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Abstract—A series of experiments are described in which an attempt was made to simulate two-phase flow
behavior under zero-gravity conditions by the flow of two immiscible liquids of nearly equal densities.
Pressure drop and void fraction data were obtained for the steady flow of two different liquid pairs for
widely varying flow conditions. The two-phase flow in these experiments was in either the bubbly or
annular flow regime. Values of the two-phase multiplier and void fraction obtained from the measured
data were found to correlate well in terms of the Martinelli parameter X,,, but the resulting variations
of these parameters with X, differs significantly from the well-known correlation of Martinelli for these
quantities. An analytical study of annular flow under zero-gravity conditions was also conducted using
a one-dimensional two-phase flow model. Using slightly modified versions of available correlations for
the interfacial friction factor and the turbulent eddy diffusivity, it was found that predictions of this model
agreed well with the data obtained over a wide range of conditions. While some useful insight can be
gained from experiments of this type, the results of this study indicate that the flow of two liquids of equal
density fails to model some important aspects of liquid-vapor two-phase flow at zero gravity. The
limitations of this type of experimental simulation are discussed in some detail.

Key Words: two-phase flow, zero gravity, two-phase pressure drop, void fraction, liquid-liquid two-phase
flow

1. INTRODUCTION

The power requirements for future spacecraft and satellites are expected to increase as they increase
in sophistication and capability. Due to new communications, data processing and surveillance
techniques, satellites are planned to operate at power levels of 5-10 kW and future requirements
are expected to increase to 100 kW (Mahefkey 1982).

Present thermal control methods are based on the transport of heat by solid conductors and
internal radiation, heat pipes and single-phase liquid and gaseous loops. The high operating power
levels for future space applications require more efficient thermal transport techniques. Two-phase
loops have been suggested and laboratory tested on the earth for possible application in the above
areas (Fowle 1981; Ollendorf & Costello 1983). In comparison to a single-phase loop, a two-phase
system operates at considerably smaller flow rates and maintains smaller temperature differences
with an even higher heat transfer coefficient.

1.1. Background

The design of two-phase heat transport systems for space applications requires a knowledge of
the heat and mass transfer processes and fluid mechanics under reduced gravity conditions.
Identification of the two-phase flow regimes and determination of the pressure drop, void
fraction—quality relation and two-phase heat transfer coefficients are of great importance for the
design of two-phase systems.

Current knowledge of two-phase flow and heat transfer is derived primarily from terrestrial
experiments. Unlike pool boiling, which has been studied extensively under reduced gravity
conditions, little work has been carried out on two-phase flow under reduced gravity conditions
due to the difficulty in performing the pertinent tests. Most of the experimental data are from
ground-based simulations of very short duration.
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1.2. Brief Review of Previous Studies

The subject of two-phase flow and heat transfer has been studied extensively due to its
importance in the chemical and nuclear industries (e.g. Hetsroni 1982). Due to the complex nature
of two-phase flow, many problems are treated empirically and even fundamental approaches are
augmented with empirical factors. The empirical treatment of two-phase flow makes extrapolation
to other conditions, e.g. reduced gravity, impractical.

The flow regime transitions of gas-liquid flow systems have been well-studied. Taitel &
Dukler (1976) studied the case of horizontal and near-horizontal gas-liquid flow. A study by
Charles et al. (1961) gave a flow regime map for nearly equal-density oil-water flow. Lovell (1985)
investigated the liquid—vapor flow in simulated zero-gravity conditions using two equal-density
liquids.

The areas of bubble formation and pool boiling under reduced gravity conditions have been
studied extensively. Most of these studies were experimental investigations which were carried out
in drop towers (Siegel & Usiskin 1959; Usiskin & Siegel 1961; Siegel & Keshock 1964; Oker & Merte
1973). Some tests have also been performed by simulating reduced gravity conditions, e.g. by
compensating for the earth’s gravity by using a strong magnetic force (Kirichenko & Charkin 1970;
Papell & Faber 1966). The results from pool boiling experiments have shown small changes in the
nucleate boiling heat transfer coefficient but a considerable decrease in the critical heat flux with
decreasing gravity has been obtained. Bubble formation and departure have been studied by
resolution of gravity into components in a tilted (or horizontal) container (Kirichenko & Verkin
1968; Malcotsis 1976).

In contrast to the border effect in the areas of pool boiling, critical heat flux and bubble growth
mechanisms, much less work has been done on understanding and modeling two-phase flow at
reduced gravities. A review by Siegel (1967) has covered the early reduced gravity studies. Recent
reviews of experimental efforts in reduced gravity two-phase flow are given by Anotoniak (1985)
and Abdollahian (1988).

Results of experimental studies of pressure and temperature changes in forced convective boiling
at zero gravity have been reported by Cochran (1970) and Feldmanis (1966). Low heat flux
convective boiling at zero gravity using a drop tower facility was studied by Cochran (1970). This
study mainly determined the bubble size and the evaporative layer thickness on the channel walls.
The airplane trajectory test results reported by Feldmanis (1966) have shown that the system
pressure and temperature increase and boiling oscillations damp out in zero gravity. Studies have
reviewed the concept of two-phase flow applications for spacecraft (Fowle 1981; Ollendorf &
Costello 1983). These efforts have primarily been qualitative studies of two-phase flow under
microgravity conditions.

1.3. Objectives and Scope of Effort

The overall objectives of this study were to generate a data base for the two-phase pressure drop
and void fraction—quality under simulated zero-gravity conditions and to develop analytical models
to predict their variation under bubbly and annular flow conditions.

A system with two immiscible, nearly equal-density liquids was used to explore the suitability
of simulating a gas-liquid system under zero gravity. Water was used as one of the working fluids
and simulated the gaseous phase, the second fluid simulated the liquid phase. The ratios of the
viscosities and surface tensions of the two liquids were in the range of the two-phase liquid-gas
flows. The tests were performed under fully-developed turbulent flow conditions.

The modeling effort is limited to developing relations for the two-phase friction multiplier and
void fraction—quality relation under annular flow conditions. The model is based on the triangular
approach of Hewitt (1961). The interfacial shear and entrainment relations are empirically
determined from the results of the experiments with nearly equal-density liquids.

2. EXPERIMENTAL INVESTIGATION

The experiment was planned to simulate steady-state zero-gravity gas-liquid flow behavior. This
was accomplished by using two immiscible liquids of nearly the same density. Proper scaling would
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Table 1. Properties at room temperature

Viscosity Specific Surface tension Resistivity
Fluids (cSt) gravity (dyn/cm) (Q2-cm)
Water 0.894 1.0 71.95(water—air) 2x 10¢
L-45 100 0.938 32.31(water-L-45) 1 x 10"
DT-LF 4.323 1.038 48.57(water-DT-LF) 6 x 10"

also require a simulation of the viscosity and interfacial tension ratios. The pressure drop and void
fraction at different flow rates were measured in both the annular and bubbly flow regimes. The
existence of these two flow regimes was checked by the method of visual verification.

2.1. Selection of Liquids

Due to its abundance, distilled water was chosen to be one of the test fluids. Because of the
relatively low viscosity of water compared with other liquids, water simulated the gas in a
zero-gravity gas-liquid flow simulation. Since the kinematic viscosity controls the diffusion rate of
momentum in the fluid flow, the selection of the simulated liquid phase was based mainly on the
ratios of the candidate liquids’ kinematic viscosity values to that of the distilled water to be
comparable to the same ratio of the water-steam system. The ratio of kinematic viscosity for water
to steam at the above-mentioned conditions is about 13. According to the proper kinematic
viscosity ratio, equal density and the immiscibility, dimethyl silicone fluid L-45, a product of Union
Carbide Corp., and Dowtherm LF heat transfer fluid (DT-LF), Dow Chemical Corp., were chosen
to simulate the liquid phase. The properties of the test fluids are listed in table 1. Since the turbulent
forces were much greater than the buoyancy forces in these tests, specific gravity values of 0.938
and 1.038 were considered to be sufficiently close to unity for simulating the two-phase flow
characteristics under zero-gravity conditions.

2.2. Test Loop and Instrumentation

The experimental apparatus is shown in figure 1. Distilled water and the simulated liquid (L—45
or DT-LF) were pumped from separate storage tanks into a mixing section. Bubbly flow was
simulated by introducing distilled water, through 0.4 mm dia holes, in L-45 or DT-LF flow. For
annular flow simulation, an annulus with either 1.91 or 0.95 mm clearance was used and water was
pumped through the central tube while L-45 or DT-LF flow entered through the annulus. The test

void fraction
measurement section

mixing

|
—
/ valve

section

collection tank water tank tank for L-45
or DT-LF liquid

Figure 1. Experimental apparatus schematic. P,~P, are the pressure-sensing points.
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Table 2. Test matrix

L-45-water flow DT-LF~water flow
No. of data No. of data
Re, Min(x) Max(x) points Re; Min(x) Max(x) points
Bubbly Flow Mixing Section Bubbly Flow Mixing Section
5500 0.13 0.80 13 9000 0.17 045 5
7900 0.08 0.68 20 15,900 0.09 0.41 5
8800 0.11 0.51 7 18,000 0.08 0.36 s
10,200 0.07 0.45 5
11,600 0.11 0.37 5

Annular Flow Mixing Section
(annulus thickness = 0.191 cm)

6900 0.39 0.84 6
7900 0.38 0.74 5
8900 0.40 0.66 S
(annulus thickness = 0.095 cm)
5500 0.54 0.79 S

section was a 3.65m long, 19.05mmi.d. round tube which was instrumented to measure the
pressure drop and volume ratios of the two-component flow.

The test procedure consisted of running simulated liquid through the whole test section to
establish the “liquid-phase” flow condition. Distilled water was then introduced into the simulated
liquid flow through the mixing section to produce the desired flow pattern. The proper mass quality
was obtained by adjusting the control valves for the two flows. The pressure differences between
the first pressure tap and the other four taps were measured. The measurement of the local void
(volume) fraction between the third and fourth pressure taps could be carried out in two ways.
One was by the impedance probe and the other method was to measure the void fraction of the
mixture sample which was obtained directly from the test section during each test run. The data
obtained from the impedance probe were compared with that measured directly from the mixture
sample to justify the use of the probe.

The system was once-through and the liquids were not circulated in a closed loop. Instead, the
mixture was collected in a receiving tank and the liquids were separated under the action of gravity.
After the separation had been accomplished, the distilled water was drained and discarded. The
simulated liquid was pumped back through a bypass line into its storage tank for future use.

2.3. Test Matrix

The two-phase flow condition in the test was specified in terms of the total Reynolds number
(Re,, based on simulated liquid properties) and the mean phase content or mass quality. The
selected Re, values and mass qualities for L-45-water flow and DT-LF-water flow with the bubbly
and annular flow mixing sections are listed in table 2.

2.4. Test Results

2.4.1. Two-phase multiplier
The measured pressure drop was used to calculate the two-phase friction multiplier defined by

dp
(&),

dpP\ ’
(%)

where (dP/dz)g is the two-phase frictional pressure gradient and (dP/dz), is the frictional pressure
gradient for the liquid phase alone.
The calculations were based on the following relation for the single-phase friction factor,

obtained from Kays & London (1964):

41=

16
Re < 2000: fzﬁé'
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Re
Define R = 1000
2000 < Re < 4000: = 1075902 — 304(R —2) + 148(R — 2)(R —2.5)
—34.35(R — 2)(R — 2.5)(R - 3)),
4000 < Re < 6800: f = 10635+ 90(R —4) —22.5(R —4)(R —5)
+2.083(R —4)(R —5)(R - 6)],
6800 < Re < 8000: f= 105782+ 40(R — 6.8) — 100(R — 6.8)(R —7)
+83.33(R —6.8)(R—T)(R—-1.5)]
and

8000 < Re: f=0.05858 Re~ 2%

where Re is the Reynolds number and f is the friction factor.
The two-phase multipliers vs the inverse Martinelli parameter for different flow conditions are
shown in figures 2-6. The Martinelli parameter, X,,, is defined as

where (dP/dz) is the frictional pressure gradient for the gas phase alone, p; is the density of the
liquid, p,, is the density of the water (0.997 g/cm®), £, is the single-phase friction factor for the
simulated liquid, f,, is the single-phase friction factor for the water, g, is the liquid phase volume
flow rate (gpm) and g, is the simulated gas phase (water) volume flow rate (gpm).

A correlation for the two-phase multiplier as a function of the inverse Martinelli parameter for
all the experimental data was obtained as

26 0.1
= f1+22422
¢L + Xr“ + X,2, ’ [2]

and is plotted in figures 2-6. For comparison, Martinelli’s correlation for air-water flow (Lockhart
& Martinelli 1949),

20 1
b= [1+—+—, 3
SRNER P Bl
is also presented in figures 2-6.
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Figure 2. T»'vo-phase friction multiplier vs the inverse Mar-  Figure 3. Two-phase friction multiplier vs the inverse Mar-
tinelli parameter for all data points. tinelli parameter for L-45-water flow with bubbly and
annular flow mixing sections at various Re,.
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Figur.e 4. Two-phase friction multiplier vs the inverse Figure 5. Two-phase friction multiplier vs the inverse
Martinelli parameter for L-45-water flow with the bubbly = Martinelli parameter for L-45-water flow with the annular
flow mixing section at various Re,. flow mixing section at various Re,.

2.4.2. Void fraction

The directly measured void fractions are plotted vs the inverse Martinelli parameter for different
flow conditions in figures 7-11. The recommended correlation for the void fraction as a function
of the inverse Martinelli parameter, based on all the experimental data, is

. =|:1 4 (XL”>~1.45:]70.8, [4]

where ¢ is the void fraction, and is plotted in figures 7-11. Martinelli’s correlation for the void
fraction, based on air-water flow (Lockhart & Martinelli 1949),

‘- I:l N <;Y1_r;)‘0.8:|-0.378’ [5]

1s also shown in the figures.

2.4.3. Flow regimes

Observations of the two-phase mixture sample obtained directly from the test section during each
test run before a total separation showed that the fluid sample generally consisted of separated
water, L-45 (or DT-LF) and a milky mixture of the above two fluids with foam-like clusters of
various grain sizes. The amount of milky mixture decreases with the increase in the directly
measured void fraction. When the void fraction was <0.4, the two-phase sample was mostly a
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Figure 6. Two-phase friction multiplier vs the inverse Figure 7. Void fraction vs the inverse Martinelli parameter
Martinelli parameter for DT-LF-water flow with the bubbly  for L-45-water flow with bubbly and annular flow mixing
flow mixing section at various Re,. sections at various Re,.
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various Re,.

10

milky mixture with a small amount of L-45 (or DT-LF). When the void fraction was >0.6, a
substantial amount of separated water was observed with some milky mixture and a small quantity
of L-45. The foam-like milky mixture formed large grains when the bubbly flow mixing section
was used and formed finer grains when the annular flow mixing section was used.

The dominant amount of foam-like milky mixture observed in low void fraction samples suggests
a bubbly type of flow [i.e. water drops in L-45 (or DT-LF)]. The appeararnce of clear separated
water in high void fraction samples would appear to imply the existence of an annular type of flow
with an L-45 film on the wall and entrainment of small amounts of L-45 in a core flow that is mostly
water. The void fraction data taken by the impedance probe agree well with those from the direct
measurements in the case of the bubbly flow and deviate significantly from the direct measurement
data when the flow apparently becomes annular. This deviation was mainly caused by the poorly
conducting (relative to the distilled water) liquid annulus on the inner wall of the test section.
Indirectly, this phenonema further suggests our conclusions regarding the existence of the two flow
regimes described above.

Our flow regime results do not exactly agree with the flow regime map of Taitel & Dutler (1976),
as was also found by Lovell (1985) in his study of a similar equal-density liquids simulation. The
results can not be compared with the flow regime map of Charles et al. (1961) because it is not
clear whether the tendency for droplets to coalesce and the wetting characteristics of their fluids
are similar to those of our fluids.

Because our results imply the existence of annular flow for some conditions, an attempt was made
to adapt a conventional annular flow model to these circumstances. This aspect of the study is
described in the next section.
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Figure 10. Void fraction vs the inverse Martinelli parameter  Figure 11. Void fraction vs the inverse Martinelli parameter
for DT-LF-water flow with the bubbly flow mixing section for all data points with the bubbly flow mixing section.
at various Re,.



414 L. P. WANG et al.

3. ANALYSIS OF ANNULAR FLOW

It is believed that under annular flow conditions, a significant fraction of liquid may be entrained
as droplets in the gas core. There is a continuous interchange of mass and momentum between
the liquid film and the gas core. The predictive capability of a phenomenologically based annular
flow model rests on the relations used to define the interfacial friction factor and the entrainment
fraction.

A one-dimensional steady-state annular flow model is presented. The model uses the triangular
relationship proposed by Hewitt (1961) and employs empirical relations for the interfacial friction
factors and entrainment fraction. The resulting model provides a method for determining the
two-phase friction multiplier and void fraction under annular flow conditions in the absence of
buoyancy.

3.1. One-dimensional Steady-state Annular Flow Model
A force balance on the gas core for horizontal steady fully-developed annular flow is given by

eelfp e 0 6P+ ro\* @ G r.\? x? _rdpP
=Pt = 7952 r.) oz r) pll  2dz’

where 7, and f; are the interfacial shear stress and frictional factor, p, and u_ are the mean core
density and velocity, r; and r, are the radii of the gas core and the tube wall, P is the pressure,
z is the axial distance along the flow direction, G is the mass flux, pg is the density of the gas phase
and x is the mass quality.

Assuming that the core can be considered as a homogeneous mixture of gas and entrained liquid,
p. is given by

G

m, l—-x
pc=m—pc=po<1+ " e), (6]

where m1, and mig are the mass flow rates of the gas core and the gas phase and e is the equilibrium
entrainment fraction. It is also assumed that the ratio of the mass flux in the core to the mass flux
within the liquid film is constant, i.e.

Pcqct+epLqL
6C

(I—e)pLqL ’
1 —¢

6 2
=(1=22
€ <l D)

is the ratio of the gas core cross-sectional area to the total cross-sectional area of the tube, 4 is
the film thickness and D is the i.d. of the test section (1.905 cm). Equation [7] can be solved for
the entrainment fraction, which results in the following:

- 1— € Kec PcY:
e= - . (8]
1+ K —-De \l—¢€ prLg

The mean core velocity is given by

K=

where

1

Glx + (1 — x)el. (9

Uu. =
cbe

The relation between the void fraction ¢ and ¢, can be expressed as

(10
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Using [6] and [9), the force balance becomes

i‘l=j_2x[x +e(1—x)]’ [11]
2 (1-2a)

where ¥ is the nondimensional interfacial shear stress, defined as t/(G*/Pg), and a is the

dimensionless film thickness (=4/D).

Note that
r, D-26 D p
27 4 4V
and
dP\* 4
— ) = - 12
(dz) \/6': tl 3 [ ]

where (dP/dz)* is the nondimensional frictional pressure gradient, defined as (dP/dz)/(G?/ps D).
The relation for the shear stress distribution in the liquid film given by Hewitt (1961) is

)= r +1va r2—r?
W)= r] 2dz r /)

where r is the radial distance measured from the centerline of the test section and () is the shear
stress at r, which can be expressed as

_ uf 1—2a 1/dP\* 1—2a\?
=R (= R S

where t* is the nondimensional shear stress, defined as 1/(G?/pg), n is the dimensional distance
(=y/D) and y is the radial distance measured from the tube wall into the flow.
From the shear stress expression in the liquid film we obtain

du_ T

—= 14]
dy m+ap [

where u is the mean velocity, a, is the dimensionless turbulent eddy diffusivity and y; is the viscosity
of the liquid phase, and
* *
ddL=ReLa ‘ —, [15]
g 1+
L

where u* is the nondimensional mean velocity, defined as u/(G/p,,), and v, is the kinematic viscosity
of the liquid phase.
The nondimensional total liquid film mass flow rate M is defined as

M= dri =4a l(1-2ar,) *d 16
—TIDZG— 0 yu 1, [ ]

where i is the mass flow rate of the liquid phase and y is the ratio of the liquid density to the
simulated gas (water) density. For each guessed value of & (or equally, @) the calculated M can
be compared with the given nondimensional liquid film mass flow rate:

M=(1-x)(1-e). 171

When the two values for M are equal, the film thickness is obtained.
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The two-phase multiplier in section 2.4.1. can be related to the nondimensional quantities as

follows:
dP\*
4 dz

= 5ty [18]

3.2. Procedure for Calculating the Film Thickness, Two-phase Multiplier and Void Fraction
The film thickness can be obtained by iteration as follows:

(1) Given flow conditions G, x and fluid properties, a value for the dimensionless
liquid film thickness, a is assumed.

(2) Using the correlation for the interfacial friction factor, f; and [1 1], 7* is evaluated.

(3) Equations [11] and [12] are used to calculate (dP/dz)*.

(4) The relation for eddy diffusivity along with [13] are used to integrate [15] from
n =0 to # =1 to obtain u* for different n values.

(5) Equation [16] is used to calculate the liquid film mass flow rate, M.

(6) The values of M calculated from [16] and [17] are compared and the above steps
are repeated to satisfy both equations.

(7) With a correct value of a, the Martinelli parameter, X,, void fraction, ¢, and the
two-phase multiplier, ¢, can be obtained from [11], {12] and [18].

3.3. Interfacial Friction, Entrainment Rate and Eddy Diffusivity Correlations
As mentioned earlier, the accuracy of the physically based annular flow models rests on the

correlations used for the interfacial friction and entrainment rate. Wallis (1970) suggests the
following relation for the interfacial friction factor:

o
fi =fs<1 + 300 5),

with a value of 0.005 for f,. Whalley & Hewitt (1978) use

f =fs[1 + 24(%)"3 %] [19]
G

Different models for the entrainment rate have been proposed but no satisfactory correlation is
presently available.

For calculating the velocity profile in the liquid film, Hewitt (1961) used Deissler’s relation, while
Levy & Healzer (1980) used the mixing length approach. The model described in section 3.1. was
used to predict the two-phase friction multiplier and cross-sectional average void fraction for the
conditions tested with L-45-water. Different relations for the interfacial friction, entrainment
fraction and eddy diffusivity were tested and the following relations gave the best agreement.

3.3.1. Interfacial friction factor
An exponential variation with the film thickness was found to yield better agreement than the
generally used linear relation

0
fi=0.005 exp(5>.

3.3.2. Entrainment fraction

Although a constant ratio of mass flux between the core and liquid film is not physically correct,
it was found that the constant K in [7] is a weak function of the film thickness and flow rates. A
value of K = 0.95 was used in [8] to obtain the entrainment fraction.
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3.3.3. Eddy diffusivity
The following nondimensional turbulent eddy diffusivity was used in the present model:

+
& _ 12V — exol — 0.16y+(1—y—>
VL—O.l6l:y< ya‘)] exp Ir: ,
20
where

. (7\/GD\/f\" N TA%
()N i)

3.4. Comparison with the Experimental Data

The calculated two-phase multipliers and the experimental data for L-45-water flow with the
annular flow mixing section are shown in figure 12. The calculated void fractions and the
experimental data for the same flow conditions are shown in figure 13. As expected, the
predictions compare well with the experimental data since the empirical relations were developed
from the same data base. It is noted, however, that the model does not result in good agreement
with pressure drop data for the nitrogen/water tests by Cuta (1987). The interfacial friction and
entrainment rates are empirically developed from the experiments with two equal-density liquids.
As will be discussed in section 4, the method of simulating reduced gravities with two liquids for
annular flow conditions is questionable. Although the model provides a general approach for
predicting annular flow pressure drop and void fraction under reduced gravities the empirical
relations should be modified for use with gas-liquid flow in the absence of gravity.

An attempt was made to modify the empirical relations. A density ratio was introduced in the
interfacial friction relation to make it applicable to different fluid combinations. The same density
ratio was used by Whalley & Hewitt (1978). This modification made the predictions more
reasonable, but the entrainment rates were considerably higher than expected and the resulting
two-phase multipliers were higher than the measured values by a factor of 2. This result could
have been expected, since the correlation for the entrainment rate is based on the data for two
liquids which have a smaller interfacial tension than gas-liquid flows. Previous studies have
shown that the entrainment rate increases with decreasing surface tension. In addition, visual
observations during the experiment showed considerably higher entrainment than expected with
gas-liquid systems. One could reduce the entrainment rate by the ratio of interfacial tensions or
vary the constant K in [8] to improve the agreement with the reduced gravity data. However, the
limited amount of data do not justify such a modification at the present time. The above
approach with the density correction introduced in the interfacial friction relation shows
promising trends but more reduced gravity gas-liquid data are needed to develop a correlation
for entrainment.
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4. CONCLUSIONS

(1) In order to develop a better understanding of two-phase flow behavior under reduced gravity
conditions and generate a data base for the two-phase pressure drop and void—-quality relation,
an experimental program was developed to simulate these conditions. These tests provide data
for long duration steady-state fully-developed two-phase flow conditions.

(2) The simulation of zero gravity by using two nearly equal-density liquids also depends on other
properties of the gas-liquid system; the wetting capability of the liquids as well as the relative
viscosities and surface tensions are particularly important. However, as will be discussed in
points (3) and (4) below, the fact that the density difference between the gas and liquid is small
makes it difficult to quantitively simulate the annular flow case.

(3) The test matrix was selected to result in turbulent flow conditions. The simulation of
zero-gravity two-phase flow under turbulent conditions is more appropriate for bubbly flow.
This is due to the fact that in a two-liquid annular flow condition, the liquid which represents
the gas phase travels at a velocity which is not greatly different from the average velocity of
the other phase. However, in a gas-liquid annular flow, the phases travel at considerably
different velocities due to the density difference. As a result, the two-liquid annular flow
simulation can only provide a qualitative representation of the actual conditions by eliminating
the buoyancy effects.

(4) The annular flow model was based on a phenomenological approach and resulted in good
agreement with the data. However, since the empirical relations used for the interfacial friction
and the entrainment rate are based on the data from the equal density liquids, they may not
be directly applicable to a gas-liquid flow in zero gravity. The model does, however, provide
a general approach for predicting annular flow pressure drop and void fraction. Attempts to
generalize the empirical relations for gas-liquid flow at reduced gravities showed promising
trends but more tests are needed to develop relations for the interfacial friction and entrainment
rates.

(5) It was observed that in the liquid flows studied here, small, foam-like bubble clusters are more
likely to form rather than large, discrete bubbles. This suggests that bubbles tend to be more
thoroughly dispersed in the zero-gravity condition, which is consistent with the observations
of Karri et al. (1988).
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