experiment still covered the whole cross-
section area of the channel ; therefore, cold water 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 1limit of the
degree of mixing, which can not be exceeded by further increasing
the water enthalpy flux. Since Figure 23 1s 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.

I+ is 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 éombiné_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

B = H - f[Cp(Tsat-Tf)/hfg](Ff/fg)l/zH; (63)

- &»ye g yin

B .
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 ,. *1/2 ,, _ '
Hg’e /C + He /C =1 (64)
At the weep point no water will fall through the holes;
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. 3
hence, H

¢ 18 equal to zero, and equation (64) is reduced to

*1/2 0 _ | | *
B, % /C =1 | o » (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 £ = 0.24 with
anupper 1imit of steam enthalpy flux of 71 KW.

Figure 25 is the dimenéionless steam and water inlet flow
rate plotted in the form of H*l/z/b.,lt shows the value of H;l/Z/C
is very close to one at 1owvwater-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: ‘

72



€

SORT(MGB)C

2.000

1.760

1.600

1-260

1.000

-760

-600

-260

0.000

1.600

T
T

7
} s 48

OH = 10.6 MM, HIN = 306 M4 A R
{ O 16 HOLE o Y
| A 9 HOLE .
. A
il
[ “ ‘
T o 8 o ghe ‘ﬁo@ 0%000000
°0Q° 0‘ QOQ op .
1 ° Og‘;g to %
}(& ° ] c& ®
4 &og °
] o ’ A
A
~i—
0N
1
0.000 125 260 .35 500 .86 760 876 1.000 1126 250 | 1.7 (
SORT(HLIN)Y/C '

Figure 25. Dimensionless Steam and Water Inlet Flow Rate at Weep Point,

15 Holes and 9 Holes Data, h.ln

305 mm.

e -



e

SORT (HG-F=LMxHLIN)/C

2.000

1.750

1.500

1.260

1.000

-750

500

250

0.000

5
D = 10.5 MM, HIN = 305 Md
1 o 15 HOLE '
A 9 HOLE
| | 8, ®g@uge” 8 o o 8 Bep®, 0 0a & ° y ’
[ Xu) : ] . (V] a
° B ace bu® "% 3 S8 AN & s
o A2 & D4 a8 a A a
: A a A A : A A A
A
I
0-000 s 250 .35 .500 . .62s 80 .75 1.000 1125 | 1.260 | 1.973 1.500
' SORT(HLIN)/C

Figure 26. Condensation Effect on Wee
Holes Data, hin = 305 mm.

p Point Correlation, 15 Holes and 9



Gl

WG.HFG, KW(X1D'" )

14-000 T

Dit = 10.5 MH. HIN= 305 M4 TIN= 12 C

£8.000

12.000 1 + 5 HOLE
X bR HOLE
¢ 3 HOLE
10.000 U] 39 HOLE
i
9.000
T‘ Af s 2.0 kw +
Woara > s
-
¢ L“Iy‘f‘, - 47.0 kw
o0.000 + + + + 4 t + t } + -+ + } # +———t f + + 4 § } + + { ot {
0-000 '2.000 4.000 8.000 8-000 10.000 12.0CH 14 .000 16.000‘ 19.000 £0.000 £2.000 24.000 26.000
WL.CP.: _AT-TIN). KHIX10 ")

Figure 27. Comparison of the Weep Poin® uata of 5 Holes,

3A Holes Experiment Result.

5A Holes, 3 Holes, and



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-sectibn
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
Weepihg 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;l/z vs. *1/2
Again, it shows at low water flow rate ‘the data agrees w1th the
air/water_correlatlon very well( Hgl/z/ 1).

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 alr/water weeping data correlatlon

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 differeat from that of a high liquid inlet po-
sition experiment. |

With the water inlet spray height képt at 5 mm, Figure 31
shoWs the 15 hole weep point data obtained at six different wa-
ter inlet temperatures. 'Compérinz with the data obtained at high
water spray experlment two distinct phenomena are shown by the
data point of 12 °Cc( 285 K) experlment

1.Inthe region R, > 1, the oscillatory weep point boundary is

T
close to the thermodynamic boundary RT = 1.
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Figure 32.
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Figure 32.
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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 weéeping re-
gion w1ll cause total water dumplng

_ 'Figure 32 shows some'pictures'taken at the oscillatdry
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 somé'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 liguid between the plate and
- the overflow port. Excepf 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 R, < 1 region( the hydrodynamic control

T
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region) where the weeping is continuous, the oscillatory -
weeping>will occur once the thermodynamic boundary is reached.
Aftef passing the RT = 1 line, the oscillatory weep 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 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 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

L 2

a, .= 0.5 Dﬁ =1.73x 107 o (66)
n = Q/AbAT = 96000/(15x1.73x10'”)(373-340)
= 1.12 x 10%/m? ¥ (67)
For 9 holé,

n = 7&000/(9x1ﬁ73x10‘4)(373-337) = .1.32 x 106W/m2 K (68)

For 5 hole,

g0



n = 52000 v\l/(5x1.73xlo°LL n°) (373-339) = 1.76xlo6 W/m2K1(69)‘

and for 3 hole

33000 W/(3x1.73x10™% m?)(373-333)

1.58 x 10° w/n® X (70)

o
1]

' 1.

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 areftctaly'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
between the data of hin =5 mm and hin = 305 mm.
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6. Conclusions and Suggestions

Based on the information collected in the present study,
the following conclusions can be made:

a. By intfoducing 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-
efent nﬁmbers and diameters of holes can be correlated by a
conventional flooding equation in the form of

*1/2 *1/2 _ : o - |
Hg /2, Hyp =C | (55)
where H = [ff g/gw(f ﬂg ]l/2 £,g (50).

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

'b. The liquid spray position, liquid inlet fiow 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 alr/
water experiment.

c. The steam/cold water weep point data which were obtained at
high 1iquid inlet spray position cah be related to equation
(55) by introducing an effective steam flow rate, Wthh 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 subéboling the weeping at the weep point is smooth
-and continuous;lAs the water flow rate or subcooling becomes

high, oscillatory or intermittent weeping was observed.

oL



. 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 condenséd 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 thisregionwill result in total
dumping. ‘

Several suggestions are made for further investigations:

*
The validity of H scaling, which is highly dependent on the
construction of the & function, should be checked over a larger
parameter range, and larger scale.

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

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(54A) hole data

4, 3(3A) hole data

5, 40 hole data

6, 2 hole data

WF : 1liquid mass flow rate, lbs/sec.
WG : air rotameter reading, SCFM.
PG : air rotameter pressure gauge reading, psig. )

_ DependingAthe selection of DH( characteristié length), the

program can calculate the dimensionless velocity in the form of
* ¥* ¥*

J , K, or H.

The output of the program includés:

JG, JF : superficial gas and liquid velocity through holes,
(m/s). o
JGS, JFS : dimensionless velocity, either J*, K*, or H.
' the data shown are 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.

104



ELGE

[

-
.
=5
-
.
-
-
fad
i~
"
-
~
&
c [V
%]
AL
[L0e} .
- . o
- - om
- - 0
Duy e O
[P ~
[ -3 e~ =N\
w VLY DE © L.}
- AT I e © -
- ™ > e e o
v e T~ e~ 0N »
. — e D M ©
L2 _— ey M e s -
- 2t Ol BN a
(-4 N N Ny SN »
P - -, e e £ SN e ~
S U O © e 3 =gl
i Ty e ¢ T e s
: S O e et 3
' " Y N e ~
: ce N D Mie -
' — e D e e <
H OO OV W sDe -
! —A NS D e N
' M- RO M oew u
-t Uy SN - - o
' Ureet?  Uremd o TP - .
N SNV NDO T Mt -}
" gui uwthoy °v o ] o~
' - eI TI= sk O & &) =
i o - Cl. @ & e - LS
' [ N SN 7R e R e o - .
. WINOC Ou o hewsin > [}
1 LW e A RTINS T » o = W™ e N
1 b A w DD & Yl * RN =
: QAT oei™. N o0 © oD o e e
— el INCE s e ey . el e
e - SV NN —— Lel * & wa QQ
_r.. = DOUINES™ O SIC ~” B e
o D ewe=™ anHNOD AN . e - - - e
i | QOO e o)+ o oo ) = - -t N
P NG e SN et e < < - -t e
- S e DN DTN et L IT ~ L e g et b b ot v ot @
! COHanNN= Ty & oD e\ e ~D D s DM I IND
P - eDDW I el N e oc » Lt N rm ot ot et ot
T e e (AN D Lt LI T s .
- D NDOLIOL. VLN e Da - - D S0 TnnDCoooDe
te QAT Sl TNDU T D D oc N el ws DM OO - ———
= T eea e rO0 b o a [yt ~oMR RN NN
AN vmam e\D me e i M s TemTC s 2ma=OTCOOOC
L Y P Y S TR TR Comm v SOOI AATVIVVLOLCOCEOY [ Se <« =1 =y =a Qe ae
1D o e EIALN D L Dine S BN Y DO R smadd L win (7173 (1% wv; wvita vn enr
D eI e tN™ e e O s 0 NO=ONeNAN T DacmamemaaBOu NMUDL NIACL MIAOL N0 VIVDu MADL
S wu T SO T 0 DmamlCL~IaD= =iV IO OL DT 0w IS Ou=T U™ CL9™ PL="™ CuL =™t
~ VL e O T VLt N e ) s SOODSNTLTU et e s e s SVNDDHDNTD BUEDINDHL NSV U DS PO IS S I b
S *DCIANNNG o @ e S DLW Ol N IN =T et YT OCCTC HamamO K e I HmaO N flamm ) | matD i H ol e o
HL T DL O MO T N (na e ) D NN D e VO UL LU U U o s el 5t s s bt bt P s s ot £ e e it o, o ot 0 T, e 6ot g . s Bt
: LTI e D Dt - * e U OONDNTUIT N s o v s s e - ~
H & = LIS T - L F LD T L QY ! IO =i OO i A O v o 4 3 0 e e ot o e AU o e s 9
. Cnlili e ORI IAD IO TE S H Ll X N e (O €F bttt 1 2t bt et Sk LN L0 AD D ADAD e e PP i o 33 o e et w0t e O3 N O 79 00 o 2
. C I T DO it bmie H O 1D o S N AN Nl | 1! (D e erarar e e (AAULE ANV AVHAG (GTALS  tAgAa s VILALAG tAALALA T
: LovssmemnluiNin S d g O9 QIR 1L D Wi b OO L w b TtV Ol b e b e b i Sl O OO CL COL L C e L Lk COLCL COL Ok D0 Bl
i o e O e M e e e e N G R e RO e e
_ v - o~ [\¥] - - e - -— - p— o=
L - ol » 0 - [ - ~N -
T - - -t - - Py -t ».
HE .
!
'
i
€
-3
i &
I
¢
| - L ~ w o N © n o 7Y o n =) 'S - "
H - - ~n [N ” ” E s n wn Y] < ~ ~
|
”
F p- N P & r T -~ & o T



ran=<

1130411

2

I~

I4

1N

nost

FIN L, BoLRQ

1 ece

Coet

7«)&

PROGREN JFGS

w.
4
[
~
z
-
e
-
n
(%
[+
-
-
LY ~
- ~
- -
wy L
e
-
-
“y v
oo
- -
-
W
-
-
< -~ _OI) T UnNOT.
JIN O Fefereha it
(el ol
e lchN ocoocoooT o=
s o A foe (P e e ..
(L1, G o ane
[L.2 o 1% [~lelolalole] -] uin min un RLY Y nen wan =~
ha 1T [LTLTCAR YR A1 nNe e oy evny LYY} (YY) - e
-~ oot . owtom . ewted o oo . Comted e eesem W W Ol
ol e - o, S o gty s o D . » [— 1~ B o0 = . k= I o 0 . N ] LA NN N _ )
[ IRl & STCREE T N1 Y JT Ve nnwuu n N LIS O [N 1 AL TR TR ] LI TN EON TR TN 1] Ll =al NIV o Vgl B Y
N =0y s 09 e v —— - - - — o s s - - LU N T WY\ ¥}
Moty IO -t L alad VY] OO ot IO ——nt OO L ahalatiaY et BI0Y NN NI RSN N
LT Gty TACIVEITS YRR LIR VT ) O . oo NS
N " e s e s s set e a4 O -y - o - e el (e we i Nersreew U eI 0 e
bV OLYEL Y ¢ & ittt - IOININE -y e & 313904 SNNMNINC S * DOV OC + PR EE ) Hetg ] e
=eZIT J O OV e I o Blalo DD L Dt ot s st P P Pt P (7 s e 3 £ o s 0,
W™t &7 £ e arwr f) I WAAAAIN N HAALIE 0N DNV LRI I B IALANLE | I ALY I AMALn TVYY &ETTJO
I DD kbl AN DU OO N CLO=ONO L CONMDAMIL CL O™ uItvOl U Ol N OO O N L O C Dyt e D e
TORCLL M bl LD S bt Sttt bt S fnd 3 T ) DL et bt D T (%t et ) S T D L et 058 ot Y Y D T L5 e e T O (5t S ] " W) Y Y0 et b ek Y Sy W L ML T L O
o =~
ot (14 - ~ ” E 4 0 i (-3 v =
LV ~ ~ ~ ~ ~ ~ =3 [ -
. - s -
-] wn < wh o m o 18] o LiaY =4 "0 o 0" (=4 ™
@ < o o (=4 = - Lo L o ~ hecd L < wn -y
- - -t - - - - - - - - -
' T N RN T e e TR TS T T T 7= T T TSR R =

1)

e

'



cank

11,2858

83717773

FIM G, €126
1
1

boA MH,0..22)
28.6 HMs0.,22)

A OF NATTOM,0.,10)

y= 1)

2

3
10.5 HM,0.,22)
10.5 HM,D. .22
10.5 HHe0.,22)
10,5 MM,0.,22)
10.5 HA 0. 4220

M

LES, W

-
W
[

.
(%]
-~

-
W
wt

CH
ES+. CH
ES. CH

CH

129849704 ¢0.
ESy CH

v=12¢Bov 00000y
C

= - ek wd ) e
- e g o e -l amDam O
OO T UNON T e T et T W e e eI

YA 0F JONES 0.4t D)

/
/
[}
[
A
v
[
.
.

(7 1% B N A B I | ool o oty » . I T - T=1-1=~
G »*e 0 o0 CIoToIoIeIOINT o o2
W N Gt Ot omp it Ot gt oot =y w0 el miy e &l VD IOV
——crer e U AIOIPIOU T VLN DO O\ oot ond
b oD O O hadls (Do e rr e s rensere allaly
L D1 et bt et bt bt D AT OSBRI AN BB IO IO U O o B 0
O e et e oo st o e s o ol vt ot e ad e S o Dot
NN FIN DN vomion & ¢ ¢ 0 ¢ ¢ 0 6 0 650 0 80009
TTNUMIUNWDN ! 1M e s vsestneeetendmde
-~V VIVIVY * = | OO OO OM DO DI Det© RN
M et SO SO (Domiant o o L ot o> oh 22 tod 0 0 o & ¢
R e e e e e T A AN AU AR E AR B facdecaat Lo
cersrrarerammeliol M MN 2T T AT e e e
PO NN P UNOND F olf. oth ol olh alf ol NAEINGN
-t M TUNMDN = o * 2 5 s s & 8 PSR st PE RPN
" S ANNIINNIAL LSO CIN TN NICINI T DIV BN DI AUy
oMLl Lk * & o
et A R A R R ic S A T T [ D S VO DU Py A DA 1O A O 0 v g B
NG N Nt e e eewe e 00000 D 000000 CO0000 M
NV N e Vs s b wi- O S OO M OO L S ODE0 00
sudet oot e AT Ot TZ T T T T ZICSITIITTIIISTETIIITIO
8 80 S Cq o I Do bt it bt ottt bt B [ 3 D D 3 3 3 D 3 D e P D B 9 I Jun e I TP
WU UG N0 AR wed el ad ol d od d B QN AN BV NN DDA L
o~ o o e e e
B FNIW e e o o cdend e b o o e e e d o e ok ek o e b d I
DD I TSl Al dd T DS Db e d o Dl i el ed d b d B SO D
—— e wrggddadddaddaNsNddaddddaddddqQqdaQl ddgadde T
CHIDLVDCOLVLLLLLLLLOLLLLOOLELOLVLLLLLOLLLLELNW

1 tRACE

apPt:

Tursh

PROGEAM JFGS

1F0
163
179
175
1a0
185
130
195
200

SYMNOULIC REFCRINGE MAP (R=1)

e > 3 3 3 3w >3
aada o Qduidaras
oawax & PN VTRV
Zxxasa X oo LLoo

-« Tuqavda

D I B B P P T O N B i et
RS I T A E A I p bt G QA D S T
waulwad JWw WS ZIT 2w pdwid el e )
O X X0 C DGy ooty bty X2 WOIADD

- T UV
@ VL3 UV

" NLDVIBIIVIL
Cdd VN INCG OTuleti bbbl
TR T EICIC) DD ot bt o bt S T T S g Sy B

WD IO T et WD et A (O N O Mt th ADNMD D WD O LN
A EDEOIRAD s UV S\ D= D T I T U D St 3
N O OIS T2 I3 I T T2 ITML =IO
e A e pC P e P P e © S om v ot DI
- - b ottt ot ot

z

c

-

L

<

[

c

-

w

-4 .
> > > 3 3 3m 3 3e 3O
- - < acuaasa
-4 o -4 [-S4g0- 544 4
-4 -4 -4 [+ 44 ¢g-4-4-%
< < « qadagadq

[(4-4- 1114

Lhiddta iy

[ LooCOC
Gt e e b o et 8 o IS 0 ) ) ) o
Dl €l ] R &I A ] T bt b e D 11X T QG T
P s SN I T T Z T Z T whd s i Wu sy
e O X0 KX et e (3 & X2 L0 G

z
)

=_OUM 2 LVD.

w NMANININA

N /N NS ) QA OO0 VL. ke birhas b b L b

WO O adDOODCW Dt mipme = = S S
-t

=

GCNNNR DD O CIFJINAM e et MDD N NN NN NIVE
= N e D SN MIAD DO AT TR Ot I IIN T
NI FINISFNUNNNI T I I T IT =NOMODTI
b o P P P P P e P B P B P e €3 £ o ot 0nd NIV
> =t 0t s w94 o

107



POGE

0I/15/77 11, 30,78,

CYNER LDADER 1.4-47¢

JFGS

L0AD Map

COYMENTS

PROCSSP VER LEVEL HAR)IWARE

NATE

LEANGTH FILE

ADNRESS

nLocK

=Lt
0k,

1A}
1
p

L
t
t

.
- . sl 3-8
0 WO «ZTT
1 Cal axShuw
D N DX
o VLT NrmwXx

1L s N
Ty 0Oa v = =

a ool Ow

L IO VOTW
VhiuObew i >
o b= -y L
TAD=D Oila
P~ XAy

AR D D W
D T T wllre

en U ey N
Tow wiwilon
[ERlod =14 wITT

LOmmaQuits =

ZSo WViewea v o™ £ = ~ w K 4 ] -~ ~ ~ — T . o
wXToNxE—-oT W o w e« -t - ~ w ~ ~ [y O (=) "~ [ E3
AL QUi Z & > o g L ] =] - w = L] = - ) , (=] =]
LY E > c - . . . . . . . . . . . . . .
NS T X z - e - -l - - - -t -
~emwalal oa
LN -4 & Y -4 w
[ VL VI V) TN LODOWT =) - (2]
oo W NI 0 SO ST - -
b e NN DT e T ~
aa oo L OODVNAWED -
cc cc OePULOm=DOR 0Od
K ~ -~ e " - o a = p. £ o« L] “ [
o w n o o™ o 'R ~ L < [ad [l ~ - -
o E 3 LB © uom E] < 3 - ~ - <
- . . . . . . . . . e . . - .
Hlg) [} ) . .
bt b - N
[
I E g -2 -
('SR V-] (=3
-3 T 3
W WD B9
o k4 . 4 L -] (=3 -t [~ @0 3 ~ (1. -~ - F
LS ~ 5 -l o O = N < - 2 ~. - -
~ 0~ ~ N "M o - N D N o e - -
e M MODDODOOOOD . . . . . . . . . . 3 ] . . .
e 15 D0 1D DD DD DD ~ o - nN e e
J3 I3 2 TITIITIII XTI m
O D Wi IyTTrrersy -
s s »» R EREERIE
CICT I S Riidactelclelelalcl g
NN N NN =3
ATAVHAAINA AN ul o ~ o~ - N e © LRI ) - £l o« .~
codaddaaaadg w <« o o » [T} o o o 3 [ u [ = o -— 'S
[- NS - NN.-U.N- NN - p] v w - - > [} [-) - [£] - - - '3 - e -
== 'ZZ SEITITITYTITT ~ . . . . . . . . . . . . . . .
—— ~o00DODODOC w r o .
[R VO 'l = LOOLDLLLOLLO [ -
- bhde
MONDOT D DO DD NDCEC W OTE o ber
L N N N O A N NN o
AMNNNN NN NN NN NN NSNS NSNS, L od
DADOC OO JTONUN DememDWOWOWD W OO "
euemtonen  DUR  sluent Dot o et o enesl o et el
MNMNAN NN NNN D ONNNNNNNN NSNS x i [ -y ~ & & [ x4 ~ ~ W » [ -— o
——— N NS VOUBDOODODDO o ©e © ™ N 3 ~ e & m o & =1 e o
DO wmev et ot D0 o o9 evomt oot ot ot ol [} (- n (Y] ~ o 2 V=3 w O 0" o - 3 3
c . . . . . . . . . . . . . 2 .
) =3 un s © © I~
LTLITZTZZZ o wn
o O OCoDdadadadaa It e
OODOE  mim et e XY QY o~ Y
MBIVIV, 33 433 Ik po
P S e N i at ot “1 = =] == =) =] =]
2 i 2 VI VO VY [ YO VU TR VR 7 | B { VBT TR VIR VU PO VI VIl VIR . ‘.
LI AL I N A | LRI T N I T T RN I O I ) L — T N O e = 4 e N 2 & a2 ~n (= - ~
el et et Dt Dt edad bbb ol < =] wn o ('] ” =] Ad ~ ~ o = o ~ (Y]
AN VIV, DY I [ © o ) =) n e W e » o - [ < ~
- . . . . . . . . . . . . . . .
-t DO AN DMMN TR F RO O MHDN . [ = - - o - > - - - Lol o e
RN Ot MDD N Mot YO OO (7] .
Prwtert 0y T - n =
- - - g -
. [
-
»m
o (-] o <2 -] o - =) [T tn wn M o o = e
NEMOOODDMINS IAN T DO Tt NON = (=) =3 = K O - = ~ - -~ v ~ - - -~
=3 33 = oI WU M) v O T stemi O Oy ot M) ) [ I 73 (4 (-] = o ~ ~ (-3 ™~ [-] - O - (=3 [1Y] v,
NDD i 3.3 NP DOME S adfUNIP 9 TN ND OO (3] ~ . . . . 3 - - . . . . » ‘e . .
VINUMD WD D O e O™ ™M .T T T T3 T 3335 u = = (-] " o m At = ~ n (Y] ptal - - - = g
DIATOUAIO DIAUAS O WD SR 12 W) 00 ) W) Sy ) ) 20 ) Py o7 [ - -  om
o
-8 - o
—
@ )
v -~
. Ld
N s s . e
o~ T o z ~ nu oo [LY=TN .
[T BN 1 =2 (e P DO IOVWENNT e
TV e A QJUNXOOVI>OWOL oI qe
- XV LOA - CTINDOC O s h
b SYOV =T NI ST SDO=TZNOL NI
NI G 00 Mudll 1D S0 >0 0 Z Cuws = 3m b= X >
MNTINNAINTZO0 NNOOWLENN Xwin=-
.
= .
S N i e e o€ 92 2 DTS 08 0 E B € g < [

108

leDih

L

1.077 .53 L1 0

Ge. 00

el fy

e S TR LY

1.242

(31

Ne



60T

PN

et TR T Rkt

1. 184
2.248
3. 825
+. 325

3.6458

11,024
10.380
t1.162
12.899
17.633

JGH/S
‘? kole

2.959
3,451
11.751
u.011
6.000
1.743
1,347
2ebll
2.208

h 371

TTe.000

«Z50
478
808
AL
.781
+8L8
BERLT
1.12%
1.3
1.648
1.7289
1.4
2.117
2.193
2.358
2.7246
3.724

JGS

<621
<729

2.042

.47

f.000
«368

o 2Rk

1.34F

2,192

1.764

a.any

TN T SRy T T TR IS
.259 «189 1.154
«357 . 183 1.15%
466 .170 1.039
«495 « 159 «972
«4S8 o174 1. 0€E1L
477 - 1£9 1.032
« 501 «1648 984
«550 «tud 861
598 . 136 ©.833
- 665 «103 .653
693 . 080 «490
722 «0E4 392
;%5# +UEY «324
«TR7 « 063 e 29%
«796 .033 232
«855 <023 .138

1.000 D.0CO 0.000
JGSS JEyH/S JFS
<460 -IQ? .662
«hyo + 100 +E1l
«919 0.000 0.000
537 » G684 «515
0.000 .5¢1 3.370
«354 207 1e2n3
311 287 1.380
«4L1Q . 137 .838
<338 o 1u? .838
677 «Bus 275
«A6L <016 .03
778 017 102
0.000 L 3VR tel 28

324
+295
282
«250
.191%
1.001

JFS3

75
k57

0.009

L3y
RPN
<30
1B
.187

sho

9
N
~t

. 316
S F AN
.33
1.006
392
1.004
1.010

1,030

1.049
1.0u9
1.045
1.0L8

1.009

» 935
+95h
«919
2356
1.071
1.9010
. 3498
2353
. 951
PELR
1.0-3

P LN



011

|

T T T 4

N = 2

Y

[k}

i

0.000

635

+488

« 611

«799

1.A35

1.092

617
«483
1.361
1.899
0.000

Y 1]

« 613

1816

1.004

<486

«562
»622
«991
"0.000

177

.288

4,489

«925
1.170
LT
.106

0.000

7.375

«453
«965
1.170
216
0,000
3.502
1.193
9256
. 561
+363
0,009
1,617
1aul?

taut?

€74

€25
63
W7t
LS §

« 395

1.316

C .97

72

€05

9.000
1.635
18
610
672
+2R9
0.000
1182

588

453

«374
7,000

733

1.316
1.032
1.195
1.091

1.077

1.043
«856

1.1062
1,114
1984
i.ozf
IEET
.391
.739
T
1.827

1.023



111

® 2 <~ 3 U A ow N D

PR N N
3 4 > M - 3 9. S B s o N = 3

12
-

70|

T s TIY06 .a09 "TTI592
n78 .802 .556 -121
2.330 .503 Y <161
3.225 .681 «512 134
6MsS NH Jnss JFLH/S
5A hole _ _
g.000 0.000 8.000 +339
AT .120 215 .
.7 21 152 242 $231
1.073 .227 .296 .213
1,303 .284 .33 167
1.702 .359 .372 123
1.945 S4i1 .398 o117
2.246 T4 428 . 101
2.€48 +5h7 <459 .08y
2.962 626 AT .73
4.076 861 576 IS
«565 «119 L2 < 2F5
.736 .136 245 .239
1.304 L2758 .326
1.936 «409 .397 «100
1.325 «250 .328 o 1én
1.711 361 .373 .128
2.213 LLB7 o425 .102
2.500 .528 L451 .082
1.463 <309 +345 S0
<946 .200 .278 .201
165.H/S JG3 JGSS JFH/S
3 hole
2.000 0.00¢ 0.000 1.122
732 o15e 251 2n
.391 .083 +183 .257
1. 317 .278 .337 L2279
1387 S0 ereud «lu?

«1€9 .

« 739
» 983
"e813

JFS

2.071
1.861
1.783

1.302

S 1.020

o763

.718

«610

«513
N
«250
1.623
1.462
1,033
+609
1.000
782
622
«500
. 859

L.231

[

FEER]

S U] Bt LT SRR

€Y+
AL2
«82)
.708
627
Eu2
520
LY 14
L]
k13
e 311
.791

'751

JE31

485

.21

2549

30

«433°

570

83

1.067
1.371
1.004
» 958
«915
+ 324
<915

+ 904

343
922
- 910
«890
921

966

[ Y AN
1.073

» 333
1.03°

1.917



(44!

1
|

¢ 3 v e w s o.ow

N - %

<

<623

o757

1.277

1.821
1.9°1
2.%30
3J.on?
0.0c0

« 994
t.ul0
T
Y. 311
5.615
L.378

. JGsM/S
40 hole
: 0,000

2.102
2.736

3.553

3.7930
3.3
w.216

wo, 749

——e gy

JGS

0.000
.10
+132
.160
2270
«385
612
o547
.635
0.000
.210
.298
.379
.69
s 76L

925

0.000
.327
LY}
578
751
«532
617
«891
.TDA
<890

1.003

t.109

1.240

6.000
202

.231

.396
L410
672
.509
0.000
.292

«3u8

393

.558
«614

J6SS

0.000
.306
«356
407

463

Y L. St Tl

T10F T T BT
.382 2.337
.253 1.5%0
.2u5 1,096
.23 1.459
.192 1.176
<163 .875
« 106 Hud
. 09t 559
. 084 «513
CEL7 3.953
.218 . 1.336
.192 1.176
124 .759
<€A .415
. 0S8 «355 °
«020 o181

JFyM/S JFS
% 24124
.206 1.259
+182 1.1
.1€2 994
Tan .808
.1€2 . 994
(155 +951
.138 LAtk
.1u§ .B83
«120 «733
107 .6E5
« 104 «63)
L0721 «557
.081 ey

<781
71

-F92

-380
w271

JFS5

1.42¢

773
06
«921

« 340

» 352

V62
R LY.
<38
RN

t.uur



cTT

R EEEE

ry

[

7.206
4. 863
14,537

JGoM/S
2 hole

0.000

« 353

2.149
2.629
3.730

0.000

7.1/2

1.519

1.670
1.A73
3.083

JG3

97.000
074
+ 126

«135

P4 88
«626
.759
1.029
n.000
043
065
037
‘.160
276
318
256

454

. 3685
Y]

AT

«658
«691
732
«939

JGSS

0.000
» 201
«261

« 325

379

«353
ALY ]
«515
« 584
HU2
748
0.000
153
.187
«230
. 295
» 350
416

373

g.000
332

«370

«G72

+0E}
.nes
0.000

JFyH/S

212
212
202
148
<112
163
1
. 0€4
« 047
<038
«025
«2€0
250
«243
<212

«1€2

<030

«168

« 386
«323
0.000

JFS

i.293
1.293
1.2348
«903
«686
« 9436
682
<394
. 280

«229

«156

1.593
1.528
1.463
1.340
« 991
T
«S5u8
1.082
«390
- 3606
. 18L

1.026

eBe )
«578

2T

U0

«353
- 332
304

H.000

NIE!
LT3%
C£09

W63

«35%
291
«931
«912
<899
854
o734
1639
e SLA
o757
U 60
S

- 31h

=4

707
NS

SR

RSN

. Py ]
L.0u2
1.0AR2
1.026

. 990
1.069
1.051

<378

«378

«39%
1.039

«I331
1.005
1.086
1.083
1.229

» 583

« 351
1.140

« 357

R EL

« 371

7u?
1.019
1. 956
t.00n€

PR

« )



HIL

3 s e N =f

e e e

YN e evnn u,v\)u 0.000 1. 0u0
JGa /S 133 JGS5 JESN/S JES JESS
15 hele
h“,‘ =qq;~~0.000 0-900 0.000 127 77 «457 457
2.362 .499 <366 127 1717 2497 8213
8.409 1.776 «691 . 076 Y13 <3513 1.043
6.H44 1.4490 «+623 _;l'lo <671 «h25 1.047
2.128 1.928 719 058 .357 .110 1.029
9.937 2.099 751 .048 293 .280 1,031
11.65%¢€ 2,462 813 .020 122 <181 994
3.23%° .683 .428 .181 1.105 .545 .973
3.554 L7591 449 168 . 1,030 4526 ... «975
6.977 1.051 «531 W143 .872 YTl ‘1.0;5
6.066 1.2861 +506 W125 163 .453 1.039
6.712 ... . 1.418 .eliﬂ”.“m.“”,xo;u“. e i018 <407 1,024
0.000 0.000 0.000 .283 1.734 .682 682
1.026 343 . 304 233 1. 426 619 .922
1.882 .397 27 .218 1.336 599 .926
2.437 515 372 .205 1.257 .581 .953
4.055 856 479 sz 9o .500 979
b.464 10154 557 . . .121. o174 456 1.012
6.0b06 1.412 «616 «113 « 633 «431 1.047
B4l 1.777 691 065 .395 .126 1.016
9,506 2,008 $734 <050 .306 .286 1.021
11.439 2.416 .805 .022 L1323 . 189 <994
JGyR/S J6S 3655 JFINIS JES JFSS




Appendix II. Computer Program List and the Steam/Water

Reduced Data.

The input of this program includes:

VTS
VPS
VWS
VI
VPG
WL
VIL
IP
RUN

VTLO
VTP
WL1
The

RUN
PER

WS, WL

VGH.
VLH
EHG
EHL.
 EHLO

REH

JGS
JLS-

steam venturi temperature reading(mv).

steam venturi pressﬁre reading(V).

steam venturi pressure drop reading(V).

steam temperature at the channel inlet(mV).

steam pressure at the channel inlet(V).

reading of water rotameter 1(1lbs/min).

water inlet temperature reading(mV).

perforated plate no. defined in Appendix I.

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.

water overflow téemperature(mV).

temperature reading 2 mm above the plate(mV).
reading of water rotameter 2(lbs/sec.).

output of the program includes:

run no.
perforation ratio.
steam and water mass flow rate(kg/s).
Ig (m/s).
Jf(m/S)

ro (KW).

wap Tsat - f in) (KW).
) (Kw).

W C (Tout - f in
EHL/EHG

Hg/C

f/C

TSC,TLC, TLOC, TLPC temperature of steam inlet, water inlet

water outlet, and twoaphase mixture at 2
mm above the plate ( “C).
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Subroutine PHISZ2

a) General Descriptibn: 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 - OF
P kPa psi
v o /kg £47/1b_
S kJ/kg.K Btw/1b_ °r
H kJ/ kg Btu/1lbm
d) Required Subroutines & Storage & Tapes : None
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