ZERO GRAVITY—Dr. Vemuri Balakotaiah, professor of
chemical engineering (I.), and Dr. Dmitri Lastochkin, post-
doctoral fellow (r.), engagein laboratory experimentsthat led
to seven sets of experiments aboard the KC-135 aircraft. In
zero-gravity flight, they study the characteristics of wavy
filmsin gas-liquid flowsin theviscousregimeto measure slug-
annular transition pointsand pressure drop in microgravity.

Experimental and
Modeling Studies on
Wavy Films in Annular
Gas-Liquid Two-Phase
Flows under llormal and
Microgravity Conditions
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Experiments have
been conducted un-
der both normal and
microgravity condi-
tions to determine the characteristics of wavy filmsin
annular gas-liquid two-phase flows in pipes. In nor-
mal gravity experimentsin avertical pipe, researchers
observed a new phenomenon of wave suppression at
moderately high Reynolds numbers. They found that
the maximum as well as the average wave amplitudes
reach a maximum value at some Reynolds number
and then start to decrease. This observation is contrary
to the well-established point of view that wave ampli-
tude increases with the Reynolds number. In some
experiments, completely flat films were observed
with Reynolds numbers in the range 300-1400. The
suppression of waves on vertically falling films was
observed only in a window of fluid viscosities of
0.005 to 0.025 Pa.s for the case of pipe with an inter-
nal diameter of 1.27 cm. For viscosities lower than
0.005 Pa.s no wave amplitude reduction was observed
at highest Reynolds numbers achievable in UH exper-
iments. For viscosities higher than 0.025 Pas, the
maximum wave amplitude increased monotonically
until the annular flow became slug flow. Increasing
the Reynolds number after annular-slug transition did
not reverse the type of the flow.

A new model is used to explain the experimentally
observed phenomenon of wave suppression. The
model predicts the suppression of waves and com-
pletely flat films at high Reynolds numbers.

Seven sets of experiments were conducted aboard
the KC-135 aircraft to study the characteristics of
wavy filmsin annular gas-liquid flows in the viscous
regime to determine the slug-annular transition and
pressure drop for circumstances in microgravity. The
two-phase pressure drop and statistics of the wavy
film were a so determined as afunction of gasand lig-
uid Reynolds numbers and a preliminary analysis.

Abstract—

variety of situationsin chemical processing, power genera-

tion and energy production facilities. In addition to these
normal gravity applications, such flows also occur in many space
operations such as active thermal control systems, power cycles,
propulsion devices, storage and transfer of cryogenic fluids, and
recycling operations.

Two-phase flows can be grouped into a number of different
flow patterns. These flow patterns are based on the spatial and
temporal distribution of the vapor (or gas) and liquid phases.
Gravity is a major reason for such two-phase flows to exhibit a
wide range of flow patterns with different characteristics. The
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gravitational body force acting on the phases with different densi-
ties causes stratification. In addition to the magnitude of that body
force, orientation of body force with respect to the direction of
flow has a strong impact on the flow patterns observed and aso
on the flow pattern transition boundaries. For example, normal
gravity vertical upward co-current flow exhibits the following
flow patterns. annular, churn, slug, and bubbly. On the other hand,
normal gravity horizontal flow exhibits the following flow pat-
terns: smooth stratified, wavy stratified, elongated bubble, dis-
persed bubble, plug, slug and annular.

Recent experiments have shown that two-phase flow patterns
are somewhat simplified in microgravity. For example, only three
major flow patterns (bubble, slug and annular) have been
observed. In addition, annular flow is obtained for a wide range
of gas and liquid flow rates in microgravity. It is the preferred
flow pattern for the operation of two-phase systemsin space. Slug
flow is avoided, because vibrations caused by slugs result in
unwanted accelerations. In many cases, bubbly flow should also
be avoided because of the difficulty of preventing the transition
from bubbly flow to slug flow. Therefore, it is important to be
able to accurately predict the flow pattern that may exist under
given operating conditions of a two-phase system.

Wavy liquid film in annular flow has a profound influence on
the transfer of momentum and heat between the gas and the lig-
uid. Thus, an understanding of the characteristics of the wavy film
is essentia for developing accurate correlations that may be used
to predict the transfer rates. The main goa of our work is to
understand through a combined program of experimental, and
modeling studies, two-phase gas-liquid flows in pipes under nor-
mal as well as reduced gravity conditions.

A brief summary of our experimental and modeling studies in
normal as well as microgravity conditionsis given here.

Experimental and Modeling Studies on

Wave Suppression on Vertically Falling Films

The main goa of our work on wavy films in vertical pipesis to
determine the rel ationship between the maximum wave amplitude
and the physical parameters, namely Reynolds, Kapitz, or Weber
numbers, which characterize the system. The maximum wave
amplitude in a free faling film depends only on the system
parameters and is proven insensitive to external noise. More
important, since the large waves dominate the transfer processes,
one can expect the heat and mass transfer to be strongly correlat-
ed with the maximum wave amplitude.

Experiments were conducted using flow loops, which consist of
three sections: the feed section, the flow development section, and
the test measurement section. Time traces of film thickness were
measured for two internal diameter flow loops using half inch and
0.75-inch vertical acrylic columns. All the flow characteristics
such as the wave amplitude, shape, and wave speed reach steady
states and can be observed in the test measurement section. The
measurement section equipped with six conductance probes mea-
sures the electrical conductance between the twin platinum-rhodi-
um parallel wires with the diameter 0.076 mm. The distance
between the feed section and the probes is 2.65 meters and it is
assumed that the flow is fully developed at the last probe.

In these experiments, researchers observed a new phenomenon
of wave suppression at moderately high Reynolds numbers. The
maximum as well as the average wave amplitudes reach a maxi-
mum value at some Reynolds number and then start to decrease.
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Figure 1. Maximum, average and Nusselt film thickness as a
function of Reynolds Number: (@) viscosity 0.00525 Pa.s, (b)
viscosity 0.00914 Pa.s. The solid line is a plot of the Nusselt
film thickness.

The experimental datafor 1/2 inch column are shown in Figs. 1,2
for viscosities 0.0033 Pas, 0.00525 Pas, 0.00914 Pas, 0.0115
Pa.s, where the maximum and the average film thickness are pre-
sented as a function of the Reynolds number. This observation is
contrary to well-established point of view that wave amplitude
increases with the Reynolds number. In these experiments, com-
pletely flat films were observed at high Reynolds numbers. One
can see that after some Reynolds number the maximum and the
average film thickness are almost identical. In the experiments,
we observed flat films near the measurement section, whilein the
flow development section, the waves could be seen clearly. For
higher viscosities 0.042.2 Pa.s, 0.0818 Pa.s, 0.656 Pa.s, the max-
imum wave amplitude increased monotonically until the annular
flow became slug flow. For higher viscosity the annular-slug tran-
sition becomes sharper. We observed that transition takes place in
a narrow interval of Reynolds numbers. Increasing the Reynolds
number after annular-slug transition did not reverse the type of
the flow.

Similar series of experiments were conducted in a 3/4-inch col-
umn. We observed that the maximum amplitude starts to decrease
while the average amplitude reaches saturation. Unfortunately
larger column diameter required larger
volumetric flow at the same Reynolds
number, so we could not reach higher ISSO' 11
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Figure 2. Maximum, average and Nusselt film thickness as a
function of Reynolds Number: (a) viscosity 0.00115 Pa.s, (b)
viscosity 0.00151 Pa.s. The solid line is a plot of the Nusselt
film thickness.

Reynoldsto seethe effect more clearly. Slug-annular transition on
3/4-inch column takes place at higher viscosity and not so sharp
asin the case of 1/2-inch column.

A new model was developed to predict the experimentaly
observed phenomenon of completely flat films for high Reynolds
numbers. Thismodel isan extension of that developed by Nguyen
and Baakotaiah.! The model predicts the Reynolds number at
which the wave amplitude starts to decrease. However, the model
predicts lower maximum amplitude than the experimental value.
The reasons for this can be explained: first-the model was derived
under the assumption of flat geometry and does not take into cort
sideration the tube curvature into consideration. It is well known
that the tube curvature increases the wave amplitude especialy
for viscous fluids when liquid film occupies a large fraction of
tube volume. Second, the model assumes traveling wave transfor-
mation which limitation, by its nature, cannot predict coalescence
of waves, which can lead to the formation of a big wave. Taking
these two factors into consideration, we can conclude that the the-
oretically predicted maximum amplitude must be lower then the
experimentally observed values. (See Fig. 3).

Slug-Annular Transition in Microgravity

We have also conducted experiments on gas-liquid two-phase
flows by using the KC-135 aircraft (of NASA-JSC) which, in par-
abolic trgjectories, gives about 20 seconds of microgravity. The
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Figure 3 Comparison of experimental and theoretical ratio of
maximum to average amplitude, viscosity 0.00525 Pa.s.

purpose of these experiments is to extend and verify the the flow
pattern map developed recently by Jayawardena et al.2 aswell as
to measure the pressure drop and wave amplitudes in annular
flow.

As discussed elsewhere in detail 2 the flow pattern in micro-
gravity depends on eight variables (pg, g, PL, W, U g Ugs O, and
D). From these eight variables five dimensionless groups can be
formed, the liquid Reynolds number, Re s = p u D / u, thegas
Reynolds number, Regg = pgUssD / ug, the viscosity ratio, ug / w, ,
the density ratio, pg / p., and the Suratman number, Su = p, Do /
u2, . Here, u, s and ugg denote the superficial velocity of liquid and
gas based on single-phase flow, where D is the tube diameter, p,
u, and o are density, viscosity, and surface tension respectively.
The subscripts Land G denote liquid and gas phase. We assumed
that the density and viscosity ratios have little effect on the tran-
sition boundary and the flow characteristics. Other possible
dimensionless groups can replace the Suratman number such as

uZD
- The Weber number, WGpLA,

[e)
i We _Rg _wus
- The Capillary number, Ca = = ,
! ynu Re, Su o
172
_pelo L w
- The Ohnesorge number, Oh = G=—= —

Sug (O'DpL)

Thus, we can express the critical liquid flow rate at slug-annular
transition (Re ¢) as a function of the other two dimensionless
groups, i.e. the gas flow rate (Regg) and the Suratman number.
The dlug-annular transition for microgravity two-phase viscous
flows is shown in Fig. 4. The plot shows the dependence of the
Reynolds ratio at the transition on the Suratman number of power
-3/2, which is consistent with the results known in literature. It
shows that the transition boundary determined by Jayawardena et
al .2 extends to much lower values of the Suratman number (vis-
COous regime).

Pressure Drop in Two-Phase Flowsin Microgravity
The pressure drop encountered in an annular flow system is one

105 F T T TTTT || T T |||||| T T ||||||| T T IIIIIJ__
L s s A SES WIS Annular ]
4 A AN e B &
10° | 5
i Ll # A RS eeBel @ B 7
Su i A B A *P NI O S @ ]
- Slug/Bubble  A2A ¢ ¢ ¢ 5 ssswse 1
0 E E
F L A4 ZAASE 00 SIENeee o
| e Annular i
| A Shg )
O EBubble
102 1| Lyl ul I ||||||l I ||||;\|| 2| [ e ;
10 10 10 10 10
Recse Rehs

Figure 4. Flow pattern map for slug-annular transition in
microgravity two-phase flow.

of the most important parameters to the designers of these sys-
tems. We do not attempt to test the homogeneous model with our
bubbly and slug pressure measurements, but rather focus on com-
paring the separated Lockhart-Martinelli flow model with pres-
sure drop data in annular flows. By introducing athin liquid film
onto the inside perimeter of the gas pipe, the pressure drop can be
increased by an order of magnitude. For annular flows, the sepa-
rated model is more appropriate than homogeneous models
because of considerable dlip between the phases. One of the most
time-tested annular pressure drop models is the Lockhart-
Martinelli model. In this model, the pressure drop of annular two-
phase flow is related to the pressure drops of each phase flowing
alone in the pipe. Since the correlations for single-phase pressure
drop are well established, the Lockhart-Martinelli model has the
advantage of being easy to use. In the Lockhart-Martinelli model,
the gas two-phase flow multiplier F  is defined as

DP.
F& =758 (1)

DPg '

where DPp is the two-phase pressure drop, and DR is the gas
pressure drop. The Lockhart-Martinelli model provides correla-
tions for the multiplier based on the Martinelli parameter defined
as

Nt

2
DR, ' )
where DP, is the pressure drop of the liquid flowing alone in the
tube. The original correlations consist of a set of graphs to predict
the gas multiplier based on the gas/liquid phases laminar or tur-
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Figure 5. Experimental measured pressure drop in micro-
gravity annular flow and prediction for three different liquid
glycerin solutions.

where the value of C depends on the single-phase flow regimes
(laminar or turbulent) of gas/liquid. The Martinelli parameter X
can be calculated from the single-phase pressure drops (Eg. 2),
using the standard friction factor approach. The Fanning equation
for single-phase pressure drop is defined as

2
_gzﬂ_gu_ @)

The friction factor is defined as

C
f=—5 5
Rt ®)
where Cg = 16, n = 1 for laminar flow (Re < 2000) and Cg =

0.046, and n = 0.2 for turbulent flow (Re > 2000). When the val-
ues of X and F g are determined, the two-phase pressure drop is
calculated from Equation (2).

We used the Lockhart-Martinelli model to predict the pressure
drop and compare with the measured pressure drop in micrograv-
ity annular flow. The single-phase pressure gradients are calcul at-
ed with the friction factors, f = 16/Re for Re < 2000, and f =
0.0791/ ReV4 for Re > 2000. For annular flow in half-inch diam-
eter tube, we used the same Equation (3) for the gas multiplier and
found the constant C to be 18 for turbulent gas and laminar liquid
flows

F2 =1+18 X +X°. (6)

Figure 5 shows the comparison between the measured pressure
drops and the predictions using Eq. (6). Points on the 45-degree
line indicate the exact match between

1 4_ I S S measured and predicted values. The
pressure drops predicted by L-M corre-
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Figure 6. Film thickness traces collected at probe # 6 (Su =
768.8) at fixed Re g = 100.

lation with Equation (6) give good agreement with the measured
pressure drops for annular flow with turbulent gas and laminar
liquid flowing ranges.

Wave Characteristics

Conductance probe data allow for additional analysis of the char-
acteristics of annular waves beyond the qualitative results pre-
sented previously. By using six conductance probes located six
inches apart, we can study the behavior of each particular wave as
it traveled through the test tube. This may lead to a better under-
standing of the processes occurring in and around the annular
wavesin microgravity. In the experiment, we fixed theliquid flow
rate and reduced the gas flow rate until wave occlusion occurred.
Figure 6 shows the film thickness collected at probe no. 6 for
fixed liquid flow rate (Re_g ~ 100, Su = 768.8). The film thick-
ness increases as we reduce the gas flow rate from Regg = 17324
t0 4363. At Regg = 2238 wave occlusion occurs and annular flow
becomes slug flow. Figure 7 shows the experimental scaled film
thickness as a function of the Reynolds ratio (Re_J/Regg) for a
liquid Suratman number of 12624.7. The film thicknessis chosen
to be the average value of the film thickness collected at probe no.
5 and Probe no. 6. Figure 8 presents the plot of the scaled film
thickness versus the Reynolds ratio with fixed liquid Reynolds
numbers at 56, 100 and 110 (Su = 768.8). As we reduce the gas






