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ABSTRACT

Air-water countercurrent flow experiments have been performed in verti-
cal tubes of different sizes and in annuli with different gap sizes. The
gas velocity sufficient to produce zero penetration of liquid in large

tubes (6" and more) and annuli seems to be the same.

For 2" diameter tubes the flooding behavior can be represented by the
Wallis correlation.

In large tubes and annuli it was assumed that all liquid penetrated in the
fona of a film along the walls. A force balance on this liquid film leads
to a correlation, which predicts the flooding behavior in most cases
satisfactorily.
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ABBREVIATIONS AND SYMBOLS

A flow cross section
b width
C constant in Wallis correlation eq.(1)
(C )$ interfacial friction factor

f

C' constant eq. (12)

C wall friction factorg

D tube diameter, hydraulic diameter
D* dimensionless diameter eq.(5)
9 gravity constant
h height
j liquid flux
f

jy dimensionless liquid flux
j* dimensionless gas flux
j dimensionless liquid or gas flux eq.(2)j

J{ dimensionless liquid or gas flux eq. (3)
Ku Kutateladze number eg.(4)
fi Bond number eq.(14)g

Pop* Nondimensional pressure drop 69* = ( .g D)

Q liquid or gas volumetric fluxj
v ' liquid velocity
f

v gas velocity
g

vj interfacial velocity

w circumference
6 gap size
6 film thickness

7
6' amplitudc of wave
f

p weir coefficient
Of liquid density
Pg gas density
Pi liquid or gas density
a surface tension
T interfacial shear stressj
T
w wall shear stress

X
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EFFECT OF SCALE ON TWO-PHASE
COUNTERCURRENT FLOW FLOODING

1. INTRODUCTION

The simultaneous flow of liquid down and gas up in a vertical conduit has
its limitations. The higher the gas flow rate up, the lower is the water
flow rate which can penetrate down. This limit of countercurrent flow
is called " flooding". It is of major importance in connection with
Nuclear Reactor Safety and the operation of Emergency Core Cooling
Systems.

Past experiments have resulted in a number of correlations to predict
the flooding behavior. Of special interest are the Wallis correlation,
which describes the whole flooding curve, and the work of Pushkina and
Sorokin, who measured the gas velocity necessary to prevent liquid
penetration downwards. The Wallis correlation has worked very well in
small tubes. Pushkina and Sorokin performod a rather thorough study with
air and water in various diameters to determine the zero water penetra-
tion point. Unfortunately, there is substantial disagreement between
the Wallis correlation and Pushkina and Sorokin's work when the tube is
6 inches or nore in diereter.

In addition, it is questionable whether the above mentioned correlations can
be used to describe flooding in reactor-like geometries such as an
annulus. The goals of this work were:

1) to determine which - relation, if any, describes zero penetration
(i.e. duplicate or fail to duplicate Pushkina and Sorokin's work) in
different size tubes and annuli;

2)to measure substantial portions of the flooding curve in different
size tubes and annuli;

3) to derive an analytical model based on the observations in the
experiment.

2. TECHNICAL BACKGROUND

As a result of experimental studies of countercurrent flow several dimen-
sional groups have emerged because they correlate flooding data quite
well. One equation in use correlates the liquid flux vs. the gas flux
at the flooding limit (Wallis' correlation)

jf' + jp ' C (1)=

where j* and jp are the dimensionless fluxes of the gas and liquid

P '- J '-
j*I (2)=

{ g D(pf-p )} '

g
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with D the diameter of the tube or the hydraulic diameter of an annulus.

Some investigators claim that the circumference is more appropriate as
the characteristic length than the hydraulic diameter for an annulus
and define a flux

y.

p '. ' j '.
(3)J* =

' {9 w(P -p }} 'f g

where w = nD is the average circumference of an annulus. In both
equations . =h represents the velocity of gas or liquid if it would

Ji A
flow alone in the cross section.

The other correlation deals with the extreme case of flooding, the zero

penetration of liquid flow down. This theory claims that surface ten-

sion is impcrtant in deternining the limit to countercurrent flow,
leading to the so-called Kutateladze number:

k
p,J.

Ku = (4)9 4
o

{9 c(P -p }} "f g

The ratio of Eq.(1) and (4) gives a dimensionless diameter.
9(P -p ) - p'

f
D* = D (5)

-
0

2

From Eq. (1) we predict for zero penetration (jp = 0) the solution ,j* = C
or j c< D 2 for constant thermodynamic properties. From Eq.(4) the zero

9
penetration point is at ja = const. for the same conditions. Thus an
obvious contradiction betneen the two correlations occurs. While Eq.(1)
would predict a larger and larger gas velocity with increasine pipe size,
the second correlation claims that the gas velocity for zero penetration
is virtually independent of pipe size.

One could argue that in large tubes the criterion for zero penetration of
liquid should be at Ku = const. if the liquid is in the form of a film
much thinner than the tube diameter, so tha't surface tension is impor-
tant for determining the " characteristic' dimension". In smaller tubes,
where the tube diameter is the " characteristic dimension", the right
criterion for zero penetration might be sought in j* = const. or

9p
j m D '.

9
A methodical approach to the influence of different scales on flooding
phenomena has been started under this program. Tubes of different dia-
meter were tested with symmetrical " top flood" (i.e. the water is sup-
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plied at the top of the tube rather than somewiiere along the length)
to measure the onset of downwards water flow while air was flowing
upwards in the pipe. Results have been presented by Richter and Lovell
(1977). Since then the experiments were continued to include nonsymmetri-
cal water injection into the tube to study the influence on the flooding
behavior and a new test facility was built to provide experimental re-
su'ts for annuli with two different gap sizes with symmetrical as well
as ionsymmetrical top flood.

3. EXPERIMENTAL FACILITIES

The first test facility for studying flooding in tubes of different
sizes is shown in Figure 1. It consists of a vertical transparent
pipe about 40 inches long and an upper and lower plenum. A 55 gallon
drum was used to construct the upper plenum. Water enters through
a 2 inch pipe into the upper plenum at rates up to about 250 gpm.

An overflow was cut out of the side of the upper plenum cod excess
water is drained away via spillway.

An aluminum bottom has been specially constructed and fitted to the
bottom of the upper plenum. Using a neoprene gasket, the plexiglass
" flooding tube" can be adjusted to protrude into the upper plenum as
desired.

The " flooding tube"'is vertical and with square cut ends, unpolished.
Experiments were performed in 2", 6" and 10" diameter pipes; all
were 40-48 inches long.

Th'e lower plenum is also constructt.d icom a 55 gallon drum. Air enters
the side of the lower plenum via a 10 inch pipe. Water reaching the
lower plenum (water " penetration") is allowed to collect, and thus the
penetration volumetric water flow rate Q is measured.

f

Both upper and lower plena have plexiglass windows to allow observation
of entrance / exit conditions of the flooding tube. The lower plenum
can be drained by means of a tight closing bucterfly valve in the drain-
age pipe. Air flow into the lower plenum is controlled by butterfly
valves and measured by an orifice plate and pressure taps leadino to
a manometer.

The air supply is a 75 H.P. blower with a maximum flow rate of 2100
scfm at a maximum pressure rise of 5 psig.

3 4)} fj)}



r
r o
i t
a c

yre
e

_ ael
- g' rtl

pao 6 a
s wc - rn

ei
. - t a

Nar
k '\ w d

.
r

-m
- -u pn '

e i l 4 ;i i * | | .|/ m s

N
l

N 'g u ep
- n b

rN - e uf
t/le pp
ep r gu e r

- w a
t o l

sn l

r eo n
e t i i

t t
e c g

e r nl
f

- s e i

w t d
to a o

b w o
ll

E f

r
e o
c f| >l

i'

/f p
i u
r

O t
e
s

l

a
t
n
e
m
i

r
e
p
x

E
f r/7 o 1

r ss /s f s e
a a e r

r up ' ay
, p g

B m i

o F
\c

' r' .i

O a

,

,

cv% cD'
,

( s-



This test facility was later modified to allow nonsymmetrical top flood
experiments, see Figures 2 and 3. For the first tests of non-symmetrical
water inflow into the flooding tube a skirt extending 3 inches above the
upper end of the test section was wrapped around 2700 (3/4) of the cir-
cumference of the test pipe. This provided water flow into the test

section only from 1/4 of the circumference as long as the liquid head
in the upper plenum above the tube was smaller than the skirt height
of 3 inches.

For the second series of tests the water was inserted directly down into
the flooding tube through either a 2 inch or 1 inch exit diameter nozzle,
see Figure 3.

The second test facility was built around an annulus test section, cee
Figere 4. The plexiglass tube for the annulus has an inside diameter
of 17.5" and is approximately 40" long. Two interchanpeable inner tubes
(core) have 15.S" and 13.5" outside diameters thus providina annulus qan
sizes of 1" or 2". The upper and lower plena are 40" Jiameter barrels
with plexiglass windows. The water that per.etrated into the lower plenum was
cellected there.

For the air supply and the measurement of the air fim the same facility
-

was used as for the tube experiments. The annulus test facility was mod-

ified to cllow nonsymmetrical top flood as well. As'in the tube experi-

ments a flow skirt was wrapped around 2700 (3/4) of the annulus. It

extended about 9 inches above the top of the outside flooding tube,see
Figure 5. This provided water flow into the annulus only from 1/4
of the circumference, thus encouraging a nonsymmetrical behavior.

4. EXPERhiENTAL RESULTS

TUBE EXPERIMENTS

The experimental results of the symmetrical top nood experiments in
tubes were presented by Richter and Lovell (197; It was found that for
zero penetration in large tubes a Kutateladze num ef approximately
3.2 seems to be appropriate. The flooding curve, plotted on j* coordin-
ates was found to be dependent on the size of the pipe. Experimental
results with a 2" diameter tube resembled the Wallis correlation very

well, while the flooding curve shifted with increasing pipe size to
smallervaluesofthedimensionlessfluxesjy and j* ,(see Figure 6).
The nonsymmetrical top flood experiments were perforced in the 10"
diameter tube. The results with the flow skirt around the top of the
test section show essentially the same flooding behavior as was observ-
ed with the symmetrical top flood in the 10" diameter tube (see
Figure 7). At low gas flew rates the liquid flow rate down is not limit-
ed by flooding but rather by the flow restriction due to the flow of
water over the top end af the pipe, which can be compared to the flow over
a weir. The theoretical points on the curve when the liquid volume flow
rate is equal to the gas volume flow rate (Q = Q ) were obtained by cal-

g 7
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culations of flow over a weir (see Appendix B ). At low gas flow rates
the deviation from the theoretical maximum water flow becomes more pro-
nounced at higher water levels in the upper plenum. This is probably

due to the restriction of the flow from the walls of the flow skirt.
It was observed that the flow over the weir converged more at higher
water levels. The theoretical point for a water level of 4" was not
plotted since there was also water flowing over the top of the flow
skirt into the flooding tube (flow skirt height was 3").

The following experiments were performed with a water jet pointing
down into the flooding tube. The nozzle was inserted off center of the
flooding tube (see Figure 3) in order to create a highly nonsymmetri-
cal flow in the tube. It was speculated that the momentum of the jet
would increase the water penetration. As can be seen from Figure 8
the penetration is enhanced compared to the data from Richter and
Lovell. The maximum water velocity exiting from the nozzle was
approximately 4 m/s (for 125 gpm) for the 2 inch diameter nozzle. A

substantial increase in penetration was achieved for the same liquid
flow rates through a 1 inch diameter nozzle,(see Figure 9). This
smaller nozz e resulted in a water momentum sixteen times as large as
for the 2 inch diameter nozzle at the same flow rate, increa' sing the

penetration rate for some cases above the Wallis correlation. The
limits of water penetration at low gas flow rates are equal to the water
injection rate, where j f in ' df down cause no water is Mng ex-

pelled into the upper plenum.

Positioning of the nozzle exactly in the center of the flooding tube
(only the 1" nozzle was used) increased the penetration rate of water
slightly,(compare Figures 9 and 10). This is probably due to the
fact that less water of the jet impinges on the wall of the tube in this
case. As soon as water impinges on the wall, a film is formed which
travels upwards at the high gas velocities.

AtiNULUS EXPERIMENTS

The experiments in the annulus test facility were performed to obtain
data on zero penetration as well as to measure the flooding curve.
Since it was found in the tube experiments that the flooding behavior
depended upon the water level in the upper plenum as long as the water
level was lower than 4", this water level was one variable in these
experiments. Quite extensive measurements have been done to verify the
zero penetration point, which was found to be in the range of a
Kutateladze number of 3.4 for the 1" gap and about 3.0 for the 2" gap.
The zero penetration was found not to be a function of the water level
in the upper plenum. Yet the flooding tests showed a strong dependency
of water level on flooding behavior for water levels smaller than 4"
(see Figure 11 for experimental results of the 1" annulus gap). As a
reference line the Wallis correlation is plotted with a constant of
C = 0.7 (all data points of the annulus experiments are listed in
Appendix A). The points on the Q =Qf line are measured water pene-
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tration rates when the blower is not running. The gas volume in the
lower plenum is displaced by the penetrating water volume, thus
Qg = Qf. There is a large difference in water penetrating for the differ-
e6t water heights in the upper plenum. For the same gas flow rate
(j* = const.) the water penetration rate increases with increasing water
level, up to water heights of 2" to 4" above which there is no difference
in flooding behavior. In the tube experiments, where similar observa-
tions were made, this was attributed to liquid " bridging" in the upper
plenum causing the gas to bubble through the water.

Figure 12 shows the flooding behavior for the annulus experiments with
a 2" gap. The results show clearly two distinctly different classes of
results, a lower penetration rate for water levels up to 2" in the upper
plenum and one for water levels of 4" and above. The drop off of the

high water level data (4"and 6") at high water penetration rates is
probably due to the fact that these rates are close to the maximum
water flow which can be provided.

As mentioned before, experiments were performed in the annulus test
facility witn a nonsymmetrical top flood as well. A flow skirt was
wrapped 2700 (3/4) around the top of the annulus extending 9" above
the top of the annulus. In Figure 13 the symmetrical top flood data
are compared wi.th the nonsymmetrical flow results for water levels of
1" and in Figure 14 for 4" above the annulus in the upper plenum for a
1" annulus gap. Penetr aion rate is enhanced for the nonsymmetrical
top flood, e.g. for a water level of 4" and a gas flux of j*5: 0.55

9h bthe water penetration rate is jy = 0.6 instead of jp = 0.4 for the
symmetrical top flood, which means an increase in penetration rate
of more than a factor of two. Zero penetration occurs at the same
gas flux independent of whether the water is supplied symmetrically
or nonsymmetrically.

For a 2" annulus gap with nonsymm crical top flood we see a very
similar trend. The penetration rate ir. creases for the nonsymmetrical
top flood (see Figures 15 and 16 ).

5. ANALYSIS

The analysis used by Richter and Lovell to predict the flooding behavior
in tubes can also be used for flooding in the annulus. This theory

assumes that initial penetration occurs in the form of a thin annular
T and inter-film. This film is balanced against gravity by wall shear g

facial shear forces T Thus a force balance can be set up between
j.

the weight of a film and the shear forces:

6 (p7 p ) g (6)T + =Tj 7
-

gw

where 6f is the average film thickness.
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Figure 12 flondinensional gas flux vs. water flux in the 2 inch annulus
gap with different liquid levels in upper plenua. Symetrical
top flood.
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Figure 13 Nondimensional gas flux vs water flux in the 1 inch annulus
gao. Comparison of symetrical and nonsyrmetrical top flood
data for 0.0254 m (l'') water level in upoer olenon.
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The wall shear stress can be expressed in terms of the average liquid
velocity v

f

hC pf f
2v (7)T "

w

where C is a wall friction coefficient. We will set C = 0.005 in ag g

smooth pipe. The interfacial shear force on this film is taken to be,

=(C)$fp(v + v$)2 (8)T j f g g

where v is the gas velocity ar.d v$ is the liquid film surface velocity.g
Since the film is rather thin compared to the total cross section even
in an annulus, we can introduce v : j and

g g

D
j (g)v =

f 4 f

where D is the hydraulic diameter.

In the case of an annulus the hydraulic diameter D is twice the gap size,
thus in equation (9) it is assumed that both walls of the annulus are
wet and the film thickness on both walls is the same. As was observed
this is not the case in all experiments. At low water levels in the upper
plenum the outside wall seemed to carry most of the water flow, while
on the inside wall a much thinner film was penetrating. Thus in the
theoretical calculations it was assumed either that both walls were
covered.by an identical film or that the outside wall alone carried the
entire flow. The interfacial film velocity v$ was assumed to be much
less than the air velocity <j and therefore was neglected

i.e. vj <fric! ion coefficient could then bein this analysis. The interfacial
taken from cocurrent flow, see Wallis (1969).

6

(C )$ = 0.005 (1 + 300 ) (10)
f

Introducing these assumptions, substituting Eqs. (7), (8), (9), and
(10) into (6) will give a function relating j j and the film thickness
6 .The film thickness 6 has to be. estimated. f,f we assume a waveg

I
7 7

shaped as in the sketch we can write a force balance between the stag-
nation point in front of the wave and the top of the wave, the pressure

N
N v vf
N
N
g 6'fx

s[ hN y

difference between these two poin$s is approximately the dynamic head of the

22
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gas if we r.eglect the wave velocity, thus we can write:

:1" 20v6, 2 99f

or

6': (11)f 2

99

Wallis suggests that for cocurrent flow the roughness of the film
6'= 46 . Introducing this we get for the film thic.kness
f f

1 '

6 -
f 2 pv2gg

and more generally, for a wave of unknown shape with j = v we get
g g

6 * (IE)f pj2gg
It was found that C'= 0.375 seems to work rather well in connection with
the annulus experiments. Introducing Eq.(12) into Eq.(6) will give a
result resembling a flooding corrclation' Introducing C = 0.005,. g

C' = 0.375 and the nondimensional fluxes we obtain:

1. 33 = j * 2 [1 + 8.9x10 'f1 5 + 4.0x10-8 f1 ' d d (13)
-

8 9 B g f

where 2g D (p _p )
f (I }f1 *

8 a

is the so called Bond number (Wallis 1969). Forzeropenetration,jy 0,
we obtain for the gas flux

-1+/1+4x1,33x8.9x10'fl U-

Bj* =
9 2x8.9x10~'!1_

B -

if 4x1.33x8.9x10 ' f1B >> I
-

or

flB" I

k]] }\b
23



The gas flux at zero penetration becomes approximately independent of the
gapsizeandwegetfromeq,(15)

j* = 3.5 (17)

which is equ-ivalent to a.Kutateladze number

3.5 (18)Ku = j * 11 =
B

which was approximately the value observed in large pipes and in the
annulus.

The Bond number of a 1" annulus gap and air-water is approximately
f1 350, thus eq.(16) is satisfied.

B

The flooding correlation of eq. (13) was used to compare with the experi-
contal result . If only one wall is assumed to be wet the liquid flux
is approximately only half the value calculated in this equation.

The agreement between the theoretical predictions and the experiments
is satisfying, especially for the 1" gap (see Figures 17 and 18).

6 DISCUSSION

ZERO PENETRATION

There is some uncertainty in measuring the air velocity needed to prevent
penetration of the water into large tubes as well as in annuli. In this
work it was found that zero penetration in large tubes (6" or more) can be
predicted with a Kutateladze number of approximately Ku'= 3.2. In the
annulus experiments the zero penetration in the 1" gap evaluate'd at
approximately Ku = 3.4 and in the 2" gap at Ku = 3.0, but for the non-
symmetrical top flooding experiments in the 2" gap it was closer to
Ku = 3.2. Thus in general a Ku = 3.2 as predicted by Pushkina and Sorokin
will predict zero penetration to about 7", accuracy for the results obta,
ed here. It is not certain if this can be said for larger scale annuli.
Rothe et.al.(1978) suggest zero penetration for a constant dimensionless
J* with the circumference as a characteristic length, (see Eq.(3)). This
nSans that the gas velocity for zero penetration should increase with
increase in scale. In Figure 19, J* is plotted versus the scale of differ-

9ent annulus experiments. At smal1 scales the constant gas ''ux seems
to be appropriate, which is equivalent to tre Wallis correlation. The
experimental results presented here seem to indicate that a deviation
from this line might occur at larger scale. Whether or not data from
larger systems can be predicted by a Kutateladze number is too early to
predict at this point. Larger scale tests should allow better conclu-
sions to be drawn; at 1/10th scale the difference between the predictions
of the J* and Ku theories is too small to be discriminated by the preci-

sion of the experiments.
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FLOODIriG

While the.Wallis flooding correlation was confirmed in 2" diameter tubes,
it was found that in large tubes and in annuli the flooding behavior could
be predicted satisfactorily with a theory derived from a simple force
balance on the liquid filt penetrating down the wall, assuming the film
thickness was limited by surface tension (Weber number effects). The
assumption of only one or both walls wetted in the annulus seems to explain
the differences in flooding behavior for different water levels in the
upper plenum above the top of tne annulus. For low water levels obvious-
ly only one wall, in general the outside wall,seems to carry most of the
liquid.

EFFECTS OF ASYr1 METRY

Nonsyrametrical top flooding enhances the penetration rate only in the
annulus. lhere it creates a highly nonsynnhtrical flow pattern allowing
much higher penetration rates at low gas flow rates. Close to the zero
penetra tion point at relatively high gas flow rates the liquid entering
the annulus is distributed around the annulus creatnig a ver$' uniform
flow pattern. Thus zero penetration occurs at approximately the same
gas flux in symmetrical and nonsymmetrical top flooding.

EFFECTS OF IliLET WATER MOMEf1TUM

It was found that water penetration could be enhanced by injecting the
water from a tube or nozzle pointing downwards into the air flow. Though
no quantitative understanding of this phenomenon has been reached in this
study, this effect raay explain some of the influence of injected flow
rate on water delivery in tests using a model of a PWR annulus and inject-
-ion of water through one or more of the " cold legs"

7. C0fiCLUSIO!15

1) In both the 6" and 10" diameter tubes and the 17.5" 0.D. a.inulus with
1" or 2" gap the zero penetration point was predicted within 7% by a Kuta-
teladze number of 3.2.

2) The air flow at the zero penetration point for the 1/10th scale
annulus lies midway between the predictions of the J* = 0.16 and
Ku = 3.2 theories and is only 7% from either of them. Larger scale tests
are needed in order to obtain a less equivocal discrimination.

3) The flooding data for the 2" diameter tube correlated with the Wallis
correlation. On the other hand, results from 6" and 10" tubes 6ad from
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the 17.5" 0.D. annulus were represented quite closely by a theory based
on a force balance for the falling film assuming a thickness determined
by a Weber Number criterion.

4) Both asymetry in the methods of introducing the water and introduc-
tion in the form of a jet can increase the rate of penetration. These
effects have not been quantified in this work.
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Experiment: 1 inch annulus gap - symmetrical top flood

Water Volume d Volumetric g ibHeight Gas Flow ater Flow E AP*
g

in Upper Rate Rate
Plennom

Q
f

x 10 m x 10 m'/s x 10- 3
-I -

3-

m /s x 10 x 10

0.127 1.0037 2.2472 4.3406 3.0852 0.300
0.127 2.0272 0.7874 5.7082 1.8263 0.700
0.127 3.2524 0.2144 6.9639 0.9529 1.050
0.127 4.1003 0.0670 7.6900 0.532u 1.200
0.127 5.5390 0.0000 S.8354 0.000J 1.3Jo
0.127 1.0122 2.0115 4.3320 2.91d9 U.3u0
0.127 0.0513 5.1282 0.84d8 4.6607 0.000
0.127 2.5551 0.6379 6.3352 1.6047 1.150
0.127 1.9?22 1.2658 5.6515 2.3155 0.350
0.127 1.6517 1.6667 5 3410 2.6570 0.400
0.127 1.3186 2.5000 4.9183 3.2541 0.400
0.127 1.1030 3.1250 4.5999 3.6362 0.200
0.127 0.8599 3.5714 4.1690 3.8894 0.150
0.127 0.7249 3.8462 3.8968 4.0363 0.100
0.127 0.5346 4.0316 3.4529 4.1580 0.lv0
0.127 0.4203 4.3478 3.1419 4.2914 0.060
0.127 0.0505 6.0606 0.9227 5.0667 0.000
0.254 1.0339 2.2523 4.3802 3.0637 0.250
0.254 1.7115 1.2781 5.3879 2.3268 0.350
0.254 2.4710 0.5187 6.2160 1.4322 0.450
0.254 2.9333 0.2449 6 6453 1.0184 0.450
0.254 3.6'614 0.2525 7.4146 1.0342 1.000
0.254 0.9358 2.2436 4.2970 3.0827 0.500
0.254 5.4360 0.0000 d.7506 0.0000 1.500
0.254 5.2463 0.0052 8.6113 0.14d5 0.650
0.254 3.1453 0.3683 6.9288 1.2491 1.200
0.254 3.5480 0.2494 7.2883 1.0278 1.10J
0.254 3.7458 0.1537 7.4408 0.8069 1.000
0.254 4.0637 0.0960 7.7082 0.6378 1.000
0.254 4. ;o; 0.0397 8.0186 0.4100 1.300
0.254 5. a. O.0181 8.4835 0.2707 0.800'

0.254 0.925 3.3019 4.2968 3.7393 0.350
0.254 1.1165 2.0202 4.5251 2.9253 0.200
0.254 1.3211 1.0018 4.0456 2.7626 0.20J
0.254 3.9590 0.1894 7.6773 0.3957 2.100
0.254 0.0972 9.7222 1.1687 6.4173 0.000
0.251 1.7742 1.5873 5.5398 2.5930 0.450
0.254 1.5643 2.6571 5.3542 3.4788 0.500
0.254 1.2879 3.0303 4.9267 3.5327 0.550
0.254 1.0336 4.7619 4.624d 4.4911 0.450

32

49I I23



cont'd: 1 inch annulus gap - symmetricc1 top flood

Water Volumetric Volumetric b
Height. Gas Flow Water Flow j*U jp Ap*

9
in Upper Rate Rate

Plenum q g

x 10-*m*/s x 10 m'/s x 10 x 10-I-3 I

x 10-1m

0.254 0.9094 5.5555 4.4206 4.8510 0.35u

0.254 0.6786 6.8966 3.9684 5.4040 0.200

0.254 0.4321 8.3333 3.5021 5.9412 0.050

0.254 0.0909 9.0909 1.1301 6.2054 0.000

0.381 4.0371 0.1535 7.7163 0.8064 2.20J

0.381 3.4391 0.4785 7.2467 1.4236 2.450

0.381 2.7970 0.7042 6.6275 1.7271 2.400

0.381 2.0365 1.6307 5.855o 2.6681 1.500

0.381 0.9961 2.4096 4.32d0 3.1948 C.750
0.381 0.1167 11.6667 1.2d02 7.0297 0.0J0

0.381 1.3205 2.3256 4.9211 3.1366 0.650

0.381 1.8246 1.7699 5.6207 2.7381 0.300

0.381 1.5688 4.2553 5.4864 4.2455 0.650

0.381 1.7075 2.1739 5.5028 3.0345 1.100

0.381 1.8370 1.8182 5.6465 2.7751 0.800

0.381 1.2954 6.8966 5.2152 5.4048 0.73]

0.381 1.0675 7.4074 4.8129 5.6014 0.400

0.381 0.9193 8.6957 4.5910 6.0690 0.400

0.381 0.7149 9.0909 4.1601 6.2054 0.250

0.381 0.4951 9.5238 3.5600 t. 3514 0.u50

0.381 0.1167 11.6667 1.2602 7.0297 0.00J

0.508 3.0370 0.6515 6.9133 1.6612 3.30]

0.508 4.3767 0.0779 7.9d94 0.5744 2.650

0.508 5.0402 0.0284 8.4976 0.3469 2.300

0.508 2.3283 1.6129 6.2250 2.6139 3.150

0.508 3.9570 0.1505 7.6477 0.7933 2.500

0.508 5.5687 0.0000 8.8621 0.00J0 2.0.0

0.508 5.4886 0.0000 B.7981 0.0000 2.000

0.50.3 0.9924 3.0702 4.3907 3.0062 0.850

0.508 1.2528 3.3333 4.9078 3.7576 1.000

0.508 0.9413 3.9216 4.3658 4.0756 0.900

0.508 0.1429 14.2857 1.4167 7.7789 0.000

0.503 1.7804 2.8571 5.6876 3.4788 1.000

0.503 1.5025 4.2553 5.3367 4.2455 0.900

0.50S 1.2854 7.6923 5.2516 5.7081 U.600
0.503 1.3977 8.0000 5.4556 5.8212 0.700

0.508 1.6671 4.2553 5.652d 4.2455 0.600

0.508 1.1346 8.88d9 5.0343 6.1361 0.450

0.508 0.9316 9.0909 4.6402 6.2054 0.350

0.508 0.6888 10.0000 4.1240 6.5003 0.270
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cont'd: 1 inch annulus gap - symmetrical top flood

Water Volumetric volumetric
Height Gas Flow Water Flow j*b

3*f 3p.b
in Upper Rate Rate g

Plenum g g

x 10 m x 10-*m /s x 10 m'/s x 10- I
-I1 -3

3 x 10

0.508 0.5244 10.5263 3.6976 6.6774 0.300
0.508 0.1167 11.6667 1.2802 7.0297 0.000
1.016 2.06S9 2.2989 6.0292 3.1205 3.400
1.016 2.9809 0.9434 6.9202 1.9990 4.250
1.016 3.6946 0.4274 7.5172 1.a;54 4.000
1.016 4.1880 0.1377 7.8704 0.7633 4.u00
1.016 4.7819 0.0402 8.3096 0.4127 3.50J
1.016 1.7719 3.2258 5.7248 3.6955 3.000
1.016 1.4204 3.8462 5.2245 4.0363 2.200
1.016 1.0579 6.7308 4.7734 5.3395 2.000
1.016 5.0696 0.0347 8.5514 0.3835 3.500
1.016 5.5513 0.0000 C.8556 0.0000 3.400
1.016 1.0671 7.6923 4.8357 5.7001 1.900
1.016 1.7525 3.8462 5.7330 4.0363 1.400
1.016 1.5172 4.6512 5.4310 4.4386 1.300
1.016 1.2291 8.0000 5.1690 5.8212 1.200
1.016 1.0229 14.2d57 5.0120 7.77d9 1.0J0
1.016 0.8541 14.2657 4.6550 7.7789 0.400
1.016 0.6901 17.3913 4.3284 8.5829 0.400
1.524 5.1334 0.0000 8.4oll 0.0000 4.400
1.524 0.9894 8.3333 4.7241 5.9412 3.200
1.524 4.6310 0.0673 8.2175 0.5341 4.500
1.524 3.93' O.2759 7.7008 1.0610 4.700
1.524 2 .13 L . 2.4096 6.1142 3.1948 5.350
1.524 0.9269 10.2941 4.6739 6.6033 2.300
1.524 1.6246 4.4444 5. 5 9 Fi 4.3333 2.300
1.524 1.3717 5.4795 5.2597 4.8176 2.100
1.524 0.9416 13.4515 4.8320 7.5512 1.650
1.524 0.8046 15.38s6 4.5707 8.0725 1.700

"
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1 inch annulus gap - nonsymmetrical top floodExperiment:

Water Volumetric Volumetric
Height Gas Flow Mater Flow j*b j[' Ap*
in Upper Rate Rate

3
Plenum

K 10~m'/s x 10~ m'/s x 10-I
-I' 3

1 x 10~

x 10 m

0.254 1.0322 3.2787 4.5322 3.7266 0.0d0

0.254 1.6704 3.2737 5.5316 3.7266 0.200
0.254 2.5338 1.2270 6.4494 2.2793 2.250
0.254 3.7193 0.1739 7.4370 0.3563 1.750
0.254 3.6316 0.1734 7.3435 0.8571 1.650
0.254 4.4119 0.0678 7.9910 0.5359 1.500
0.254 5.5964 0.0000 8.8609 0.000J 1.400
0.254 0.0370 3.7037 0.7213 3.9G0.3 0.udd
0.254 1.7066 3.5651 5.6427 3.8d60 0.15J
0.254 1.4871 3.5083 5.2812 3.8552 0.100
0.254 1.0195 3.5273 4.5052 3.0 54 0.050
0.254 0.0313 3.5083 4.1093 3,d552 0.050
0.254 0.5697 3.5398 3.4955 ?.d722 0.0JO
0.254 1.9321 3.4733 5.933B 3.C334 0.150
0.254 0.0374 3.7383 0.7247 3.9793 0.00J
1.016 1.0037 7.2917 4.7180 5.5575 1.250
1.016 2.1225 4.0616 6.26G2 4.15o0 4.150
1.016 3.6286 1.1905 7.5994 2.24au 4.200
1.016 0.1129 11.2903 1.2594 6.9154 0.000
1.016 4.1979 0.5420 8.0110 1.5152 3.000
1.016 4.6763 0.2825 8.3361 1.0939 2.700
1.016 5.7132 0.0000 d.9923 0.0000 2.000
1.016 1.7355 7.7519 5.9723 R.7302 1.50J
1.016 1.9139 6.2696 6.1606 5.1533 5.150
1.016 1.5014 8.5106 5.6552 6.4041 1.000
1.016 1.0924 10.2041 5.01d. 6.5744 0.750
1.016 0.8242 10.4790 4.4630 6.6623 0.500
1.016 0.6048 10.5422 3.9418 6.6824 0.350
1.016 0.1087 10.8696 1.2357 6.7854 0.000

*

i
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Ekperiment: 2 inch annulus gap - symmetrical top flood

Water Volumetric Volumetric
Height Gas Flow Water Flow _ 3,g J,f

. .h 3,
Pin Upper Rate Rate 9

Plenum Q Qg 7

1

x 10' m x 10-1
~3 - 1 ~1

m'/s x 10 m'/s X 10 x 10

0.127 0.0532 5.3191 0.5303 2.9120 0.000
0.127 4.1120 1.2303 4.9490 1.4007 0.250
0.127 4.7707 0.8889 5.2444 1.19J4 0.35u
0.127 5.4753 0.5391 5.5588 0.9270 0.450
0.127 6.8850 0.0694 6.0891 0.3327 0.430
0.127 8.6347 0.0000 6.7702 0.0000 0.020
0.127 4.9979 0.5999 5.3463 0.9779 0.500
0.127 3.3791 1.7391 4.5341 1.6651 0.200
0.127 4.0503
0.127 3.7195~

1.2270 4.8908 1.3936 0.250
1.5267 4.7200 1.5601 0.250

0.127 2.9738 2.1053 4.3017 1.8320 0.180
0.127 2.5575 2.8986 4.0679 2.1496 0.150
0.127 2.0936 3.7453 3.7657 2.4435 0.150
0.127 1.6924 4.2105 3.4517 2.5908 0.100
0.127 1.0555 4.7619 2.8407 2.7552 0.100
0.254 0.1143 11.4286 0.7773 4.2684 0.000
0.254 4.1580 1.3072 4.9678 1.4436 0.400
0.254 4.7004 1.0929 5.2364 1.3200 0.500
0,251 5.5579 0.4983 5.5965 0.3917 0.700
0.254 6.8753 0.0392 6.0731 0.2499 0.500
0.254 8.6536 0.0000 6,7690 0.0000 0.020
0.254 3.6984 1.5504 4.7135 1.5721 0.400
0.254 3.2376 1.9512 4,4672 1.7637 0.400
0.254 2.8809 2.4845 4.2682 1.9902 0.400
0.254 2.4635 3.1250 4.0163 2.2320 0.250
0.254 2.0768 4.2105 3.7818 2.5908 0.250
0.254 1.6894 5.0633 3.4903 2.3411 0.200
0.254 1.0491 7.4906 2.9283 3.4556 0.1500.381 0.1364 13.6364 0.8491 4.6625 0.000
0.381 4.0457 1.7467 4.9446 1.6687 0.500
0.381 4.6950 1.2539 5.2521 1.4139 0.700
0.381 6.7052 0.0422 6.0095 0.2592 0.700
0.381 8.6472 0.0000 6.7629 0.0000 0.050
0.381 1.0469 8.3333 2.9543 3.6448 0.2500.381 1.5523 5.1943 3.3771 2.8778 0.2500.381 2.1790 3.8095 3.8479 2.4644 0.370
0.381 2.6687 2.7586 4.1449 2.0' 71 0.550J
0.381 3.1385 2.3256 4.4344 1.9255 0.4500.381 3.4782 1.8519 4.6135 1.7182 0.430
0.503 3.9746 1.8433 4.9176 -1.7142 0.600
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cont'd: 2 inch annulus gap - symmetrical top flood

Water Volumetric Volumetric
Gas Flow Water FlowHeight j, 3,f p,

Rate Rate gin Upper
Plenum O Og f

x 10~1
-1 3 1 1

m x 10 m'/s x 10 m /s x 10 x 103

0.508 4.8860 1.0336 5.3365 1.2d36 0.900
0.508 4.6859 1.2422 5.2524 1.4073 0.d50
0.508 6.6017 0.1101 6.0160 0.4190 0.500
0.508 9.0893 0.0000 6.9427 0.0000 0.020
0.508 3.8891 1.8921 4.8640 1.7368 U.620
0.508 3.4102 2.0408 4.5807 1.8037 0.500
0.508 2.9371 2.7027 4.3257 2.0757 0.a00
0.508 2.5421 3.6697 4.1069 2.4137 0.550
0.508 2.1497 4.2105 3.8381 2.5908 0.450
0.508 1.6907 5.1282 3.4995 2.8593 0.350
0.508 1.1270 8.1633 3.0370 3.6075 0.250
1.016 3.73.03 4.5977 4.9438 2.7073 1.250
1.016 5.4321 1.2500 5.6402 1.4116 1.670
1.016 4.8036 2.6144 5.4232 2.6415 1.620
1.016 6.3664 0.3086 5.9376 0.7015 1.580
1.016 7.6638 0.0447 6.4468 0.2670 0.600
1.016 9.1104 0.0000 6.9570 0.0000 0.250
1.016 1.0914 10.2564 3.0519 4.0436 0.900
1.016 1.5802 9.3023 3.5547 3.8509 0.400
1.016 2.1209 8.6957 4.0016 ,.7232 0.950
1.016 2.5103 7.1429 4.2463 3.3745 0.950
1.016 3.1063 5.4054 4.5921 2.9355 1.050
1.016 3.4201 4.6512 4.7549 2.7230 1.120
1.524 3.6138 3.8835 4.8510 2.4882 1.500
1.524 5.0200 1.1527 5.4500 1.3556 2.000
1.524 4.3467 2.4845 5.1817 1.9302 2.000
1.524 5.9233 0.6061 5.7922 0.9829 2.250
1.524 7.6512 0.0785 6.4599 0.3537 1.400
1.524 9.0413 0.0000 6.9438 0.0000 0.030
1.524 3.2792 4.7619 4.6788 2.7552 1.750
1.524 2.8810 6.4516 4.4881 3.2070 1.750
1.524 2.4267 8.8839 4.2497 3.7644 1.750
1.524 2.1123 9.0909 4.0106 3.8069 1.250
1.524 1.3754 10.3627 3.3777 4.0645 1.350

*
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Experiment: 2 inch annulus gap - nonsymmetrical top flood

Water Volumetric Volumetric
Height Gas Flow Water Flow .A j*[ /3 p *

J
in Upper Rate,Q Rate, Q g

g f

Plenum -

x 10 m x 10-1
-3 -1 -1-1

m /s x 10 m /s x 10 x 103 3

0.254 2.2914 3.4433 3.9293 2.3446 0.020
0.254 1.8044 3.4433 3.5216 2.3446 U.020
0.254 0.6143 3.4783 2.2018 2.3543 0.010
0.254 4.6547 3.4247 5.3831 2.33u6 0.300
0.254 5.2217 1.1111 5.5086 1.3393 0.9JJ
0.254 5.3339 1.0363 5.5610 1.2d53 0.6bJ
0.254 5.5830 0.7194 5.6491 1.0709 0.dOJ
0.254 0.0339 3.3393 0.4234 2.3247 0.00J
0.254 6.5277 0.1304 5.9546 0.4560 J.75v
0.251 6.2509 0.24a3 5.8623 0.022d 0.700
0.254 5.3353 0.4854 5.7677 0.3797 0.700
0.254 5.7135 0.65 '9 5.6870 1.0241 0.700
0.254 5.1065 1.2121 5.45/8 1.3901 0.300
0.254 4.9792 1.4493 5.4141 1.5200 0.800
0.254 4.6652 3.1746 5.3721 2.2496 0.80J
0.254 4.1394 3.4783 5.0937 2.3548 0.200
0.254 3.5850 3.3398 4.7603 2.3247 0.120
0.254 2.6379 3.3393 4.1367 2.3247 0.050
0.254 S.6332 0.0000 6.7410 0.0J00 0.100
1.016 0.1575 15.7430 0.9125 5.0105 0.000
1.016 2.3348 15.6250 4.3578 4.9909 0.200
1.016 6.3309 3.3333 6.2329 2.3052 2.000
1.016 6.0305 4.0404 6.1321 2.5379 1.850
1.016 5.5537 5.1471 5.9650 2.8645 1.750
1.016 4.9571 6.11o2 5.6986 3.1226 1.700
1.016 4.2300 7.2202 5.3433 3.3927 1.700
1.016 3.0357 10.9539 4.7316 4.1798 1.600
1.016 2.5915 13.7931 4.4957 4.6892 1.450
1.016 8.1770 0.7220 6.7977 1.0729 2.120
1.016 9.7963 0.0000 7.2149 0.0000 1.250
1.016 7.2517 1.8957 6.5293 1.7364 1.900
1.016 7.7379 1.2963 6.6730 1.4375 1.250
1.016 7.0365 2.3256 6.4553 1.9255 1.200
1.016 5.8325 4.7619 6.043d 2.7552 1.150

*
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APPEf! DIX B. CALCULATIO!1 0F LIQUID VOLUME FLOW RATE
FOR fi0fiSYMMETRICAL TOP FLOOD

(FLOW OVER A WEIR)

In the diagran (see Figure 7) with the experimental results for nonsym-
metrical top flood theoretical points are also plotted, where the liquid
volume flow rate is equal to the gas volume flow rate (Q = Q ). These

g 7
points were obtained by calculation of the flow over a weir, which is

fpb h /2 g h (A1)Q =
f

where p is a weir coefficient, usually p = 0.63, b is the width of
the weir, in this case one quarter (900) of the circumference as long
as the water height is less than 3 inches and h is the water height
above the weir. For the nondimensional flux we receive then for the
water flow down i f pf >> pg

3 /2

jp= 8/2 (A2)
bh

,

37r u2
D

with D the diameter of the pipe and since Q = Q
g f

jg= ( )2 j (A3)
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