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ABSTRACT

Countercurrent flow limiting phenomenon above a perforated plate has been

studied in a steam/water environment. Water was injected as a vertical jet

and the injection height above the perforated plate was changed from 0 cm to

35.6 cm. The 15 hole perforated plate has a rectangular cross section with a

perforation ratio of 0.423. The weep-points and total dumping points have

been determined for low and high water injection heights above the perforated

plate and the results have been compared to those of the horizontal water

spray experiments. The data corresponding to high water injection heights

were similar to those of the horizontal water spray experiments. However a

different behavior was observed for the weep-point data with low water inlet

heights. The dumping point was little affected by the water inlet position

above the perforated plate. The dimensionless effective steam flow rate

defined for the experiments with horizontal water spray was used to correlate

the data corresponding to both the onset of weeping and the total dumping

points. The correlation was successful for the weep-point data with high

water injection heights. However the dimensionless parameter was redefined

for the weeping-point data with low water injection heights. Assuming that

the total dumping data corresponded to the point just before dumping occurred,

the dimensionless water delivery rate was found to be independent of the inlet

water flow rate. However it depended on the water inlet height above the

perforated plate. When an unheated block with a perforation ratio of 0.254

was placed below the plate to simulate a heating core, choking occurred at the

block instead of the plate. The block was then tested with a 9 hole plate

having the same perforation ratio as the block, and with horizontal water
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spray. The steam flow rates for weeping-point were found to be higher than

those obtained without the block. It is thought to be due to both the change

in steam velocity profile because of the presence of the block and the differ-

ence between the criteria used to determine the weep-point.
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NOMENCLATURE

A Area'

C Empirical constant defined in Eq. (14)

C Specific heat
P

D Characteristic dimension, diameter

D Bond number defined in Eq. (7)

f Condensation efficiency (slope of ' vs. f curve)
Sg P.

g Acceleration due to gravity

h Enthalpy

Enthalpy flux

h. Water inlet position above the perforated plate
1

.H Dimensionless flux defined in Eq. (11)

I Parameter defined in Eq. (27)

Volumetric flux (mass flow rate divided by density and open flow area

through the plate)

J Dimensionless flux defined in Eq. (2)

K Kutateladze number defined in Eq. (5)

K Turbulence constant

L Bond number as defined in Eq. (15)

m Empirical constant

n Number of holes in Eq. 15); geometric similarity parameter in Eq. (24)

RT Thermodynamic ratio

T Temperature

t Thickness of the perforated plate
p

w Characteristic dimension defined in Eq. (12)

W Mass flow rate

a Constant defined in Eq. (13)
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3VT Critical local subcooling
sc

p Density

a Surface tension

Subscripts

d Delivery

e Effective

f Liquid phase

fg Phase change

g Vapor phase

h Hole

i Evaluation at intersection point in Eq. (26)

in Inlet

Y. Liquid (water)

sat Saturation condition

t Total

v Superheated vapor
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1. Introduction

The flooding phenomena of countercurrent two phase flow have been

studied in various types of flow channels since the early 50's. The former

interest was in the performance of perforated plate in distillation towers or

packed-bed chemical reactors (1,2). Recently, -due to concern about *the

refilling and reflooding process in the event of a loss-of-coolant accident

(LOCA) in nuclear reactor safety analysis, flooding phenomena in annuli or

outside the fuel rod bundles have become of particular interest (3,4). In

case of a boiling water reactor (BWR), one of the emergency core cooling

systems (ECCS) is a core spray system which operates to sprinkle water over a

core to remove decay heat under the loss of coolant condition. When water is

sprayed, part of it evaporates in the fuel bundles and rises, causing a

countercurrent flow against the falling water. As a result, flooding occurs

either outside the fuel bundles or above the tie plates. Therefore,

understanding of the flooding phenomenon above perforated plates is part of an

important problem; namely, function of emergency core cooling systems in case

of loss of coolant accident in nuclear reactors. Recently, some work has been

done concerning restrictive effects of ascending air/steam on water flowing

downward through a perforated plate. A horizontal spray has been used to

inject'the water (5).

In this present work, water is injected as a vertical jet, and the

effects of the vertical water inertia on'the flooding phenomenon above a

perforated plate are studied in a steam environment. The results are then

compared with those of the horizontal spray experiments. Furthermore, the

r
core is simulated by an unheated block, in order to analyze the effects of

changes in flow pattern due to the presence of the block.
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It is observed that, if water injection (vertically) is close to the

perforated plate, the phenomenon is quite different than that with a hori-

zontal spray. A vertical water jet increases the condensation rate which

results in higher steam flow rates at onset of weeping. The influence of the

water inlet position is also observed in the non-dimensional analysis.

Furthermore, when a block is placed below the perforated plate, it changes the

flow pattern, and therefore affects the flooding phenomenon.

Throughout this study, the term weeping refers to the condition where the

ascending steam flow rate is high enough to prevent almost all~water from

flowing through the plate. The point where water just ceases to flow through

the plate is called the weeppoint. On the contrary, the condition where (the

steam flow rate is so low that) all the inlet water commences to flow through

the perforated plate is called "dumping".
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2. Technical Background

2.1. Analysis of Air/Water Experiments

Since the early stages of two-phase flow investigations, air/water exper-

iments were used to determine the important factors of the phenomenon. In

this way, condensation effects of steam are eliminated. Later, the results

can be corrected for condensation of steam. Mayfield (6), Arnold (7) and Zenz

(8) separately observed that the superficial gas velocity through the

holes, jh ' is an important factor in the weeping phenomenon, as well as the

water inlet position above the 'plate.

To correlate the data on weeping rate from perforated plates, many

investigators (9,10) adapted Wallis' (11) model or its modifications (12).

Based on the air/water data from round tubes, the equation is of the form:

j*2/ (n+l) + mJ 2/(n+l)=
g

where m and C are empirical constants, and J are defined as:
g,f

[pg /g D(p1f- ]/2 (2)Jg,f = ~,fJg,fI~DP-PJ

where p is density, j is the volumetric flux which is equal to the mass flow

rate divided by the density and the open flow area, g is gravitational accele-

ration and D is a characteristic dimension. Subscripts g and f refer to gas

and liquid phase respectively. The constant n in Eq. (1) depends on the

scaling of the mixing length, and is 3.5 or 2.5. Usually it is assigned the

intermediate value of 3. Then Eq. ,(l) becomes

*1/2 *1/2J* + mJf C (3)

g f
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Wallis suggested the use of the tube diameter as the characteristic

length. The choice of the characteristic length in Eq. (2) for applications

to parallel-plate, large-size tubes, annulus, and fuel bundle geometries is

uncertain (11,13,14,16).. Also, Eq. (1) does not depend on surface tension

effects, according to Wallis' suggestion. To correlate the BWR bundle CCFL

data, it is proposed (10) to use the characteristic length [lY/g(Pf- Pg)*i/

which has been successfully used in boiling and two phase flow (11,15). Thus

Eq. (3) becomes (16)

1/2 1/2
K mK = C (4)

where

Kg,f {Pg,f2g,f/[o g(Pf- g)] 1/2l/2 (5)

and a is surface tension. The characteristic length used in Eq. (4) is

similar to the horizontal wave length used in Taylor instability. In the case

of no downward liquid flow, i.e., Kf = 0, Pushkina and Sorokin (12) found

that K ,the Kutateladze number, was equal to 3.2.*g

Essentially, K can be expressed in terms of J

K= J D (6)

where

D =D[g(pf- Pg)/OI/ (7)
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which is sometimes called the Bond number. J scaling represents a balance

between inertial forces in the gas and hydrostatic forces. The Kutateladze

number expresses the balance between inertial forces in the gas, buoyancy

forces and surface tension forces. It is particularly appropriate when no

characteristic dimension of the apparatus is important (14). Wallis and

Makkenchery (14) found that J scaling was appropriate for the limited range

of D from 3 to 20, whereas K scaling was more appropriate for D larger than

30.

Looking back to Eq. (3) or Eq. (4), Wallis has established that the

coefficient m equals unity for turbulent flow. This has been confirmed by

data obtained in BWR or PWR tie plate geometries by Jones (9), Naitoh (17) and

Jacoby (18). Hence, Eqs. (3) and (4) take the form

* 1/2 * 1/2ýj9 + Jf =C (8)
gf

and

1/2 1/2
K K = C (9)

Since neither J scaling nor Kutateladze number covers the whole range

of D , an intermediate scaling is suggested (5).

*1/2 *1/2
H + Hf C (10)g

where

Hf,g = [pf,g/gw(pf- p(1jf,g)
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and

w = D(l-•)[o/g(pf- Pg)]a/2 (12)

The constant a is defined as a hyperbolic tangential function:

2Tr Dh
= tanh [ (Ah/At)] (13)

p

where Ah/At is the perforation ratio, Dh is the hole diameter and t is the
P

plate thickness. Thus the value of a changes between zero and one. For a
,

equal to one, H scaling is identical to K scaling. On the other hand,

for a equal to zero, Eq. (10) reduces to J scaling. When a takes values
*

between zero and one, H scaling results in a smooth transition between the

two models.

A correlation of the coefficient C in terms of the Bond number L , is

given by Hsieh (5) as:

C =1.07 + 4.33 x 10-3 L (14)

where

L*= nr Dh[g(Pf- Pg)/ ]I/2 (15)

It is noted that Eq. (10) is 'applicable for the range 30 < L < 200
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Thus, the weeping rate for perforated plate can be predicted by using the

equation

* 1/21C * 1/2 1H /+ H /= i (16)
g f

where C is given by Eq. (14).

2.2. Analysis of Steam/Water Experiments

The thermodynamic ratio, RT, defined as:.

RT = Cp (Tsat- Tf)Wf/hfgWg (17)

is adopted as the main parameter in characterizing the performance of conden-

sation driven two-phase flow systems. For direct contact condensation, the

line RT= 1 separates the universal flow regime into two-major regions.

Complete condensation is possible in the region RT > 1.

But recent experiments reveal that the thermodynamic boundary, RT= 1

line, does not predict the performance of the flow regime in annuli or per-

forated plate geometries. In addition to that, a hydrodynamic boundary which

can be expressed in the form of Eq. (16), is observed in the region RT < 1.

The flow regime, here, is analysed using the steam and water enthalpy

rates, fi and l£ respectively. They are defined as:
g

S=Whfg (18)
g gfg

= WfCp~rsat- rf) (19)
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where W and Wf are the steam and water mass flow rates, respectively; hfg is

the evaporation enthalpy of. steam; Cp specific heat; T saturation temper-
p sat

ature; and Tf water inlet temperature. The steam enthalpy rate was further

corrected for slight superheat temperatures, hfg was replaced by hvf= hv- hf

where hv is the steam enthalpy and hf is the saturated liquid enthalpy.

The non-dimensional scalings that are defined for air/water media can be

corrected for condensation effects. The J scaling defined in Eq. (3) can be

expressed as (3,19):

{J f[(sat- Tf)Cp/hfg](Pf/Pg f/2j 1in /2 * 1/2= C (20)

g ,c sat g f9 fi +.fl'd

where f is the condensation factor, and is obtained empirically. Jf,in and
,

Jfld are non-dimensional water inlet and delivery rates, respectively, and

J is the non-dimensional gas flow rate, as defined in Eq. (2).g,c

Similarly, the H scaling can be corrected for condensation effects by

defining the non-dimensional effective steam flow rate as:

Hg,e Hg - f[C(sat- Tf/hfg](pf/Pg)l f,in . (21)

where the mixing efficiency, f, is taken to be the slope of 9 vs. ri curve.g 2

Then, the flooding equation suggested for air/water experiments in Eq. (10)

becomes:

12/C + H 1 2 /C 1 (22)
g,e f
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At the weep point, where there is no water delivery through the holes,

Eq. (22) becomes:

*1/2
H. /C= (23)

g,e

where C is given in Eq. (14).

Eq. (23) is used to correlate the weep point data. The coefficient f is

calculated separately for each set of data, because it is observed that f is a

function of water inlet position. Furthermore, the effective steam flow

rate, H , is also used to interpret the dumping data. It was shown (5)
g,e

that, H successfully correlated steam/water data for high water inlet
g,e

position, and horizontal water spray configuration. But no correlation was

available for low injection points and/or vertical water jet configuration.

Currently, some work is being done at Northwestern University to analyze

the effect of a block below the perforated plate on the weeping phenomenon.

The block affects weeping by changing the steam flow pattern upstream of the

perforated plates. It may be desirable to use a heated block below the

perforated plate and thus determine the effect of heat transfer on weeping.

-9 -



3. Apparatus, Procedure and Visual Observations

3.1. Vertical Water Jet Experiments

3.1.1. Test Channel

The channel shown in Fig. 1 consists of a brass frame, the test plate and

the Lexan walls. The frame consists of side walls and the top and bottom

plates, and is made of 12.7 mm thick brass. The front and back sides of the

frames are covered with 3/4" thick Lexan plates in order to provide visual

observations. Each Lexan wall is made of three pieces and their connections

are reinforced by brass plates which help prevent the leakage and also prevent

the frame from bending.

The 15 hole plate that C. Hsieh (5) used for horizontal jet experiments,
0

was used for vertical jet experiments. It is made of brass and is similar to

the German KWU PWR fuel assembly lower tie plate geometry (Fig 2). The plate

has a perforation ratio of 0.423 and can be placed either 267 mm or 445 mm

below the water overflow port. Since it has been observed that this distance

does, not have much effect on the weeping phenomenon (5), the plate was kept at

267 mm.

3.1.2. Water and Steam Lines

Water from the building line goes through two rotameters placed in

parallel. The outputs of the rotameters are both connected to a 1/2" OD brass

tube with a flexible hose. The brass tube enters the test section through the

top. The water inlet position above the test plate can be adjusted by moving

the tube up and down. The water jet is always vertically downward.

Steam from the building line first passes through either a 1 1/4 or 2"

venturi, then through a heater. After that the steam line is divided into two

1" pipes which lead to the steam inlets placed on each side of the channel.

- 10 -



water -inlet

Lexan plates

89.2

steam outlet

steam outlE

water overflow

steam inlet-

Lexan plates

- test plat
steam inlet

water outlet

Fig. 1 The test channel (dimensions in nun)
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b. 9 hole plate

Fig. 2 The perforated plates.
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0
The steam inlet pipes are at 45 angle with the channel sides, pointing down-

ward, in order to minimize the entrance effects and to get a fairly uniform

flow in the neighborhood of the test plate.

Water trapped above the test plate flows out of the test section through

a 50 mm overflow port at the back of the channel. This water passes through a

pyrex tee that functions like a water steam separator. The water weeping from

the perforated plate is collected at the bottom of the channel and can be

taken out by the water outlet attached to the bottom of the channel. The

amount of steam that is not condensed in the channel can flow out either from

the water overflow port, which then is separated from the water at the pyrex

tee, or from the, steam outlet near the top of the channel. A schematic view

of the test channel is shown in Fig. 3, together with the steam and water

lines. The locations of thermocouples and pressure transducers are also shown

and their functions are listed in Table 1.

3.1.3. Instrumentation

The rotameters used in the water line are both scaled from 5 to 50 pounds

per minute, which, when calibrated, corresponds to .0407 kg/sec to .416 kg/sec

for one and .0264 kg/sec to .279 kg/sec for the other.

A differential pressure transducer is used to measure the pressure

difference in either 1 1/4 or 2" steam venturi. The absolute pressure and the

temperature at the venturi are also measured in order to determine the

properties of the steam. Then these data are used to calculate the steam flow

rate.
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water overflow67

rotameters

water

1 I,

heater venturi ..steam
I#

water outlet

Fig. 3 Schematic diagram of the test channel and steam and water lines.



TABLE 1

Functions of Various Thermocouples and Pressure Transducers

(Refer to Fig. 3)

Ti: Temperature of Steam at 1 1/4" or 2" Venturi

T2: Temperature of Steam at the Heater Inlet

T3: Steam Inlet Temperature

T4: Water Inlet Temperature

T5: Temperature at the Top of the Channel

T6: Temperature Above the Plate

T7: Temperature Below the Plate

T8,: Outlet Water Temperature

T9.: Temperature of Water accumulated at the Bottom of Channel

P : Absolute and Differential Pressures of Steam at Venturi

P1: Absolute Pressure of Steam at Heater Inlet.
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The thermocouple readings that are necessary for the calculations measure

water inlet, steam inlet, and water outlet temperatures. *The other readings

are also recorded, but they do not appear in primary calculations; they are

kept as a reference.

3.1.4. Experimental Procedure and Visual Observations

During the period of the experiments, the inlet water temperature varied

from 0 °to 12 °C. The pressure inside the channel was maintained about atmos-

pheric pressure, and the inlet steam was saturated. The position of water

inlet above the plate was changed from 0 cm to 35.6 cm; the jet was always

downward toward the shaded hole in Fig. 2a., such that, at least 90% of the

jet would pass through that hole. The one exception was the 0mm data, when

the water inlet tube was attached to the center hole.

In order to determine the weep point, first the desired water flow rate
K

is set, the water outlet at the bottom of the channel being open so that the

water level inside the channel can be controlled. Then the steam flow rate is

increased until the weep point is reached. In horizontal jet experiments the

weep point was defined as the condition where there is no water flow through

the perforated plate. But in the case of vertical water jet, this criterion

cannot be used, especially for water injections near the plate. Due to high

water inertia, the steam flow rate cannot prevent the jet from passing through

the plate. Hence, there is always some water flowing through the hole in the

plate which is then blown up in a neighboring hole in the perforated plate by

the steam flow. Due to this fact, the criterion used for horizontal jet

injection is not applicable to vertical jet injection. Instead, the weep

point was determined by monitoring the level of the water at the bottom of the

channel. Since the amount of steam condensed, due to contact with water at

- 16 -



the bottom of. the test section, is negligible (this water is at saturated

temperature), when a slight increase of the water level is observed, it is

assumed that the weep point is reached. The amount of water causing the level

to increase was always confined to a few percent of the inlet water flow

rate. In order to be consistent, the same criterion was used for high water

injection heights where there is no jet of water through the plate prior to

weeping.

No weeping experiments were also run by setting the steam first and then

adjusting the water flow rate. No major differences were observed in the

resulting data.

In the case of dumping data, first a partial delivery state is reached.

Then, either the water flow rate is increased or the steam flow rate is

decreased until all the water above the test plate comes down suddenly. For

some flow rates, the dumping phenomenon is not stable. That is, after dumping

occurs, water is blocked by the steam below the plate, then it is blown up

above the plate, and the process repeats itself. This sequence may

continue. However sometimes, usually after the first few dumpings, no further

blockage of water is observed' and the sequence ends. In this case water

flows down as a jet, and the steam flows up around it without any disturbance.

When the steam flow rate is slowly increased from zero while water is

flowing inside the channel, it has been observed that, first, the water jet

becomes unstable near the steam inlet. Then, a further increase of steam flow

rate results in breaking down of the jet. Some water droplets are formed near

the steam inlet region, but they are quickly blown up above the plate. Thus,

there is a sudden change from total delivery to partial delivery.

At the weep point, with water inlet at 0 or 50 mm above the perforated

plate, the jet passing through the test plate is turned up in a U pattern

- 17 -



switching from hole to hole around the-injection hole. When the water inlet

is at 203 or 356 mm above the perforated plate, there is no water jet flowing

through the plate, but from time to time, there are some water drops flowing

down. These drops are blownup by oncoming steam flow.

For low water flow rates, the pool above the plate is a fully turbulent

two phase flow (steam escapes from the water surface). As the equilibrium is

reached with higher water flow rates, total condensation occurs within the

pool. The two phase region becoming smaller with higher water flow rate. As

the flow rates are further increased, the whole pool above the plate becomes

unstable and starts to oscillate up and down, even penetrating the perforated

plate from time to time. For the highest water flow rates tested, total

condensation was confined to the neighborhood of the perforated plate.

3.2. Experiments with Unheated Block Below Perforated Plate

3.2.1. Test Channel

The channel design has been slightly changed (designed by C. L. Chen) for

the analysis of weeping phenomenon with a block below the perforated plate.

In this study, an unheated block has been used to analyze the effect of the

change in steam flow pattern due to the presence of the block.

Instead of the Lexan walls, pyrex glass has been used. Instead of the

water overflow port at the back of the channel, two 1" pipes have been

attached 12" above the test plate, on each side of the channel. The water

outlet at the bottom of the channel has been also moved to the sides, similar

to the overflow outlet. The steam inlets were moved 254 cm below its original

position, but still pointing downward at a 45 °angle.
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The unheated block, which is made of brass, is 15.24 cm long. This is

assumed to be sufficient length for the flow to be established. The hole

configuration of the block is shown in Fig. 4. The cross section was designed

such that the ratio of the flow area to the total cross section of the channel

is about the same as the perforation ratio of a 9 hole plate (Fig. 2b.).

3.2.2. Experimental Procedure-and Visual Observations

The 15 hole plate has been used with the vertical water jet to analyze

the effect of the block, placed either 1.9 cm or 5.7 cm below the plate.

Water inlet positions tested are 5 cm and 20.3 cm above the plate. The same

criterion as in the previous experiments was used to determine the weep point.

In order to prevent large oscillations at the start of the experiments,

it is.preferred to adjust first the steam flow rate. Then .the water flow rate

is adjusted until water drops start to reach the bottom of the channel. The

water jet passing through the plate breaks up on hitting the block. At high

water flow rates, choking occurs at the block, instead of the perforated

plate. It is also observed that the flow is much more unstable than without

the block. Even the water column at the bottom of the channel is disturbed

and carried away due to large oscillations. This description applies to the

vertical injection of water.

The 9 hole plate (Fig. 2b) with a perforation ratio of 0.254 and the

horizontal water injection tube of C. L. Hsieh (5) are used to study the

effect of the flow pattern due to the presence of the block. A horizontal jet

is more suitable for the analysis, because it does not involve inertial

effects. The results can be compared to those of Hsieh's. (5), which were also

obtained, with horizontal water injection and 9 hole plate, but without the

block. The weep point is determined by visual observations only. There were
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no water drops below the perforated plate. Since there is no vertical water

inertia, even for very low injection positions, it is possible to prevent

water from flowing down the plate. Two different water inlet positions,

namely 20.3 cm and 35.5 cm above the plate, have been tested with the block

5.7 cm. below the perforated plate. In this case, the flow is much smoother

than the vertical injection experiments. Furthermore the two-phase region is

observed to cover the-whole region between the plate and the water inlet, for

almost all flow rates. Due to the geometry of the perforated plate, water

accumulated near the walls of the channel, confining the two-phase region

above the perforated region of the plate and below the water inlet.
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4. Results and Discussion'

4.1. Vertical Water Injection Experiments

4.1.1. Effect of Water Inlet Position Above the Test Plate

Four different water inlet positions were tested with vertical water jet

and 15 hole plate; namely, 35.5, 20.3, 5.1, and 0 cm above the perforated

plate. Since water temperature was between 0 C and 12 C and the steam

temperature was approximately 1000 C, temperature effects were neglected and

the position of water inlet, hi, was assumed to be the only parameter. The

water injector was a l/2"OD copper tube used throughout this set of experi-

ments.

The weep point and the dumping point data for h. equal to 35.5 and 20.3
i

cm are plotted in Fig. 5. No significant difference is observed for the weep

point data. As for the dumping point data, the two curves differ slightly for

high water enthalpy flux. It has been visually observed that, for high water

flow rates, the region between the overflow port and the perforated plate is,

more or less, a clear water pool. This is especially true for the dumping

experiments where total condensation occurs, most of the time, at the plate.

Because of the function of the water pool as a buffer, the momentum of the

injected water cannot extend to the plate. This seems to be true for the weep

point data at these two injection heights and agrees with Naitoh's (17) find-

ings. But there must be another factor that causes a difference in the dump-

ing data for the two inlet positions. One expects that the jet would get

closer to the plate as the water inlet is lowered, and/or the flow rate is

increased. Thus, for h.= 30.3 cm., (the jet .being closer to the plate) more

cold water can reach the perforated plate, causing higher condensation rate..

Therefore, in order to compensate for greater condensation, more steam is

required. In the case of weeping data, the steam flow rate is high enough to
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keep the' pool temperature near the saturation point. Hence, the "effective

length" of the jet includes both the inertial and thermal effects of the water

jet.

Comparison of the 35.5 cm injection data with Hsieh's (5) 30.5 cm

horizontal spray data reveals that the vertical inertia of the jet has no

effect on the flooding data (Fig. 6). This indicates that the effective jet

length cannot extend to the plate for 35.5 cm and 20.3 cm weep-point experi-

ments.

A slight increase in slope of enthalpy flux curve was observed by Hsieh

(5) for horizontal water spray placed at .5 cm above the plate. But the

behavior of the curve is quite different for vertical water jet data with

h.= 5cm (Fig. 7) and below. Although the intercept is about the same as that1

of Fig. 5 for the weep point data, the slope is much higher in this case,

for A2 < 50 KW. On the other hand, for A1 > 50 KW, the curve has a less steep

slope. The higher value of the slope can be related to the visual observa-

tions. Now that the injection point is closer to the plate, the effective

length of the jet reaches the plate and furthermore, the vertical inertia of

the jet is so great that the ascending steam flow cannot prevent the jet from

passing through the hole of the perforated plate. Therefore, some part of the

steam is condensed before reaching the perforated plate, which necessitates

the use of higher steam flow rate for the same water flow rate. On the other

hand, because of the higher jet efficiency, more cold water is present just

above the plate. This means a higher condensation rate at the perforated

plate. Thus, the overall condensation efficiency is increased due to the

presence of both the jet below the perforated plate and the cold water above

the perforated plate. This is true until a saturated mixing condition is

achieved. Then, condensation rate having reached a maximum, the slope of the
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curve decreases, and further increase of water flow rate does not contribute

much to condensation, but instead it is carried away from the overflow port.

The change in slope of enthalpy flux curve was also observed for horizontal

spray data (5). But in that case, the second part of the curve had zero

slope. The small value of the slope in this, case is thought to be due to the

condensation of steam at the perforated plate. This can also be the cause of

the slight increase in the slope of dumping data. The scatter in the weep

point data is due to the unstable and oscillatory condition of the experi-

ments. A comparison of the horizontal spray data for h. = 10.1 cm with the1

vertical spray data for h. = 5.1 cm and h. 20.3 cm is shown in Fig. 8. The1 1

horizontal spray data are the same as 20.3 cm vertical spray data.

As an extreme case, the water injection was brought to the plate by

attaching the nozzle to the center hole of the plate. The results are shown

in Fig. 9 together with horizontal spray data corresponding to a water inlet

position 0.5 cm above the plate. The respective intercepts of the weeping and

dumping curves are again unchanged, with respect to the previous data. The

slope of the dumping curve is slightly higher than the corresponding curve for

5.1 cm injection. Furthermore, it coincides more or less with the weep-point

data for horizontal spray. It can be thought that changing from horizontal

spray to vertical spray very close to the plate would switch the flooding

condition from weep-point to dumping. On the other hand, observation of the

weep-point data reveals that the curve starts with a slope equal to one. This

means that maximum condensation efficiency is reached in that particular

region. Later, the slope decreases, but for f around 60KW and for much

higher steam enthalpy flux, j . This is also an expected result, since theg

full length of the vertical spray is now exposed to the oncoming steam below

the plate. Therefore, most of the condensation occurs below the plate. It is
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also noted that, the slope'of the curve at high water enthalpy rates is the

same as for the corresponding part of the 5.1 cm data. This implies that,

after maximum mixing efficiency is reached, the flooding phenomenon is similar

in each case.

An interesting observation is that the condensation rate is almost the

same for the first two sets of data, namely 35.5 cm and 20 cm injection height

data, and also for the parts of the last two sets of data (0 cm and 5 cm)

after the deflectionpoint. Since in both low injection height cases there is

some water jet below the plate, the high condensation rate is expected. The

deflection point is thought to be the point where maximum condensation rate

for that portion of the spray below the plate has been reached. Beyond the

deflection point, no more condensation is possible below the perforated plate,

but there is some above the plate. This seems to be a physical explanation

for the similar slopes in that region.

To observe the transition from the weep-point to dumping, some experi-

ments were done with partial delivery for a fixed water flow rate and inject-

ion height point (.038 kg/sec and 20.3 cm see Fig. 10),. *For low water flow

rate it was possible to get 90% delivery. However, it was not possible to

obtain a similar curve for high flow rate conditions because at about 20%

delivery, total dumping occurred. This discontinuity was also observed by

Naitoh et al. (17), for flooding experiments above the upper tie plate of BWR

fuel bundles. According to their observation, once subcooled water passes

through the plate, it causes a decrease in the flow rate of ascending steam,

which, in turn, causes more water to weep. This trend contiues until the

dumping occurs. This is, of course, valid for high injection positions, where

the jet cannot extend to the plate.
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4.1.2. Further Investigations

A common behavior of all vertical injection data is that the dumping and

the weep-point curves tend to intersect at high water enthalpy fluxes. From

the experiments it has been observed that for the highest water flow rates

tested, the flooding condition could switch from no weeping to dumping.

Practically no partial delivery was observed. Instead, after total dumping

occurred, the condition switched back to no-weeping for some tests. This is

thought to be the point of intersection of the two curves, where the flow

becomes unstable and switches back and forth between the two extreme condi-

tions.

After the point where total condensation occurred inside the pool, an

increase in water flow rate resulted in the decrease of average pool tempera-

ture. Actually, the temperature of the water just above the plate remained

almost saturated until a critical range of water flow rate (near the inter-

section point mentioned above) was reached. As the decrease in the two-phase

region inside the pool would imply, increasing water flow rate would move a

"cold front" towards the plate. When this cold front reached the plate (i.e.,
L

when the total condensation occurred just above the plate) the phenomena

became unstable (i.e., the intersection point was close).

In order to understand the total collapse of the water pool from no

weeping condition at the highest flow rates tested, the critical degree of

local subcooling was estimated based on the formula given by Merilo et al.

(20). According to their study based on the results of Cumo et al. (21), the

critical subcooling, AT , where the nearly cylindrical vapor jet becomes
sc

unstable is given as:

- 32 -



0.1I
AT = ghfg (24)sc*

Pf CnK

This equation is valid for x/d > 0.3, where x is the axial distance, d is the

vapor jet diameter and n is equal to -1/2. In deriving Eq. (24) d was taken

to be in the order of 0.9D, D being the orifice (hole in this case) diameter.

The single phase value of the turbulence constant K is 0.02. But Merilo et

al. (20) observed that, based on their data, this value should be more nearly

0.002. When K is taken to be 0.002, AT is found to be approximatelysc

30 0 C. In this study, it has been very difficult to accurately. determine the

temperature above the plate because the thermocouple was alternately exposed

,to both steam and water. However for low water injection heights, most of the

inlet water is exposed to steam; the outlet water temperature is assumed to be

pool temperature (measurements of the temperature above the plate for moderate

flow rates confirmed this assumption). The temperatures were found to be

between 67°C and 85°€ for water flow rates ranging from 27.9 kg/min to 15.9

kg/min respectively (this being the highest range tested). Total collapse of

the water pool above the plate occurred for thehighest water flow rates,

i.e., lowest temperatures. This can be attributed to the critical

subcooling. The water temperature above the plate having reached some

critical value, a sudden collapse of the steam might cause total dumping.

However this investigation could be improved by taking more accurate

measurements of the water temperature above the plate.

Looking at the other extreme, the lowest flow rates, the water jet was

observed to break down at some point when the steam flow rate was increased

from zero. A rough estimate of the wave length of interfacial instability

(22) was made and was found to be in the same order of magnitude as the jet

diameter, for the actual steam flow rates obtained from the experiments.
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Furthermore, when the water droplets are approximated by solid spheres, an

order of magnitude analysis reveals that the maximum size of the water

droplets that can be carried by oncoming steam flow is the same as the jet

diameter. Therefore the breakdown of the jet is expected, at least for small

water flow rates.

4.1.3 Dimensionless Analysis

The weep point data were correlated by using Eq. (23) which is

H* 1 12 1C 1 (23)

g,e

and C is calculated by

C = 1.07 + 4.33 x 10-3 L (14)

where

L nn Dh[g(Pf- pg1/]I/ 2  (15)

For'this case L equal. to 197.7. Since Eq. (23) is valid for

30 < L < 200 ,it can be used to correlate the data. Then the constant C is

equal to 1.927. The dimensionless effective steam flow rate was defined as:

H = H - f[C (Ts- Tf)/hfgl(Pf/Pg)1/2 H* (21)
g,,e g p S' f f fH9f~in
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where

H,f = [Pg f/gw(Pf pg)]/"g,f (11)

and

= D•-a) [,/g(pf- pg)]/ (12)

The value of the constant a, for 15 hole plate, is 0.884, and the

volumetric flux, j is given by

jgf = Wgf/pgfAh (25)

where Ah is the total area of the holes.

In Eq. (21), everything is known except the condensation efficiency f,

which is empirically obtained from enthalpy flux curves. For 35.6 cm and 20.3

cm injection height data, the curves are simple and the slopes are found to be

0.25 and 0.27 respectively. Using this result, the dimensionless effective

1 1/2.
steam flow rate, H are calculated and the values of H CG corresponding to

g,e ge

the weep-point data of these inlet positions are plotted in Fig. hla. Accord-

ing to Eq. (23), the result is expected to be constant and equal to one. But
* 1/2/

the constant line is observed to be slightly lower than H 1 C = 1 line,
g,e

for both sets of data. This difference is thought to be due to the criterion

to determine the weep-point, where actually a small amount of water is allowed

to weep through the perforated plate. Even though the weeping rate of water

was kept within as few percent of the inlet water
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flow rate, referring to Fig. 10, the change in steam flow rate can be somewhat

significant. Therefore, it can be expected to yield a'low value for H
g,e

The calcultion of the condensation efficiency, f, for high injection

height data was rather simple. However, for low injection height data, the

slopes of the curves for the weep-point data are not constant. Hence, each

curve is approximated by two straight lines with different slopes, fland f 2 "

Therefore, the dimensionless effective steam flow rate is corrected to

correlate these data. For the first part of the curves, with slope fl' the

original equation is still applicable. For the second part of the curves,

with sl-pe f 2 ' the following equation is used:

H =11 - f (I Hf in~i fm![Hf,in -(Hf ,in)i] (26)
g,e g 1

where.

I.= [Cp (Tsat - tf)/hfg](Pf/Pg)l/2 (27)

and the parameters with subscripts i are evaluated at the intersection point

of the two straight lines with slopes f and f 2 The other terms are

evaluated at the point of interest. The term fl( f inI) is the correction

for the amount of steam condensed up to the intersection point and the

term f2[l(Hfn- (Hf is the correction for the amount of steam condensed

from the intersection point up to the point of interest. The point of inter-

section is empirically determined. The results are shown in Fig. lla. The

data, especially for 5.1 cm injection height is scattered because of the

unstable behavior of the experiments for low injection heights. But, in

general, the same behavior as for the high injection height data is observed.
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The effective steam flow rate was also calculated for total dumping

data. Since all the, dumping curves are straight lines, the original defini-
, *1i/2/

tion of H is used and the values of H * C are plotted in Figs. 12a and
g,e g,e

12b. 'The data for each injection point can be approximated as constant; but

in this case, the value of *the constant is much lower than the weep-point data

(Figs. lla and llb).

If the dumping data are thought to correspond to the condition just

before total dumping occurs, Eq. (16) can be applied to these data:

*1I/2/ *d

H /2 + H /C = (16)g,e f,d

* 1/2/
But H 1 C is approximately equal to a constant (0.7 for 35.6 cm injectiong,e

height data (Fig. 12a)). This implies that the dimensionless water delivery
rate, Hg d is also constant. That is, the amount of water delivery just

before dumping occurs is independent of the inlet water flow rate.
* 1/2

It is also observed that the value of H /C decreases as the water
g,e

inlet is lowered. Therefore, the water inlet position does affect the amount

of water delivered through the perforated plate at dumping point. The lower

the water injection height, the higher the water delivery rate. If the water

delivery rate could have been accurately measured, the compatibility of Eq.

(16) for the dumping data could have been determined.

4.2 Effects of Unheated Block Below Perforated Plate

The effects of the block have been tested with 15 hole plate (Fig. 2a)

and vertical water spray. Data were taken for two different positions of the

block; namely, 1.9 cm and 5.7 cm below the test plate. The open flow area of

the block corresponds to a 9 hole perforated plate. Two different water inlet
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positions; namely, 20.3 cm and 5.1 cm above the perforated plates, were

examined which corresponded to high and low injection height cases. The

results for the 20.3 cm injection height data, together with the data obtained

without the block, are shown in Fig. 13. It is observed that the position of

the block does not make any difference. But its presence has an effect. The

steam flow rate is lower in this case, but the slope is higher. At 20.3 cm

injection height there is no water jet below the perforated plate. The

weeping water is trapped by the block. Since it has an open flow area which

is less than that of the perforated plate (9 hole compared to 15 hole) the

volumetric flux, jgh' through the block is higher than that through the

plate. Therefore, the water that weeps from the plate is prevented by the

block from reaching the bottom of the channel, which was the criterion to

determine the weep-point.

In the case of 5.1 cm water injection height it is observed that the

position of the block has an effect on the weep-point (Fig. 14). The lowest

steam enthalpy fluxes are obtained for the position of the block at 5.7 cm and

the highests are obtained for the data without the block. The water jet did

not reach the block when the block was 5.7 cm below the perforated plate.

Steam condensation occurs between the block and the perforated plate. For

this situation, the weeping phenomenon occurs mostly between the block and the

perforated plate. These data are similar to low injection height, horizontal

spray data with a 9 hole perforated plate. However, when the block is placed

at 1.9 cm below the perforated plate, the water spray strikes the block and

the water appears to spread in the small volume between the block and the

perforated plate. This increases the mixing efficiency; therefore causing

more condensation, which results in higher steam flow rates.
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As a final test, the 9 hole plate (Fig. 2b) and the horizontal spray

injector have been. used with the block being fixed at 5.7 cm below the test

plate. The injector has been placed at 20.3 cm and 35.5 cm heights above the

perforated plate and the results have been compared to C. L. Hsieh's data (5)

taken with the same plate and injector, but without the block (Fig. 15). As

expected, the position of the injector .at these large heights, does not have

any effect on weeping phenomenon with the block. However, they both are

similar in magnitudes to Hsieh's low injection height data, but similar slopes

to Hsieh's high height injection data. The cause might be two-fold.

First, a major cause is thought to be due to the different criteria used

for determining the weep-point. A more careful examination is worthwhile to

understand the two criteria. In the case of Hsieh's high injection height

data (Fig. 15, h. = 30.5 cm) which was obtained with horizontal water sprayin

and without the block, the temperature of the water just above the plate was

essentially saturated. Therefore it can be assumed that there is practically

no condensation at or near the holes of the plate. Hence, those data corre-

spond to the lowest steam enthalpy fluxes. On the other hand, the perforation

ratio of the 9 hole plate being 0.254, the steam-velocity through the holes is

almost 4 times larger than the steam velocity below the plate. Therefore once

water weeps through the perforated plate it implies that steam flow through

the holes is not high enough to suspend the water droplets. Once the droplets

pass through the holes, the steam velocity below the plate being muchilower,

the droplets continue to fall (this is the downward delivery point). However,

when the water inlet height is lowered (Fig.15 h.= i10.1 cm) the temperature1

just above the plate is subcooled. Therefore, condensation occurs at or near

the holes. The condensation of steam in the holes entrains water through the

holes. Hence, weeping occurs due to the condensation. The water droplets
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that penetrate below the perforated plate are turned around and blown back,

because the steam flow rate is sufficiently high (this is the turn-around

point). Weeping from the perforated plate is due to condensation, but the

water droplets cannot reach the bottom of the channel. Thus, for high

injection heights above the plate, the water pool is saturated, downwards

delivery and the turn-around points are the same. However for low injection

heights, when the steam flow rate is increased from a partial delivery state,

the downwards delivery point is reached. Further increase of the steam flow

rate and the turn-around point is reached.

In Fig. 15, it is seen that the magnitude of steam enthalpy flux for-high

injection height data with the block is the same as for the low injection

height data without the block. Although the injection height was high and the

pool temperature was near saturation, the turn-around phenomenon has been

observed in the experiments with the block. It is believed the existence of

this phenomenon in the case of no condensation near the perforated plate is

due to the presence of the block. The steam velocity profile below the

perforated plate is determined by the block. Some holes in the perforation

plate are subject to velocities low enough to permit weeping. However, the

droplets encounter the high steam velocity issuing above the block which blows

the droplets back. Thus, the turn-around point is obtained and not the

downwards delivery point. It is also noted that the slope of this curve is

the same as the Hsieh's high injection height data even though the magnitude

of steam enthalpy flux is larger. This confirms that there is no condensation

in or near the holes with or without the block for high injection positions.
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5. Conclusions

From the experiments with a vertical injector, it has been found that,

for high water inlet heights, the effective jet length cannot extend to the

perforated plate. No difference was observed between horizontal spray data

and vertical spray data on the weep-point and the total dumping point. On the

other hand, when the water inlet height above the perforated plate is 5.1 cm

or less, the effective water jet length extends to the perforated plate and

causes higher condensation efficiencies. Since some steam is condensed below'

the plate, a considerable increase in steam flow rate is observed for the

weep-point data. However, the dumping data are not much affected. As a

result, the enthalpy flux curves of total dumping are similar for different

inlet heights.

The dumping phenomenon is observed to be related to the average

subcooling temperature of the water pool above the plate. Steam bubbles

collapse on the holes of the perforated. plate for a critical subcooling

temperature, causing total collapse of the water pool above the plate. This

phenomenon can occur even for no-weeping conditions if the water flow rate is

sufficiently high to bring the pool temperature to the critical subcooling,

temperature. The no-weeping condition then suddenly changes to total

dumping. However, more detailed investigations are necessary to estimate the

critical degree of subcooling or the corresponding water flow rate, for this

specific flow.

The dimensionless effective steam flow rate defined for horizontal spray

data correlates the vertical water spray data for high injection heights

only. For low injection heights, two different formulas are used for

correlation, because two different condensation efficiencies have been

observed. For low water enthalpy fluxes, the original formula is used. The
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condensation efficiency is determined from the slope of the corresponding

portion of the enthalpy flux curves. For higher water enthalpy fluxes, the

formula has been adjusted for the change of the slope of the enthalpy flux

curves. The results are found to be independent of the water inlet height.

This analysis is valid only for the weep-point data. In the case of total

dumping, the original dimensionless parameter correlated all the data. It is

found that the effective dimensionless steam flow rate is independent of inlet

water flow rate. If the dimensionless analysis is assumed to be valid for the

point just before dumping, the sum of the effective steam flow rate and water

delivery rate is constant. Therefore, water delivery rate is also independent

of inlet water flow rate. This implies that the amount of water weeping just

before the total dumping occursis always the same. However this result needs

further verification by more accurate measurement of the water delivery rate.

When an unheated block is placed below the plate, the change of steam

flow pattern affects the weeping phenomenon. If the open flow area of the

block is less than that of the plate the steam flow rate is observed to be

slightly lower for high water injection. But for low injection, the choking

occurs at the block instead of the plate. When the open flow area is the same

for both the block and the plate, horizontal spray experiments for high

injection heights reveal that the steam flow rates required to keep water from

weeping are higher compared to those obtained in the experiment without the

block.
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