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Two-phase gas-liquid (and vapor-liquid) flows occur in a
variety of process equipment such as petroleum production
facilities, condensers and reboilers, power systems and core
cooling of nuclear power plants during emergency operation.
In addition to these normal gravity applications, two-phase
flows also occur in many space operations such as active ther-
mal control systems, power cycles, propulsion devices, and
storage and transfer of cryogenic fluids.

For conditions of technological interest, there are a few
major types of flow regimes observed for gas-liquid flows in
pipes. Characteristics of these flow patterns and the condi-
tions under which those flow patterns exist depends on the
orientation of the pipe with respect to gravity. At low gas
flow rates, a bubble flow pattern in which small gas bubbles
are uniformly distributed in the liquid is obtained. Increasing
the gas flow rate leads to slug flow. This flow pattern is char-
acterized by large bullet shaped gas bubbles separated by lig-
uid slugs. At even higher gas flow rates, a highly agitated
churn flow is observed. Increasing the gas flow rate further
leads to the annular flow regime in which the liquid moves
along the pipe wall in a thin, wavy film and the gas flows in
the core region.

The above description applies only to two-phase flows in
vertical pipes. In horizontal pipes, churn flow does not exist.
At low gas flow rates, smooth and wavy stratified flows exist
in such pipes.

In the absence of gravity, there exist only three major flow
patterns: bubble, slug, and annular (Figure 1). In micrograv-
ity, annular flows are obtained for a wide range of gas and
liquid flow rates. Bubble and annular flow are the preferred
flow pattern for the operation of two-phase systems in space.
Slug flow is avoided, because vibrations caused by slugs result
in unwanted accelerations. Therefore, it is important to be
able to accurately predict the flow pattern which exists under
given operating conditions of a two-phase flow system.
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Ever since the early work of Baker (1958), there have been
attempts to predict the transitions between flow patterns for
two-phase flows in pipes. Because of the large number of di-
mensionless groups (seven to nine) describing the phe-
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Figure 1. Flow patterns observed in microgravity
two-phase flows (Bousman, 1994).
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nomenon, it has not been possible to correlate the experi-
mental data and present the transition maps in a more gen-
eral (dimensionless) form, independent of the specific sys-
tem. Most flow pattern maps in the literature are presented
using the gas and liquid velocities and are applicable only to
specific systems. An example of this is the map by Dukler
and Taitel (1986). One exception is the work of Zhao and
Rezkallah (1993), which uses the Weber number (defined as
Wegs = pcUésD/o).

Approach

For two-phase flows in zero gravity, the number of dimen-
sionless groups is reduced by two because of the inherent
symmetry present (no preferred orientation for the pipe) and
the absence of gravity. A dimensional analysis shows that for
smooth pipes, there are five dimensionless groups that are
relevant: the gas and liquid Reynolds numbers (Regg=
pcUssD/ug and Reps= psU, ¢D/p,); the Weber number
(We, s = p U D/a); and ratios of gas to liquid densities and
viscosities. (In place of the Weber number, we could also use
the Capillary number Ca= u,U, ;/o). Here, U, is the su-
perficial velocity of the liquid based on a single-phase flow
and Ug; is the superficial gas velocity. Intuitively, we expect
the flow pattern transition boundary to be a weak function of
the last two ratios, as long as these ratios remain much smaller
than unity. (By this statement, we mean that terms like 1+
(pg/p.) can be replaced by unity.) This assumption reduces
the number of most relevant dimensionless groups to three.
In addition, if the flow conditions and pipe diameter are such
that the capillary effects are not dominant, then it is possible
to correlate the flow pattern maps in terms of two dimension-
less groups by combining the Weber (or the Capillary num-
ber) with the Reynolds number.

We have developed a flow pattern transition map for mi-
crogravity two-phase flows using two dimensionless parame-
ters. Our results suggest that flow pattern transition in micro-
gravity can be predicted using the maps shown in Figures 2
and 3. These were developed using experimental data col-
lected by many researchers (see Table 1) using different
working fluids and tube sizes. These maps suggest the impor-
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Figure 2. Flow pattern map for microgravity two-phase
flows.

1638 June 1997 Vol. 43, No. 6

2 Bubble or Slug Annular ]
. | B o
=
— - -
=]
Q WM O
3 4 ' PR -
Qa T
" 10D T X0
=’ -
%] B B0 @0 O T

Slug Flow »x  Annular Flow

> Bubble Flow
107 T T T

|06 L L |
10 100 1000 104 10° 10%

RcG s

Figure 3. Flow pattern map to identify annular flows in
microgravity (when Su > 108).

tance of a dimensionless group called Suratman number (Su
= Rei /We, ;= aDp, /u2) in determining the transitions
between the flow patterns. (In the literature, the reciprocal
of the square root of Su, called the Ohnesorge number, is
also used. However, we prefer to use the Suratman number
for the reasons explained below.) The Suratman number is
the ratio of Reynolds number (Re, ) to the Capillary number.
It may be interpreted as the ratio of the product of surface
tension and inertia forces to the square of the viscous forces.
It is the natural parameter that arises when the characteristic
velocity used in the definition of the liquid Reynolds number
(Re, ) is replaced by the capillary velocity (U, = o/, ).

Table 1 summarizes different sources of experimental data
used in developing the maps shown in Figures 2 and 3. Since
the identification of the flow pattern near a transition bound-
ary is a highly subjective matter, we have not used flow pat-
terns which were identified as bubble-slug or slug-annular in
obtaining the proposed flow pattern map. When those exper-
imental data points are plotted on the proposed maps, they
were located around the transition boundaries. It will be in-
teresting to check the original flow visualization data to see
whether two-phase flows of such transitional points predomi-
nantly indicate the features corresponding to the flow pattern
suggested by the proposed maps.

Bubble-slug transition

According to the proposed flow pattern map, bubble-slug
flow pattern trapsition for the range of Suratman numbers
studied (10* < Su < 107) occurs at a particular value of the
ratio {Re;g/Re, ¢). This transitional value (Resg/Re, ¢),, in-
creases with decreasing Suratman number according to the
relationship

( Regg

=K Su=%
Re, ¢ ), 19U M

where the numerical value of the constant K, is found to be
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Table 1. Sources of Microgravity Flow Pattern Information

Fluid

No. of Observations

Dia.

Source Liquid Vapor (m) Bubble Slug Annular
Janicot (1988) water air 0.0127 6 16 12
Bousman (1994) water air 0.0127 7 30 33

water-glycerin air 0.0127 4 22 31
water-zonyl air 0.0127 4 16 31
water air 0.0254 3 30 14
water-glycerin air 0.0254 5 11 15
water-zonyl air 0.0254 4 9 8
Colin (1990) water air 0.0400 83 48 n/a
Zhao and Rezkallah water air 0.009525 6 46 43
(1993)
Huckerby and water air 0.009525 8 25 n/a
Rezkallah (1992)
Crowley and Sam R11 R11 0.00634 n/a 2 8
(1991)
Reinarts (1993) RI12 R12 0.0127 1 21 62
Ri2 R12 0.0047 n/a n/a 22
Hill and Best (1991) R12 R12 0.0111 n/a 16 3
R12 R12 0.0087 n/a 16 3
Chen et al. (1988) R114 R114 0.0158 n/a 2 6

464.16. We note that this transition boundary may also be
expressed as

(Regs), = K,Re}3Ca?¥? @

Slug-annular transition

Unlike the bubble-slug transition, the slug annular transi-
tion is not given by a single straight line. For Su < 10°, the
transition line has the same slope as the bubble-slug transi-
tion. However, for Su > 10%, the gas Reynolds number at the
transition is proportional to the square of the Suratman num-
ber. Thus, the slug-annular transition is found to be

(Regg/Re; ), = K,Su™%? for Su<108 (3a)

(Regg), = K3Su? for Su> 108, (3b)
where K, and K are numerical constants (K, = 4,641.6, K,
=2x107°).

Since the Suratman number is determined by the tube di-
ameter and physical properties of the fluid, we can use the
proposed maps to identify the flow pattern for a given two-
phase system with known liquid and vapor flow rates.

Discussion

Table 2 compares the number of prior observations which
agree with the predicted flow pattern maps of Figures 2 and
3. It shows the number of data points of each flow pattern
falling into regions of the maps identified as bubble, slug, or
annular. Off-diagonal elements indicate where the predicted
flow pattern does not agree with the experimentally observed
flow pattern. It is clear that the proposed map has never pre-
dicted a bubble flow pattern for conditions which actually re-
sult in annular flow pattern and vice versa. Inaccuracies arise
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only when predicting between bubble and slug, or between
slug and annular flow patterns. Table 2 is divided into two
sections depending on the Suratman number. We estimated
the accuracy of a prediction as the ratio of the number of
correct predictions to the total number of data points around
the transition under consideration. This procedure suggests
that for Su <10°, we can predict the flow pattern map with
about 93% overall accuracy. Specifically, the accuracy of the
prediction between bubble and slug regimes is about 94%
and the accuracy of the prediction between slug and annular
regimes is about 95%. For Su > 105, the overall accuracy is
about 91%. Specifically, the accuracy of the prediction be-
tween bubble and slug regimes is about 87% and the accu-
racy of the prediction between slug and annular regimes is
about 97%.

Though it was attempted to propose a single map to pre-
dict bubble, slug, and annular flow regimes, it was only possi-
ble to propose two maps with different coordinates. If Su <
10°, the procedure is straightforward. Otherwise, first use the
Eq. 1 to decide whether the flow regime is bubble or not. If
the flow pattern is not bubble flow, then use Eq. 3b to deter-
mine whether it is slug or annular,

The discrepancies between observed and predicted flow
patterns (as summarized in Table 2) may be due to the diffi-
culty and the subjective nature of identifying flow pattern
(specially between bubble and slug) under conditions around

Table 2. Accuracy of Predictions Using Proposed Maps

Predicted
6 6
Observed Su<10 Su>10
1 Bubble Slug Annular Bubble Slug Annular
Bubble 37 1 0 71 15 0
Slug 8 110 10 10 92 4
Annular 0 2 129 0 2 142
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the transition boundary. This is the same reason why the data
points that were identified as bubble-slug or slug-annular
were not used in this work. Also, it is unknown whether ob-
served flow pattern in such tests would have changed if the
flow development length or duration was longer.

The proposed maps suggest a dramatic change in the be-
havior at a Suratman number around 10, causing changes in
the slug-annular transition. It is not just a change in the slope
of the transition boundary line, but also a change of the hori-
zontal coordinate from (Reg¢/Re; ) to Regg. The reasons
for such a dramatic change needs to be explored in detail.
Since the asymptotic behavior of these maps should agree
around the Suratman number of 105, we do not expect a sud-
den transition of the mechanism. The detailed behavior for
conditions when the Suratman number is close to 10° is still
not clear. The maps shown in Figures 2 and 3 may not be
valid for very low values of the Suratman number. The exper-
imental data available is limited to a range above about 10*,
More experiments need to be conducted in the low Suratman
number region to assess the importance of capillary effects.

The flow pattern transition from annular to slug flow is
affected by the growth rates of the disturbances on the de-
formable gas-liquid (vapor-liquid) interface. Therefore, de-
tailed information on the liquid film behavior should be ob-
tained to understand the basic reason for this change in flow
pattern transition mechanism. We are not aware of any study,
in which detailed measurements of annular two-phase flow
are made at a Suratman number greater than 10°. An exam-
ple for such a system is a large diameter two-phase system
with a refrigerant as the working fluid.

The flow pattern maps proposed here can be used to ob-
tain flow pattern transition boundaries of dimensional flow
pattern maps suggested by Dukler et al. (1988). Instead of
using a critical void fraction to estimate the position of the
transition boundary, we will obtain that information using the
Suratman number and fluid properties of the two-phase sys-
tem. Colin et al. (1996) looked at the void-fraction based
model of Dukler et al. (1988) for microgravity bubble-slug
transition and suggested the existence of a critical Suratman
number of 1.6 X 10%, They observed different values for the
critical void fraction above and below that number.

The approach taken here may be applied to develop nor-
mal gravity flow pattern maps. As stated in the introduction,
flow pattern transition in normal gravity is complicated be-
cause of the additional parameters (magnitude and direction
of the gravity vector). But, at the limit of high Froude num-
bers, the maps developed here might also be valid for normal
gravity two-phase flows. Two-phase flows in vertical pipes re-
semble microgravity conditions because of the symmetry.
Thus, the proposed maps may give a starting point for two-
phase flow pattern maps in vertical pipes at high Froude
numbers. Since a two-dimensional map limits the number of
independent dimensionless groups to two, different flow pat-
tern maps might have to be constructed for different Froude
numbers (Fr = U2/gD) or Bond numbers (Bo = a/pgD?).

Conclusions

For microgravity two-phase flows, a novel flow pattern map
based on dimensionless parameters is proposed. This indi-
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cated the dependence of bubble-slug and slug-annular transi-
tions on the Suratman number of the system. The bubble-slug
transition occurs at a transitional value of the gas to liquid
Reynolds number ratio, which decreases with increasing
Suratman number. The slug-annular transition occurs at a
different transitional value of the gas to liquid Reynolds
number ratio, which decreases with increasing Suratman
number for low Suratman number systems. For high Surat-
man number systems, the slug-annular transition occurs at a
transitional value of the gas Reynolds number, which in-
creases with increasing Suratman number. The empirically
determined flow pattern transition boundaries are straight
lines (on the log-log scale) with slopes equal to —2/3 or 2,
and the significance of these numbers is yet to be under-
stood. These flow pattern maps also provide a starting point
to create dimensionless flow pattern maps for high Froude
number normal gravity two-phase flows.
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