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Abstract—A one-dimensional momentum equation has been derived based on a two-fluid model and used
to predict the axial distribution of liquid level or void fraction in steady, cocurrent, gas-liquid stratified
flows in horizontal circular pipes and rectangular channels. The equation is carefully formulated to
incorporate the effect of interfacial level gradient. Two different critical liquid levels are found from the
momentum equation and are adopted as a boundary condition to calculate the liquid level or void fraction
distribution upstream of the channel exit. The predicted void fraction distributions are compared with the
experimental data obtained in a rectangular channel in this work and other data reported for
large-diameter pipes. Good agreement is shown for air—kerosene, air—water and stream-water stratified
flows with a smooth gas-liquid interface.
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1. INTRODUCTION

A stratified flow is a common two-phase flow pattern occurring in large-diameter horizontal pipes
used in oil pipelines and in nuclear reactors during loss-of-coolant accidents. In this flow pattern,
the gas and liquid phases are segregated due to gravity, and momentum is transferred between the
phases at the gas-liquid interface due to shear.

Numerous studies have been conducted in the past on the stratified flow, but most are limited
to flows in small-diameter pipes. Analytical models have also been developed for predicting the void
fraction (or liquid holdup) and pressure drop in well-developed stratified flows, which do not
display any significant interfacial level gradient (ILG) or the variation in the liquid level in the flow
direction, dA, /dx.

The stratified flows in large-diameter pipes, which are quite common in many industrial processes
and plants, frequently show significant variations in the liquid level along the flow direction and
somewhat peculiar holdup or void fraction behavior, especially at low mass velocities (Kawaji et al.
1987; Simpson et al. 1981). These stratified flows with nonzero ILG are not well understood at
present and few studies are available in the literature.

Kawaji et al. (1987) conducted stratified flow experiments using steam and water at high
pressures in a 180 mm i.d. pipe and measured the void fraction for two different exit conditions:
the two-phase mixture flowing into a pool of liquid stored in a tank and the two-phase mixture
freely-discharging into essentially an empty tank. Comparison of these data showed that the void
fraction in the pipe is relatively uniform in the axial direction and independent of the exit condition
if the mass velocity is 2400 kg/m?s, however, it is strongly influenced by the exit condition if the
mass velocity is < 100 kg/m?%. The physical reasons for these interesting results were not apparent
at that time and an analytical model is needed to fully explain them.

Bishop & Deshpande (1986) pointed out that there are some stratified flow void fraction data,
published in the past, that cannot be predicted by correlations derived for a well-developed
stratified flow. They suggested incorporating an ILG term in an analytical model, but their model
could not be used for calculation of the liquid level distribution, so they did not attempt such an
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Figure 1. Two-phase test loop.

analysis. They further stated that although the pressure gradients in the liquid and gas are expected
to be different from each other, their relationship is still unclear and should therefore be studied
by measuring both gradients at the same time.

More recently, Koizumi et al. (1990) have conducted air—water two-phase flow experiments in
a 210 mm i.d. horizontal pipe and obtained reliable void fraction data for stratified flows with ILGs.
They have shown that these data can be predicted relatively well by an open-channel flow model
involving only the liquid phase. The experiments and analysis were limited to the case of a
free-discharge condition at the exit.

In this work, a one-dimensional two-fluid model is formulated based on a momentum balance
for stratified flows with ILGs. The final equations derived are the same as those previously reported
by Taitel & Dukler (1987); however, the derivation of the equations uses a different approach and
considers the balance of all the forces in a comprehensive manner. Based on the equations derived,
two different critical liquid levels are found to exist at the exit of the flow channel depending on
the discharge condition, and they are used as the boundary condition for the two-fluid model to
calculate the void fraction or liquid level distribution along the pipe axis. The model is thus
applicable to both cases of free-discharge and discharge into a pool of liquid at the flow channel
exit. The model is tested by predicting the void fraction data obtained in this work for a rectangular
duct and other data obtained in circular pipes previously reported by Kawaji et al. (1987), Koizumi
et al. (1990) and Simpson et al. (1981).

2. EXPERIMENTS

The experimental apparatus used in the present work is shown schematically in figure 1.
The working fluids were air and kerosene (density, p = 752 kg/m? dynamic viscosity, u = 1.31 x
1073 Pa-s) at room temperature and atmospheric pressure. The test section was a horizontal,
rectangular duct 50.8 mm high and 101.6 mm wide, and the inlet and outlet chambers were designed
to handle both cocurrent and countercurrent stratified flows as previously described by Lorencez
et al. (1991). A floating plate was used in the liquid inlet tank to minimize generation of interfacial
waves. The gas and liquid flow rates were measured using a precalibrated rotameter (uncertainty
2%) and a turbine flow meter (uncertainty 1%).

The liquid level was measured using two pairs of parallel nichrome wires located at 1.3 and 3.3 m
from the liquid inlet. The wires were 0.2 mm dia and 1.0 mm apart, and vertically set at the center
of the channel cross section. Since kerosene’s electrical conductivity is very low, a DC source could
not be used as in previous studies by Brown er al. (1978) and Koskie ez al. (1989). Instead, an AC
source was used and the capacitance between the wires was measured to obtain the liquid level.
The measurement system was carefully calibrated against the liquid levels measured with a needle
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connected to a micrometer and inserted from the top of the channel. Penetration of the needle
through the interface caused formation of a thin streak on the liquid surface and could easily be
checked visually for a smooth interface. The uncertainty in the measured results were +0.1 mm
for the liquid level and +0.2% for the void fraction.

3. ANALYSIS

3.1. Physical model

The stratified flow being modeled and the symbols used in the model are shown in figure 2.
The gas and liquid are assumed to flow in the same direction without any phase change in a
circular, horizontal pipe and the interface between the two phases is assumed to be smooth but
the liquid level can vary in the flow direction. Although the final equations developed here are the
same as those reported earlier by Taitel & Dukler (1987), in deriving the momentum equation, we
have paid particular attention to the relationship between the pressure gradients in the two phases,
as suggested by Bishop & Deshpande (1986), and considered all the forces acting on the fluid
boundaries in a comprehensive manner.

As shown in figure 2, if the liquid level is given by 4, the centroid of the liquid cross section
is located at kh, below the interface, where k is given by the following equation:

k =[(m — 68)cos 6 + (sin ) — sin® 8/3)/[(1 + cos 8)(n — B + sin O cos 9))]. 1

This centroid parameter varies with the liquid level, so if an ILG exists, the value of k£ will vary
with the axial distance. Using the parameter, &, the average pressures in the gas and liquid phases
are related as follows:

P =P +kprgh. (2]

The pressures P, and Pg are defined as the area-averaged pressures for the liquid and gas cross-
sections, respectively.
Differentiation of [2] with respect to the axial coordinate yields

(dPy /dx) = (dP/dx) + p gd(kh, )/dx. (3]

The cross-sectional areas, 4, and Ag, hydraulic diameters, D, and D, wetted perimeters,
Iyi and lyg, and the interfacial area per unit axial length, /, can be represented as simple
functions of the inner diameter, D, liquid level, A, , and/or angle, 6, as given by Taitel & Dukler
(1976a).

The shear stresses at the fluid-wall boundary, 7y, and tyg, and at the interface, 1;, are given
by

TWL=prLU%_/2 {4]
and
Twg =T =prGU%3/2- (5]
Ij TWG
= == oy ug+du
260 Nt Fegmus 7 SptaR &
/ khL £$u i — ; uL+duL
O S =
i ;'WL hi+dh
hy
Centroid of liquid ax

cross-section

Figure 2. Flow geometry and symbols.
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Here, U and Uj are the average velocities of the liquid and gas in cross-sectional areas A and
Ag, respectively. For flows in large pipes, since the Reynolds numbers (as defined below) are usually
greater than 2000 for both phases, the Blasius relation can be used for the friction factors, /i and
Jf6, in [4] and [5}:

Re, =p UL Dy jp; Reg = pgUgDg/ug. (6]

It is noted that although the cross sections of the flow areas occupied by both phases are
noncircular, the difference between the laminar friction factor expressions for the present
noncircular and circular cross sections is <3% (Shah & London 1978). Thus, for turbulent flow,
the difference is expected to be even smaller and the Blasius relation should be applicable without
any modification (Sadatomi et al. 1982).

3.2. Momentum equation

Based on a one-dimensional two-fluid model, the momentum equation for the liquid phase is
given by

PLA, — (PL+dP) (AL +dA4) — Ty by dx + 1l dx + p Ut 4,
—pLUA (U +dUL) + (P + dPg/2)dA, =0. [7]

The last term on the LHS of [7] is the x-component of the pressure force acting on the inclined
interface from the gas side. By combining with the liquid continuity equation and neglecting the
terms of small order, [7] becomes

—(dP,/dx) — Ty by /AL + Tl /AL — (kpLgh — py U%_)(dAL/dx)/AL =0. (8]

In a similar manner, the following momentum equation is obtained for the gas phase, assuming
constant density:

—(dPg/dx) — twlwg /A — Tili/Ag — pc UG(d A /dx)/4g = 0. %
Combining [3], [8] and [9], we obtain the following momentum equation:
Twohwe/Ac — twilwi /AL + 1l (1A + 1/AL) = pLglkh, (dA /dx)/ A, + d(khy )/dx]
—(pUg/Ag + pL Ut /41)(dA, [dx). [10]

The first term on the RHS can be written as follows:

pLglkh AL + d(khy)/dA4,](d A4, /dx) (11]
and, furthermore, it can be readily shown that
kh [A; + d(kh,)/dAL = 1/(D sin8) = 1/, [12]
and
dA4, /dx = l(dhg /dx). [13]

The momentum equation [10] can then be written as follows:

twalwe/Ac — twilwi AL+ 15(1/Ag + 1/4L) = [pLg — L(pg U /Ag + pL UL JAL)(dh [dx).  [14]

Taitel & Dukler (1987) have proposed the same momentum equation as [14] for stratified
flows with ILGs. Here, a different approach, based on comprehensive treatment of the liquid
and gas pressure gradients, has been used to derive the momentum equation. It is also noteworthy
that if the flow is well-developed and the ILG, dA, /dx, is negligible, the RHS of [14] becomes zero
and the momentum equation reduces to the form given by Taitel & Dukler (1976a) for a zero-ILG
flow.

In order to show the importance of the terms on the RHS of [14], Koizumi et al.’s (1990) void
fraction data were compared with [14]. Their experiments were performed at atmospheric
pressure using air and water flowing in a 30.5 m long circular pipe with 210 mm i.d. From their
void fraction data, obtained at 7.42 and 26.78 m downstream of the mixing section, the average
void fraction and the ILG, dA; /dx, were computed for several runs with a smooth interface.
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Figure 3. Comparison of momentum equation predictions with Koizumi et al.’s (1990) data.

Their data showed that the ILG was dependent principally on the superficial liquid velocity, j; ,
and little influenced by the superficial gas velocity, j;. Thus, the ILG value was assumed to be
constant for a given liquid flow rate and using the ILG value, [14] was solved to obtain the average
void fraction.

Comparison of the predicted and experimental void fraction values, ¢, is shown in figures 3(a)
and 3(b), corresponding to the smallest and the largest liquid flow rates in Koizumi et al.’s (1990)
experiments, respectively. In both cases, the predictions of [14] with the measured values used for
the ILG (=dA, /dx) are indicated by solid curves and are seen to be in good agreement with the
data. The predictions with zero-ILG, shown by broken lines in both cases, deviate away from the
data as jg is reduced. This shows the importance of incorporating the ILG term in the momentum
equation, particularly at low liquid and gas flow rates. A method to predict the liquid level
distribution and the ILG will be described in the following sections.

3.3. Critical liquid level

In an open-channel flow of a liquid, a critical liquid level is reached near the exit of the channel
for a free-discharge condition and its value is determined by imposing the condition of an infinite
level gradient (French 1985). It is reasonable to consider that a similar critical liquid level exists
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in two-phase stratified flow (Taitel & Dukler 1987), and thus the momentum equation derived
earlier is now examined to determine the critical liquid level in stratified flows.

The LHS of [14] is not equal to zero unless the flow is well-developed and the ILG, dAa, /dx,
is zero. The critical level is obtained if the ILG is set to either positive or negative infinity, so
that

PLE ‘li(PGU%;/AG*'PLUZL/AL):Q [15]

The liquid level, 4, , that satisfies [15] is the critical level, however, this equation may or may not
possess a solution depending on the gas and liquid flow rates, pipe diameter and fluid densities.
For given fluid densities and pipe diameter, the combinations of gas and liquid velocities that yield
a solution can be easily determined and a boundary of the solution domain can be drawn as a curve
on a j; vs jg map.

For example, the boundaries of the solution domain for different pipe diameters from D = 10
to 200 mm are shown in figure 4(a) for an air-water system at atmospheric pressure and in figure
4(b) for a steam—water system at 7.45 MPa, corresponding to Kawaji ez al.’s (1987) experiments.
In the region above each curve, there is no solution for [15]. On the other hand, below the boundary
curve there are two solutions corresponding to two critical liquid levels that can exist for different
discharge conditions.

Since there is always a normal liquid level which is reached in a well-developed stratified flow
with zero-ILG, we can state that in any stratified flow there are three possible liquid levels (two
critical and one normal) in the velocity domain below the boundary curve and only one level
(normal) above the curve. In the latter domain, the liquid’s kinetic energy term, p;, U? /A4, , becomes
so large that [15] does not have a solution and only the normal liquid level can be considered as
the limiting value.

The flow pattern transition boundary between the stratified and intermittent flows given by Taitel
& Dukler’s (1976b) equation,

Ug = (1 — h /D) (L — p6)gAc/(pg dAL (A )], (16]

is also shown in figure 4(a) by a broken line for an air-water flow in a 25 mm i.d. pipe. Below the
broken line lies the stratified flow region and the present model is applicable only to this region.
It should be noted in this figure that the velocity domain, in which the two critical levels can exist
in addition to the normal level, is much larger than the upper domain in which only the normal
level exists. A similar situation holds for larger-diameter pipes, since the stratified-to-intermittent
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Figure 4. Velocity domain boundaries for critical liquid level existence.
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Figure 5. Comparison of model predictions of void fraction with Kawaji et al.’s (1987) data.

flow transition curve moves to higher superficial liquid velocities as the diameter is increased (Taitel
& Dukler 1976b; Simpson et al. 1981; Nakamura et al. 1991).

Kawaji et al. (1987) performed steam-water stratified flow experiments in a 180 mm dia pipe and
found that at high mass fluxes [G = 1000 and 400 kg/m?s, corresponding to j; = 1.1 to 1.4 and 0.33
to 0.57 m/s, respectively, in figure 4(b)], the void fractions in the pipe were not influenced by the
liquid discharge conditions at the exit of the pipe and the data matched those obtained for
well-developed stratified flow. Figure 4(b) shows that at those superficial liquid velocities, there is
only the normal liquid level possible regardless of the discharge conditions, which is consistent with
the experimental findings.

On the other hand, at low mass velocities, two critical liquid levels are possible over a wide range
of superficial gas velocities and therefore the void fraction is expected to vary along the flow
direction, depending on the discharge condition at the exit. Figure 5 shows the average void fraction
in the pipe, obtained from Kawaji er al.’s (1987) measurements at 1.36 and 6.94 m from the pipe
exit, for different flow qualities at a fixed mass velocity of 100 kg/m’. Also shown are the void
fractions predicted by [15] corresponding to the two critical liquid levels (solid lines) and the values
predicted by [14] for zero-ILG (broken line). The experimental data obtained for the case of low
exit water level [figure 6(a)] are given by solid symbols (@) and those for the case of high exit water
level [figure 6(b)] by open symbols (O). The high exit water level data (Q) are seen to lie between
the zero-ILG predictions (broken line) and the lower solid line corresponding to the higher of the
two critical levels predicted. On the other hand, the low exit water level data (@) lie mostly between

E:
;
I

Gas Gas
2 hey hic
h,c Liqud
y o4 VL4 /.
ax I—= a
(a) Low exit water level (b) High exit water level
(dh/dx<0) ( dhy /dx >0)

Figure 6. Fluid discharge conditions and axial void calculation scheme.
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the zero-ILG curve and the upper solid curve corresponding to the lower critical level. Similar
results were obtained for the case of G = 40 kg/m?s.

From these results, at low mass velocities, different liquid levels will be obtained depending on
the liquid level in the discharge tank and, furthermore, the liquid level in the pipe is expected to
vary gradually in the upstream direction, approaching the normal liquid level expected for a
well-developed flow in a sufficiently long channel. Therefore, whether or not [15] has a solution
is an important factor in the prediction of void fraction in stratified flow.

3.4. Calculation of the axial variation in the liquid level

When [15] has a solution and the channel exit conditions are as shown in figures 6(a) and
6(b), a method to calculate the axial variation of the liquid level in the flow direction is next
described.

First, the two critical liquid levels are determined from [15], as discussed previously for specific
gas and liquid flow rates. If the exit condition is as shown in figure 6(a) (low exit water level), the
lower critical liquid level is selected as the boundary condition at the exit of the pipe. Although

(a)

LOW EXIT LIQUID LEVEL (DATA: PRESENT EXPERIMENT)

1.0
o EXP.(JL=0.074m/s, JG=0.34m/s)
3 X " " ., JG=0.68m/s)
0.8L + M ¢ " , Jg=1.03m/s)
\_ -
0.6}
v R ——
0.4]
o.2|
-
0 1 L 1 L 1 ] 1 1 1 1 i
0 1 2 3 4 5 6
DISTANCE FROM CHANNEL EXIT m
(b)
LOW EXIT LIQUID LEVEL (DATA: PRESENT EXPERIMENT)
1.0
o EXP.(Jg=0.34m/s, Jr=0.055n/s)
i x " " . JL=0.074n/s)
0.8 + "« » . JL=0.108n/s)
\&k
0.6
A
W L
0.4[
0.2}
0 Jl L 1 L 1 1 1 1 L I 1
o 1 2 3 ! 5 6

DISTANCE FROM CHANNEL EXIT m

Figure 7. Comparison of model predictions with air—kerosene data (rectangular duct).
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Figure 8. Comparison of model predictions with Simpson et al.’s (1981) air-water data (127 mm i.d. pipe).

Smith (1962) states that for an open-channel flow, the critical level will occur at a location slightly
upstream of the pipe exit (by a length of up to about twice the critical level), and the actual liquid
level at the exit is lower than the critical level, we assume that the critical liquid level is reached
at the channel exit in order to simplify the calculations. On the other hand, for the case of high
exit water level as shown in figure 6(b), the higher critical level is selected as the boundary condition
at the pipe exit.

Next, we calculate the upstream liquid level step by step, by first selecting a certain incremental
change in the liquid level and then solving [14] for the length increment Ax, as is done in
open-channel flow calculations (French 1985). This procedure is effective in reducing the numerical
error. In solving [14], the phasic velocities and area fractions, 4; and A4, are the average values
over the length increment Ax.

4. DISCUSSION

4.1. Comparison with the present experiments

In the present experiments, the liquid level in the outlet tank was always kept well below the
rectangular channel exit, so the void fractions measured at two locations are compared with the
predictions obtained with the lower critical liquid level as described in the previous section. Sample
comparisons are shown in figures 7(a) and 7(b), in which the void fraction, ¢, is plotted against
the distance from the channel exit.

Figure 7(a) is for the case of a constant liquid flow rate with varying gas flow rates and
both the predictions and the data show little difference among the three runs with different j;.
Figure 7(b) shows the constant gas flow rate case and the void fractions decrease as the superficial
liquid velocity is increased, as expected. In all cases, the gas-liquid interface was smooth and the
predictions clearly show the decreasing void fraction (or increasing liquid level) behavior in the
upstream direction. The predictions are both qualitatively and quantitatively in excellent agreement
with the measurement results.

4.2. Comparison with Simpson et al.’s (1981) data

Simpson et al. (1981) conducted horizontal air-water two-phase flow experiments in a 16 m long,
127 mm i.d. circular pipe and measured void fraction using a y-densitometer. Some of their void
fraction data from the stratified flow runs with a smooth interface are plotted in figure 8 along
with the present model predictions for superficial liquid velocities of 0.23 and 0.40 m/s with varying
gas flow rates. The effect of gas flow rate on void fraction is again insignificant and the model
predicts the data very well.

LIMF 19/6—F
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4.3. Comparison with Kawaji et al.’s (1987) data

Some of the low mass flux void fraction data obtained by Kawaji er al. (1987) for steam-
water stratified flows at a pressure of 7.5 MPa are compared with the present model in figures 9(a)
and 9(b). Figure 9(a) is for the case of a low exit water level and shows the data for G = 115 (two
runs with different flow qualities) and 42.8 kg/m?’s. In a steam—water system, the void fraction is
again strongly dependent on mass velocity rather than quality and the present model predicts the
data quite well.

Figure 9(b) shows the case of a high exit water level and the data are for the same mass velocity
but at different qualities (x = 0.050 and 0.098). The interface was smooth in both runs and the
model predictions are again in good agreement with the data. A drastic effect of the exit water level
on the void fraction is clearly evident from a comparison of the two runs with about the same mass
flux (G =103 and 115 kg/m?s) and quality (x = 0.093 and 0.098), shown in figures 9(a) and 9(b).
The void fraction increases from about 20 to 65% as the exit water level is changed from a level
below the pipe to about 0.4 m above the pipe. The present model is seen to predict the effect of
the exit water level extremely well.
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Figure 9. Comparison of model predictions with Kawaji et al.’s (1987) steam-water data (180 mm i.d. pipe,
P =7.45 MPa).
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5. CONCLUSIONS

A one-dimensional momentum equation has been derived based on a two-fluid model and
incorporating the ILG effect to predict the void fraction distribution in stratified two-phase flows
in horizontal channels. An equation for determining the critical liquid level reached near the exit
of the channel in stratified flow was also obtained. When there is no solution to the critical liquid
level equation, the normal liquid level appearing in well-developed stratified flow without any ILG
is attained. It was also shown that for a certain range of liquid and gas flow rates there are two
solutions to the critical liquid level equation, corresponding to the two critical liquid levels that
can be reached depending on the liquid discharge condition at the channel exit. A method was
proposed to calculate the liquid level distribution in the channel using the critical liquid level at
the channel exit as one of the boundary conditions. The model predictions were compared with
the void fraction data obtained in a rectangular channel in this work and in large-diameter pipes
previously reported by Simpson ez al. (1981) and Kawaji et al. (1987). Excellent agreement was
shown for all cases with a smooth interface.
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