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ARTICLE INFO ABSTRACT
Keywords: In this study, the air-water flow in a pipe with a diameter of 100 mm was tested to investigate the three-
Stratified flow dimensional (3D) interfacial characteristics of gas-liquid stratified flow in horizontal and slightly inclined
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Liquid height

Interface characteristics

pipes. The gas-liquid stratified flow interface exhibited a nonflat phenomenon (concave or convex). In particular,
this phenomenon was verified by the transformation of the interface shape when the gas-liquid ratio exceeded
200 and 5 in the horizontal and inclined pipes, respectively. Compared with the flow in the horizontal pipe, the
liquid holdup gradually decreased with an increase in the inclination angle in the downward stratified flow, and
liquid height changes at the center was slight; however, the convex interface shape was obvious. In addition, the
interface exhibited regular fluctuations in the flow direction under fixed operating conditions. Therefore, the
hypothesis of a nonflat interface for stratified flow was proposed based on the experimental phenomena, and the
interface shape function and flow equations were constructed to predict the degree of interface bending and
critical conditions for gas-liquid stratified flow by analyzing the theoretical and influencing factors. The ac-
celeration pressure drop was introduced to quantitatively characterize interfacial fluctuations in the flow di-
rection; therefore, a modified model for nonflat stratified flow was developed. The proposed model could
characterize the interface features in both the cross-sectional and flow directions of the pipe and provided a
solution for the 3D interface of stratified flow. A comparison with the experimental results revealed that the
proposed model performed the prediction satisfactorily. By solving the proposed model, the interfacial infor-
mation in the pipe cross section and flow direction can be effectively predicted.

wave pattern at the interface (Kumar et al., 2021; Cherdantsev et al.,
2022).

Owing to the interactions between phases during the stratified flow,
the interface is perturbed to generate fluctuations, which increases the
flow complexity. Under different flow conditions, clear differences in
the stratified flow interface appears, and it is crucial to study the
interface characteristics. The discussion of interfacial information
generally regards a two-dimensional view of interfacial fluctuations in
the flow direction, which originates from the fact that turbulent struc-
tures in the high shear region near the wall lift off and impact the
interface. The fundamental reason for this is that the velocity of the
liquid near the pipe wall is close to zero under the condition of no slip,
and the velocity head is converted into static pressure energy, which
makes the liquid form a thin layer at the pipe wall, showing the phe-
nomenon of “liquid climbing near the pipe wall.” Moreover, under the
condition of low liquid holdup, an increasing gas velocity decreases the
pressure above the interface, which produces a “suction effect” on the

1. Introduction

Stratified multiphase flow in pipes is often found in oil and gas
transportation systems; it has received increasing attention from both
the practical and theoretical points of view, because the stratified flow is
a fundamental structure encountered in multiphase systems (Brauner
et al., 1995a; Katopodes, 2019). Despite its relative simplicity compared
with other flow patterns, stratified flow is, in many cases, the funda-
mental pattern of multiphase flow transitions; thus, it has a key refer-
ence value in studies on the flow stability. Stratified flow is dominated
by gravity, which causes liquid to flow in a continuous bottom layer. At
low gas velocities, the gas-liquid interface may behave smoothly. While
maintaining the liquid flow rate constant, an increase in the gas flow rate
leads to the excitation of interfacial waves, whose characteristic prop-
erties significantly change with the gas flow rate (Kumar et al., 2021).
The transfer of mass, heat, and momentum is strongly influenced by the
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Nomenclatures q liquid-gas ratio
X axial distance, m
Variables o interface angle, rad
A cross-sectional area, m? K interface curvature, 1/rad
As the sector area of pipe circle, m? We Weber number
As’ the sector area of interface circle, m? X2 Loekhart & Martinelli parameter
Cc fluctuation coefficient
D pipe diameter, m Greek symbols . 3
D’ diameter of the virtual circle of interface, m P d.enSIt.y, kg/m
S wetted parameter, m H viscosity, Pa-s
N triangle area, m> a angle corresponding to the distance between the two circle
U mean velocity, m/s centers, rad
u phase velocity, m/s € 8as boldup
h hquld helght, m 1-¢ llquld holdup
hy liquid height at the center of pipe section, m T shear stress
P pressure, Pa [ angle of interface curvature, rad
Q flow rate, m3/h o surface tension coefficient, kg/s2
Re Reynolds number B pipe inclination angle, rad
R’ radius of the interface circle g amplitude of fluctuations, m
f friction factor Subscripts
m mass flow rate, kg/s G gas
M molar mass, kg/mol SG superficial gas
R gas constant, J/kg-K L liquid
T tfemperature, K SL superficial liquid
t tlm?’ s TP two-phase
r radla}l p?smon, m ' ) i interface
g gravitational acceleration, m/s a acceleration
l half of wet perimeter length, m

liquid phase and resulting in a rise in the middle. However, their motion
is suppressed in the vertical direction due to gravity and surface tension,
and their momentum is redistributed, enhancing the axial fluctuations
(Rashidi and Banerjee, 1988). Researchers usually associate this phe-
nomenon with the Kelvin-Helmholtz instability (Barnea, 1991; Barnea
and Taitel, 1993; 1994) to further subdivide the category of interfacial
fluctuations. Three distinguished states in the stratified wave flow are
small-amplitude waves, rolling waves, and atomization associated with
droplet detachment from the film (Andritsos and Hanratty, 1987; Tzotzi
et al., 2011; Hudaya et al., 2019). The film thickness recordings were
statistically analyzed, which determined that small-amplitude waves
were periodic and maintained their properties over several bands,
whereas large-amplitude waves were more random (Andritsos, 1992;
Grue et al., 1999). In the previous numerical simulation study, a similar
behavior was observed for wind-generated waves by direct numerical
simulation (DNS). Within a short calculation time, the perturbations at
the interface show short wavelength and amplitude fluctuations, which
then evolve into unstable K-H waves (Lin et al., 2008). This confirms
that waves can be generated by turbulence in a pipeline flow. Thus,
unsteady interfacial waves excited by turbulence need to develop with a
certain entrance length. Therefore, the transient characteristics of the
interphase interface during the flow process deserve more attention.
Researchers have studied the transition from smooth to wavy stratified
flow in pipes with the help of experimental tests, such as laser Doppler
anemometers and conductivity probes that measure the internal flow
field, to study the stratified flow wave and turbulence structure (Bir-
valski et al., 2013; Fernandino and Ytrehus, 2008; Belden and Techet,
2011). In addition, particle image velocimetry was applied to determine
the flow fields in the liquid and gas phases, and images were used to
record the temporal changes in the shape of the transient gas-liquid
interface (Birvalski et al., 2014; Sanjou and Nezu, 2011; Fernandino and
Ytrehus, 2008). The velocity field was tested by PIV experiments and
interpolated into a grid to convert the mean height and mean axial
distance to obtain the mean wave amplitude in order to analyze the

interfacial dynamics of the stratified/wave flow.

In a stratified flow system, the interface shape determines the contact
area between the phases and wettability distribution between them and
the pipe wall. The curvature of the interface shape is particularly
important in two-phase stratified pipe flows, and it has a key effect on
the prediction of flow parameters, such as the phase fraction and pres-
sure drop, and the characterization of the interface (Wijayanta et al.,
2022; Banafi and Talaie, 2020). It is worth mentioning that, even in the
smooth stratified flow state, the interface shape is not a stable flat sur-
face; however, it displays an interfacial curvature and morphological
change in the pipe cross-section. The physical phenomenon of interfacial
bending originates from the tendency of wetted fluid to climb over the
pipe wall, forming a curved (convex or concave) two-phase partition
interface (Gorelik and Brauner, 1999). Stratified flow in liquid-liquid
systems with curved interfaces has been observed in experiments (Valle
and Kvandal, 1995; Barral and Angeli, 2013; Pitton et al., 2014) and
numerical simulations (Ong et al., 1994; Zhan et al., 2018). For two-fluid
stratified flow systems with curved interfaces, system energy variation
can be used to predict the interface structure and express the charac-
teristic interface curvature (Brauner et al., 1995b, 1996, 1998; Ullmann
and Brauner, 2006). It was suggested that the interface shape evolves
under different inlet conditions, and investigating the interface shape
under fully developed conditions is essential in the numerical simulation
of multiphase stratified flows (Berthelsen and Ytrehus, 2007; Brauner
et al., 1995a). However, research perspectives and methods associated
with the stratified flow at nonflat interfaces need to be further devel-
oped, particularly those extending to gas-liquid two-phase flows.

However, an extended safety factor is often chosen to correct the
flow in practical applications owing to the complexity of the stratified
flow interface. Thus, under certain engineering conditions, the
assumption of a flat interface in the pipe cross-section is generally
acceptable (Ng et al., 2001; Kumar et al., 2021). Nevertheless, the flat
interface assumption is based on low phase velocities, neglecting the
surface tension and wall wetting effects, with non-negligible errors in
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predictions in the high-viscosity region and at high phase velocities.
Consequently, research on the shape of the gas-liquid interface in the
pipeline cross-section and interfacial fluctuations in the flow direction
urgently requires comprehensive analysis to effectively predict the
stratified flow interface characteristics in the three-dimensional (3D)
space.

In this study, we investigated the nonflat interfacial phenomena in
the gas-liquid stratified flow, constructed an interfacial function model,
and modified the flow equations from the perspectives of experimental
and theoretical analyses. In the experimental study, the interfacial
structure data of the gas-liquid layered flow were obtained. Various
statistical parameters were extracted from the accumulated records, and
were used to observe the interface characteristics of the flow. In the
theoretical study, a two-fluid model was used to simulate the stratified
flow with interface bending. In addition, dimensionless parameters were
introduced to provide a more complete solution to the multiphase
stratified flow problem, including the interface shape, in an attempt to
mechanistically explain the causes and influencing factors of the inter-
face shape change and effectively predict the gas-liquid flow interface.

2. Experimental procedure
2.1. Experimental setup and measurements

The data under investigation were acquired during an experimental
campaign conducted at the Multiphase Flow Laboratory of the Institute
of Mechanics, Chinese Academy of Sciences. The setup consisted of a test
bench with an adjustable tilt angle and a U-shaped acrylic pipeline with
an internal diameter of 0.1 m. Air and water at atmospheric pressure
were used as test fluids. Horizontal and slightly inclined pipe flows were
achieved by controlling the experimental bench. The inclination angle of
the pipe could be adjusted in the range of 0-5°. A schematic of the test
loop is shown in Fig. 1. The total length of the experimental test section
of the pipeline is 3.15 m. The test section is 5.75 m away from the
entrance of the pipeline, and the minimum length-to-diameter ratio is L/
D = 57.5, which can ignore the influence of the entrance effect. The flow
structures were directly observed and recorded through a transparent
pipe wall.

Manual valve

Liquid tank

Screw pump

Electromagnetic
valve

Air compressor
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The test platform consisted of the power, mixing, pipeline, data
testing, and data acquisition systems. The experimental techniques,
electrical resistance tomography (ERT), pressure sensors, and high-
speed cameras were combined to study the air-water flow in pipes.
The pressure sensors were arranged at the bottom of the pipe and around
the section, and the distance between the two pressure taps along the
pipeline length was 1.36 m. Fig. 2 shows the test pipe section. It is worth
noting that conventional ERT sensors have limitations in the measure-
ment of thin liquid films (Dong et al., 2006). The composition of the ERT
equipment and the measurement mechanism inevitably lead to uneven
test sensitivities at various locations in the pipe section. This is man-
ifested by high sensitivity near the wall and low sensitivity near the pipe
center, which may lead to amplification of measurement and numerical
errors in the reconstructed image (Wang et al., 2002). The sensitivity
distribution can be calculated according to the sensitivity theorem
(Geselowitz, 1971; Murai and Kagawa, 1985).

In order to ensure the validity of the test data, the conductive
resistance loop technique is used in the stratified flow test to overcome
the problem of signal overload due to the loss of contact between the
electrodes and the conductive phase, and the measurement of thin liquid
films is achieved by an algorithm built into the software (Li et al., 2009;
Wang and Cilliers, 1999). The use of conductive ring sensors allows for a
more uniform sensitivity distribution in the sensing field (Wang et al.,
2002; Bolton et al., 2007). Comparison of the test results with the mesh
electrode test showed a high degree of agreement (Li et al, 2019a; b),
which confirms the uniformity of sensitivity and the validity of the test
results using the improved ERT sensor.

The parameters measured in the pipe flow experiment included the

Fig. 2. Test pipe section.
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Fig. 1. Schematic of test loop.
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superficial gas velocity, superficial liquid velocity, flow pressure
gradient, flow pattern, and phase distribution. Table 1 lists the in-
struments and provides the uncertainty. The detailed parameters of the
ERT equipment are listed in Table 2, and the real-time monitoring
equipment is shown in Fig. 3. In addition, static calibration of the test
equipment was carried out prior to the experiments (Table 3). The
pressure sensors were calibrated using ambient air at atmospheric
pressure and a hydrostatic water column. On the other hand, the cali-
bration of the ERT sensor was carried out for the test pipe section in the
full water condition and in the static gas-liquid stratification condition.

2.2. Test matrices

In this study, experiments were conducted at room temperature in
the range of 20-25 °C. Air and water were used as the employed fluids.
In the process of gas-liquid two-phase flow, the pressure gradient was
measured using pressure sensors, and the phase distribution on the pipe
section was monitored by ERT in real time. The liquid superficial ve-
locity (Usy) is in the range of 0.01-0.42 m/s. The gas superficial velocity
(Usg) is in the range of 0.09-5.66 m/s. Table 4 lists physical properties of
the employed fluids and test conditions. With the help of the parameters
in Table 4, the dimensionless Bond number characterizing the effects of
surface tension and gravity in this study is calculated to be approxi-
mately 330. Fig. 4 shows the distribution of measurement points on the
flow pattern map (Barnea, 1987). The experimental data, which were in
a clearly stratified flow region, were analyzed. Three repeated experi-
ments were performed under each operating condition. In this study,
average values were used.

2.3. Experimental phenomena of gas-liquid interface

In the process of gas-liquid pipe flow, monitoring of the interface
shape depends on the ERT reconstruction and data analysis. The contour
map in Fig. 5 shows the cross-sectional phase distribution data, which
was obtained by measuring the gas-liquid conductivity distribution by
ERT and then reconstructed by the internal SBP algorithm. The figure is
characterized by the gas volume content as a quantitative representa-
tion, where blue area indicates a gas content of 0, which also represents
the pure liquid phase region in physics; red area represents a gas content
of 1, i.e., the pure gas phase region; and green indicates the gas-liquid
phase interface region where the gas content value is between 0 and 1.
Moreover, the ERT electrode position did not coincide with the
circumferential position of the pipe section owing to the small deflection
angle of the pipeline equipment at the butt joint of the ERT device

Table 1
List of instruments.
Measurement Measuring equipment Measurement Uncertainty
parameters range
Superficial liquid Electromagnetic 0-12 m/s 0.2%
velocity, Us, Flowmeter
(KROHN
OPTIFLUX4300C)
Superficial gas Rotameter 0-5m/s 1.5%
velocity, Usg
Pressure gradient, Pressure sensor 0-103 kPa 0.15%
AP (Honeywell
40PC15G2A)Data
acquisition equipment
(NI16210)
Liquid height at the Electrical Resistant 1000 double 1%
center of pipe Tomography frames / s
section, hy, (EIT 3000)
Liquid holdup, ¢ Electrical Resistant 1000 double 1%
Tomography frames / s
(EIT 3000)
Liquid height near Adhesive fiber 0-100 mm 0.1%

the pipe wall, h;’ measurement tool

Chemical Engineering Science 277 (2023) 118861

Table 2
Parameters of EIT 3000.

Parameters Value

Number of electrodes 16 per plane
Electrode diameter 4 mm

Speed of acquisition for one frame <20 ms

Max measurement frequency 1000 double frames / s
Cross section pixels 20 x 20

Electrode plane spacing 10 cm

section. As shown in Fig. 5, a certain angle deviation in the cross-section
presented by the ERT reconstruction exists, which is shown as non-
axisymmetric gas-liquid interface bending. This is because there is a
small deflection angle at the junction of the ERT observation pipe and its
adjacent experimental pipe section, which causes the observed position
of the ERT electrode in the experiment to be inconsistent with the
theoretical position. The imaging impact of this hardware problem is
eliminated by rotating the ERT cross-sectional distribution data to
ensure that the data corresponds to the experimental electrode positions.

The gas-liquid interface of the pipeline section and phase holdup can
be obtained by monitoring the phase distribution. Combined with the
high-speed video recording of the flow state in real time, the shape of the
gas-liquid interface can be further identified, and the change law can be
studied. The pipe section data detected by ERT show that the interphase
interface in a gas-liquid stratified flow is not a linear plane; however, it
often has concave and convex shapes, which are closely associated with
the incoming flow conditions and pipe inclinations. Fig. 6 shows the
gas-liquid interface shapes captured by ERT under different conditions.
where (a) and (b) show the results of the horizontal and downward
stratified flow tests, respectively.

Fig. 6 shows the evolution of axial gas-liquid distribution and the
variation of radial gas-liquid distributions. Among them, Fig. 6(a) is the
concave interface of gas-liquid stratified flow in a horizontal pipe, and
Fig. 6(b) indicates the convex interface of gas-liquid stratified flow in a
downward inclined pipe. In general, the change of gas-liquid interface
shape is primarily affected by the superficial velocity of employed fluids
and inclination angle of the pipeline.

The liquid height data of each point on the horizontal radial direction
of the pipe section were selected to reflect the gas-liquid distribution on
the section. Therefore, the location points in the horizontal radial di-
rection of the pipe section were considered as the horizontal coordinate
(r/D) and the dimensionless liquid height (hy/D) data as the vertical
coordinate to form the phase distribution of the pipe section. In this
section, the liquid height data of each point on the horizontal axis of the
pipeline cross-section is continuously collected and time averaged to
obtain the distribution of gas-liquid two-phase on the cross-section,
which forms the shape of the gas-liquid interface. In the horizontal
pipe flow, the interface shape shows a significant transition under crit-
ical conditions with an increase of the superficial gas velocity, as shown
in Fig. 7. The experimental data analysis reveals that when the super-
ficial liquid velocity remains unchanged (Us, = 0.021 m/s), the gas
velocity gradually increases from 1.415 to 5.659 m/s. When the gas flow
rate is low, the gas-liquid interface monitored by ERT is initially
concave; when the gas velocity reaches 4.244 m/s, the interface is
approximately flat; and when the superficial gas velocity continues to
increase, the interface gradually exhibits a convex shape, and the con-
vexity becomes more obvious with the increase in the gas flow rate.

In addition, under some certain conditions, particularly in the
downward inclined pipe flow, the gas-liquid stratified flow interface
exhibits an evident upward convex shape, and the highest point of the
liquid level is at the center of pipe section. However, near the left and
right pipe walls, the liquid height rises, as shown in Fig. 8. The experi-
mental results show that when the gas and liquid phases contact in the
pipeline at a low speed, an approximately flat interface is formed;
however, an increase in the superficial gas velocity causes nonflat
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Fig. 3. Experimental ERT: (a) Schematic of electrode distribution, and (b) data acquisition/real-time monitoring system.

Table 3
Calibration of test equipment.

Test equipment Equipment calibration contents

Calibration conditions Evaluation basis

Pressure sensor Pipes filled with

atmospheric air

The pressure sensor zero output is
0.5 VDC at standard atmospheric
pressure

Calculated hydrostatic pressure
of the liquid column at the height
of the pipe diameter

Average gas content of the water-
filled section is O

Conversion of measured values of
stationary interface height to
average section holdup

Horizontal pipes
(DN100) in water-filled
condition
Electrical Resistant Pipeline filled with
Tomography water (static)
(ERT) Gas-liquid
stratification(static)

phenomena at the gas-liquid interface. The gas-liquid interface bends
under the action of the interphase shear force, and it tends to change
with the interface velocity. Moreover, under the condition of low liquid
holdup, an increasing gas velocity decreases the pressure above the
interface, which produces a “suction effect” on the liquid phase and
forms a convex interface shape. The reason is that the velocity of the
liquid near the pipe wall is close to zero under the condition of no slip,
and the velocity head is converted into static pressure energy, which
makes the liquid form a thin layer at the pipe wall, showing the phe-
nomenon of “liquid climbing near the pipe wall.” As shown in Figs. 7 and
8, at horizontal radial positions above 0.8 or below 0.2, which approx-
imates the region near the pipe wall, the liquid phase has a tendency to
climb upward.

Moreover, the experiments and visual monitoring revealed that
obvious regular fluctuations appeared at the stratified flow interface in
the flow direction. A visualized pipe section with a length of 0.75 m was
selected to observe the fluctuation characteristics of its internal strati-
fied flow interface. The interface data proved that the interface differ-
ences owing to energy dissipation within the selected pipe section were
sufficiently small to be neglected. Therefore, we selected a point on the
observed pipe section as the object of the interfacial fluctuation inves-
tigation, measured variations in the liquid height at the center of the
section, and considered it as the stratified interfacial characteristics of
the entire observed section. Although the assumptions caused errors, the

Table 4
Experimental test matrix.

analysis proved that this bias threshold was acceptable in this study.
During the experiment, variations in the liquid height at the center of
the fixed section was obtained by visual recording. When the superficial
velocity of the liquid phase was 0.021 m/s, after a stable flow was
formed, the data of the interface of the observation point for a period of
time were recorded, as shown in Fig. 9. Fig. 9(a) and (b) give the test
results of the interface position for different gas phase apparent veloc-
ities at a fixed liquid phase apparent velocity. The observation section
was selected at 7.7 m from the inlet of the mixed incoming fluid to
ensure that the flow has reached full development here. The curves
included in Fig. 9 represent the height variation of the gas-liquid
interface at the observed section at different times, while the corre-
sponding photographs under the curves show the real-time record of the
gas-liquid flow in the observed pipe section during the observation time.
It is important to explain that in a steadily developing air-water strati-
fied flow, the flow attenuation is assumed to be negligible for a short
period of time. The information of the interface fluctuations is shown
qualitatively and compared with the corresponding visualized images;

10
/)
Trgnsition
flow”
2 1 Slug flow
)
7 Ho oo
b | HD oo
0.1 o 0O oon Annular flow
0 0 O0Oon
0 000D Stratified flow
0 000 O ooood
O 000 0O ooooo
0O 000 O 0ODoOOd
0O OO0 O Oooodd
0.01 e e e
0.1 1 10 100
Usg (m/s)

Fig. 4. Distribution of measurement points on the flow patterns map.

Pipe angle Diameter Operating fluids Superficial velocity Density Viscosity Surface tension Flow pattern

©) (mm) (m/s) (kg/m®) (Pass) (N/m)

0,1,2,4 100 air-water 0.01 < Ug, < 0.42 pL=999.126 pu, = 0.001 0.073 stratified flow
0.09 < Usg < 5.66 p = 1.226 Hg = 0.000018
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the results of the interface fluctuations in the flow direction were
satisfactorily consistent.

The gas-liquid ratio is often used in gas-liquid two-phase flow
studies to analyze the flow characteristics and characterize the effect of
gas-liquid proportion on the flow system. The gas-liquid ratio is defined
as the ratio of the superficial gas and liquid velocity, expressed as Usg/
Usr. As shown in Fig. 9, at a low gas-liquid ratio, the interfacial fluc-
tuation phenomenon is enhanced with an increasing superficial gas
velocity, whereas a further increase in the velocity of the gas phase in-
creases the frequency of interfacial waves, decreases the wave ampli-
tude, and decreases the liquid height gradually. Furthermore, at a high
gas-liquid ratio, the gas-liquid interface wave amplitude is small and
appears as a ripple. As the superficial liquid velocity increases, the wave
amplitude increases, frequency of interfacial waves decreases, and
liquid height increases.

2.4. Analysis and discussion

The data collected by ERT were analyzed considering the liquid
height, average phase holdup of the cross-section, and gas-liquid dis-
tribution in the axial direction of the pipeline to further explore the
characteristics of gas-liquid stratified flow. The interface fluctuations
measured by ERT electrodes are qualitatively consistent with the actual
fluctuations observed in the video recordings (Fig. 9). However, there
are still some errors compared to the actual values, which can be caused
by factors such as the number of electrodes, sensing accuracy, etc., in
addition to our assumptions (Guo et al., 2020).

During data analysis, the measurement error of the parameters and
the error propagation of the derived function are comprehensively
evaluated. According to error propagation proposed by Bevington and
Robinson (2003), error transfer analysis is carried out on the indirect
measurement parameters derived from the direct measurement param-
eters in the study.

Suppose the indirect measurement parameter is f = f(x,y,...,n), the
error propagation formula is defined as:

2 2 2
w2 (Z) o (2) v (2) W

where oy is the error of the indirectly measured parameter.oy, oy, ..., on
represent the errors of the direct measurement parameters x, y, ---, n that

make up the parameter f. It should be noted that the error of direct
measurement parameters is calculated by the standard error of the
average value:

(2)

where N represents the number of standard repeated experiments.

2.4.1. Liquid height at the center of cross-section

In the flat interface assumption of gas-liquid stratified flow, the
average liquid height is a key parameter for characterizing two-phase
flow. Moreover, under the nonflat assumption, the average liquid
height has limitations in describing the shape of gas-liquid interface.
Therefore, the liquid height at the center of pipeline cross-section was
used as a parameter to discuss its variation trend and influencing factors
and considering it as an effective approach to explore the gas-liquid flow
state under the nonflat assumption.

The acquisition of the liquid height at the center of the pipe cross-
section was carried out by indirect measurement methods. The ERT
reconstructed phase distribution is combined with the liquid level
visualization data near the pipe wall to determine the specific location of
the gas-liquid interfaces in the transition zone reconstructed by the ERT
algorithm, which is then converted to the center of the section using
interpolation to obtain the liquid height data at the center. Fig. 10 shows
variations of the liquid height at the center of cross-section.

The vertical axis in Fig. 10 represents the dimensionless liquid
height, which is expressed as the ratio of the liquid height at the center
of pipe section to the pipe diameter, and the horizontal axis represents
the superficial gas velocity. Fig. 10(a) and (b) show the variation of
liquid height for different gas and liquid velocity conditions of stratified
flow. The results show that when the superficial liquid velocity is fixed,
the liquid height at the center of pipe cross-section decreases with an
increase in the gas velocity, which is consistent for different liquid-phase
superficial velocity conditions. The reason for this is that as the super-
ficial gas velocity increases, the gas occupies more space in the pipe
cross-section and the accumulation of the liquid phase decreases, lead-
ing to a decrease in the liquid height.

Similarly, the influence of the liquid flow conditions on the stratified
flow is non-negligible. When the superficial gas velocity is constant and
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Fig. 6. Shape of gas-liquid interface under different operating conditions.

the liquid velocity is increased, the liquid height shows a tendency to
rise gradually, as shown in Fig. 11. It is worth noting that the small
variation of the gas at higher gas-to-liquid velocity ratios does not have a
significant effect on the liquid surface height. This phenomenon occurs
especially at Ugy, < 0.025 m/s, whereas the effect of liquid gravity in-
creases with an increase in the superficial liquid velocity, leading to a
significant accumulation of the liquid height.

Fig. 12 shows the trend of power function distribution of the liquid
height with the variation of liquid-gas velocity ratio. Specifically, the
growth rate of the liquid height at the center of the pipe decreases as the
liquid-gas velocity ratio increases. This is because under high liquid-gas
velocity ratio conditions, the effect of the interphase shear remains
secondary to the effect of gravity, and its effect on the two-phase flow is
difficult to detect by ERT. However, if the superficial gas velocity is

further increased, the interfacial effect becomes increasingly significant,
which promotes variations of the liquid height in the pipe.

Moreover, variations in the liquid height at the center of pipe section
in both horizontal and inclined downward stratified flows are shown in
Fig. 13. The results reveal that the stratified flow liquid height is influ-
enced by the velocity of the gas and liquid phases in both the inclined
and horizontal pipes; however, the stratified flow characteristics are
significantly affected by the inclination angle owing to the participation
of gravity.

In the inclined downward stratified flow, variations in the liquid
height at the center of pipe cross-section was similar to that in the
horizontal pipe, indicating a positive correlation with the superficial
velocity of the liquid phase and a negative correlation with the super-
ficial gas velocity. The superficial liquid velocity had a more significant
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effect on the liquid height and liquid holdup, as shown in Fig. 13. Fig. 13
(a) shows a significant difference between the liquid height of the 2°
downward stratified flow and that of the horizontal flow under the same
incoming flow conditions, and the difference between the two di-
minishes as the superficial velocity of the gas phase increases. Whereas
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the difference in liquid height caused by tilting 1° and 2° downward in
Fig. 13(b) is smaller. This indicates that the influence of the pipe incli-
nation angle on the flow is not dominant in the current operating con-
ditions. The reason may be that although the gravitational effect formed
by the inclination angle has an effect on the layered flow characteristics,
at the same time, the gas-liquid velocity ratio determines the interphase
forces, so exploring the flow state requires a comprehensive consider-
ation of the synergistic effects of gravity and interphase shear forces.

Fig. 14 shows a clear difference in the position of the gas-liquid
interface in the vertical radial direction of the pipe cross-section that
occurs with the variation of pipe inclinations in the stratified flow. The
results of Figs. 13 and 14 show that at the same incoming phase velocity,
the position of the gas-liquid interface gradually decreases with an
increasing pipe inclination angle and is significantly lower than that of
the stratified flow in the horizontal pipe. Moreover, in the stratified flow
of a slightly inclined downward pipe (an inclination angle less than 5°),
the variation of pipe inclination redistributes the fluids. Under the effect
of gravity, the velocity of liquid phase increases and the slippage be-
tween gas and liquid decreases. The calculation of liquid holdup in the
stratified flow can be expressed as

AL 0./UL _ 1
l—e= = = 55T 3)
AL +Ac  0L/UL+ Qc/Us 1+ 52 0-

where 1-¢ is the liquid holdup, A is the area of the pipe cross-section
occupied by a single phase, Q represents the flow rate, and U is the
velocity. The subscripts L and G denote separate liquid and gas phases,
respectively.

Eq. (3) shows that for a certain gas-liquid ratio, a smaller degree of
gas-liquid slippage decreases the value of the holdup and liquid height.
Specifically, when the volume flow rates of gas and liquid are basically
constant, with the increase in the inclination of the pipeline, the velocity
of the liquid phase increases under the effect of gravity, resulting in a
decrease in the velocity difference between the gas and liquid phases.
This will lead to a weakening of the slip between the two phases and an
increase in the liquid-gas velocity ratio. According to Eq. (3), the cross-
sectional liquid holdup of the stratified flow decreases accordingly, and
therefore the liquid height decreases. Collectively, this can explain the
slight decrease in the stratified flow liquid height with an increase in the
pipe inclination angle within a certain range.

Variations in the liquid height at the center of pipe cross-section with
the volume flow rate of the employed fluids were obtained by analyzing
the experimental data, as shown in Fig. 15. The results clearly show that
the liquid height was negatively correlated with the gas volume flow
rate and positively correlated with that of the liquid. This is because an
increase in gas flow will occupy more space in the pipe cross-section;
thus, the liquid level accumulation decreases and liquid height de-
creases. The dimensionless liquid heights for different flow conditions
are analyzed in Fig. 15 in an attempt to characterize the sensitivity of the
liquid height by the slope of the fitted straight line to the gas volume
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Fig. 9. Interfacial fluctuations in the flow direction.
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flow rate. The result indicates that at a low liquid-phase flow velocity,
the liquid height is affected by the gas with a significant sensitivity,
which is also demonstrated in Fig. 11.

2.4.2. Shape of gas-liquid interface

It is confirmed by indoor experiments that the gas-liquid interface of
stratified flow in the pipe is not a uniform flat shape, but more often
shows a concave or convex curved interface. And with the change of
incoming flow conditions, the interface shape will show a regular
transformation. As shown in Fig. 16. The gas-liquid interface main-
tained a concave shape when the liquid phase flow rate was high.
Furthermore, when the liquid velocity is lower than 0.07 m/s, the
stratified flow interface exhibits a tendency of convex shape at a fixed
gas velocity of 0.35 m/s. In general, when the gas-liquid ratio increases
to five, the stratified flow interface begins to transform, and this trans-
formation is produced by the synergistic effect of the gravity and
interfacial shear force in the pipeline. It should be explained that in
Fig. 16, r/D = 0 represents the left wall surface of the pipe section and r/
D =1 represents the right wall surface. Due to the small deviation in the
placement of ERT electrodes along the pipe section, the electrodes do
not appear exactly at the left and right endpoints of the pipe section, so
there will be an angular deviation in the overall imaging. All curve data
representing the interface shape in this work have been rotationally
corrected to ensure accurate correspondence between the acquired data
and the physical location. This results in curves that do not start and end
atr/D=0and r/D = 1.

The difference in the stratified flow interface is mainly determined
by the liquid height at the center (r/D = 0.5) and the curvature of the
interface curve. Fig. 17 illustrates that the inclination angle has a sig-
nificant effect on the interface of stratified flow phase distribution in the
pipe under the same inlet conditions. As shown in Fig. 17, the horizontal
and inclined stratified flow characteristics were compared under the
same gas and liquid velocity conditions. The liquid height of the inclined
downward stratified flow is slightly lower than that of the in the hori-
zontal pipe due to the influence of gravity component, indicating that
the involvement of gravity has a suppressive effect on the accumulation
of liquid height. Furthermore, the results of the study also show the
effect of tilt angle on the interface shape. The interface shape transition
method is analyzed in conjunction with Fig. 16 to further guide the
construction of the interface shape function. In addition, the liquid
height data at different locations in the pipe cross-section can corrobo-
rate the nonflat characteristics of stratified flow in the pipe, as presented
in Fig. 18. The data of liquid height at the center of pipe section and near
the wall clearly show the differences under different operating condi-
tions. The black and red curves in the figure represent the time-averaged
liquid height at the center of the pipe cross-section and near the pipe
wall, respectively, for different incoming flow conditions. Specifically,
when the red curve is higher than the black one under the same working
condition, it means that the liquid height near the pipe wall is higher
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left cross section in Fig. 18, which shows a concave gas-liquid surface
shape; conversely, it shows a convex interface shape as shown on the
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right side. These data help further examine the evolution of interface
shape.

2.4.3. Liquid holdup characteristics of stratified flow

The average liquid holdup is a key parameter for characterizing
stratified flow properties. In this study, we collated and analyzed the test
data to explore the variation rules and impact factors of stratified flow in
the horizontal and inclined pipelines. The results show that the liquid
holdup of gas-liquid stratified flow is directly related to the incoming
flow velocity and pipe inclination angle. Fig. 19 shows liquid holdup
variations with phase velocity in the horizontal pipe. It can be observed
that the liquid holdup first sharply decreases in a linear manner with an
increase in the superficial gas velocity, and then the decrease slows
down significantly or even stabilizes. In addition, the liquid holdup has a
high sensitivity to gas at superficial gas velocities below 1 m/s; this
phenomenon exists under different superficial liquid velocities because
when the superficial gas velocity is low, the gas-liquid ratio is less than
1, and a higher liquid height is formed in the pipeline. Simultaneously,
because the initial superficial velocity of the liquid phase slightly differs
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Fig. 19. Variations of liquid holdup in terms of superficial gas velocity.
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from the superficial gas velocity, when the gas flow rate increases
further, it is bound to occupy the space of original liquid phase. When
the superficial gas velocity slightly increases, the gas-liquid ratio be-
comes greater than 1 and continues to grow; subsequently, the cross-
section of pipeline exhibits a sharp decrease in the liquid holdup,
allowing the gas phase to occupy a larger space to ensure that the gas
phase flow obstruction is reduced and the cross-sectional throughput is
increased. Nevertheless, when the superficial velocity of gas phase ex-
ceeds 1 m/s, the gas-liquid ratio increases to become greater than 5. At
this stage, the liquid height is extremely small for the obstruction of gas
flow, and changes in the liquid holdup slows down or even fluctuates
near an equilibrium value.

The analysis shows that the gas-liquid ratio has a significant effect on
the stratified flow characteristics. Fig. 20 shows variations of liquid
holdup owing to the increase in the gas-liquid ratio from 10 to 70 under
low liquid volume conditions. It is clear that the liquid holdup exhibits
an overall decreasing trend with an increasing gas-liquid ratio, and this
trend remains consistent for different superficial liquid velocities.
Moreover, an increase in the gas-phase velocity yields a minimum
holdup value at a certain gas-liquid ratio, and then slightly increases;
this minimum value is positively correlated with the superficial liquid
velocity, because the gas-liquid interaction is the strongest at this
gas-liquid ratio, which is reflected as the turning point of the liquid
holdup.

For a downward stratified flow, variations in the liquid holdup were
not obvious when the superficial velocity of gas phase was small; how-
ever, it abruptly dropped when the superficial gas velocity approached
1 m/s, and gradually stabilized as the gas velocity continued to increase,
as shown in Fig. 21. In the downward pipeline, the liquid phase is subject
to enhanced gravity; in addition, increasing the gas flow rate has a small
effect on the liquid holdup when the gas velocity is not large and the
liquid surface condition formed by the gravity effect dominates. How-
ever, when the superficial velocity of gas phase exceeded the critical
interval, the effect of gas gradually appears and exceeds the effect of
gravity, which manifests as a sudden decrease in the liquid holdup. At
this stage, under the synergistic effect of gravity and interface shear, the
stratified flow liquid height is maintained at a low level, and the rate of
reduction of the holdup is slowed down by further increase of gas con-
ditions on a small scale. Fig. 22 shows a positive correlation between the
stratified flow holdup and superficial liquid velocity for different in-
clined pipe conditions. In addition, the gravity effect caused by a larger
tilt pipe angle is obvious, which in turn reduces the stratified flow
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[ horizontal pipe flow

Mean liquid holdup, 1-£(-)

20 30 40 50 60 70
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Fig. 20. Effect of gas-liquid ratio on the liquid holdup of horizontal strati-
fied flow.
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holdup.

3. Nonflat interface modeling of stratified flow

This study primarily focuses on the gas-liquid stratified flow,
monitoring variations in two-phase flow parameters, and obtaining
interface characteristics of the gas-liquid stratified flow by analyzing the
experimental data. The results of the stratified flow experiments
confirmed the characteristic nonflat structure of the interface from the
side. The analysis shows that change in curvature changes of the strat-
ified flow interface is not obvious under certain operating conditions,
particularly at low liquid holdup. Therefore, combined with the exper-
imental phenomena, it is appropriate to use the double-circle model to
characterize the gas-liquid stratified flow interface (Chen et al., 1997).
Further expansion based on the double-circle model to cover concave
and convex interface shape characteristics is shown in Fig. 23.

The Double-circle model was used to simulate the geometric rela-
tionship between the section of the gas-liquid flow pipeline and virtual
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circle at the interface. Two parameters were introduced: the angle of the
interface curvature, 6, and liquid height at the center of pipe section, hy.
Moreover, the interface shape can be determined using the angle of
interface curvature, that is, when the gas-liquid interface is concave or
convex, the angle of the interface curvature is greater or less than x,
respectively.

Fig. 23 gives the position relationship between the two types of
pipeline circles and virtual circles, where the black solid circles indicate
pipeline circles and the red dashed circles represent interface virtual
circles. N; and N are used to represent the center of pipe circle and
interface virtual circle, respectively, and the corresponding angles are
shown in Fig. 23; D and D’ represent the corresponding diameters.
Fig. 23 shows the geometric relationship and parameter representation
of the two circles. It can be seen that the relationship between the

considered angles satisfies
20 =2|0 -1 (€]

Using the law of Sines, the diameter expression of the virtual circle
formed by the interface curve can be expressed as follows:

D)2 D/2
- / = 7/ )
sin(0)  sin|@ — 7|
The curvature of the interface curve can be expressed as
1 2sin|6 — 7
K=—=2"" "1
R Dsin(0) )

By combining Eq. (6) with the Double-circle model in Fig. 23, the
angle o corresponding to the distance between the two circle centers can
be derived from the geometric relationship as follows.

ay=n—-0+0 @

&=60-0 ®
where a; and ay are used to denote the case of concave and convex
interface shapes, respectively.

Therefore, the comparison of the magnitudes of 6 and = for the cases
of concave and convex interfaces are considered synthetically to form a
unified expression

9

where 0 denotes the curvature of interface. According to the law of
Sines, we obtain

o — sin! sinO 2,_"_0777 i D
- D \2 -2 \'" 2

By combining the diameter of interface circle and angle of the center
of circle, the perimeter of the gas-liquid interface can be calculated as
follows:

10)

_ Dsin(0)|0 — |

S;=D|0— ,
0=l sin|@ — x|

an
The wetting perimeter of the liquid phase was calculated by multi-
plying the pipe circle diameter by the interface angle, as follows:

S, =D-0 12)

The gas-liquid interface characteristics near the pipe wall can be
captured by calculating the wet perimeter. Furthermore, the gas-wetting
perimeter can be determined as follows:

SG :iTD—SL (13)

The main intersection points in the double-circle model are replaced
by letters Nj, No, N3 and Ny to facilitate the description of geometric
relationships, as shown in Fig. 23. The expression for the cross-sectional
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Fig. 23. Schematic of gas-liquid interface.

area occupied by the liquid phase in the stratified flow can be derived by
calculating the area of the sector and triangle. A deeper analysis of the
geometrical relationships leads to the derivation of an expression for the
cross-sectional area occupied by the liquid phase (Ap) in stratified flow,
as follows:

AL = A5 —[284 — Ay a4
D O-nx D\1D

28y = | =4+ — ", — =) | Zsi 15

Sa |:2+‘0—][|(L 2)}25111(0) (15)

where Ag and Ag’ represent the sector area of pipe circle and sector area
of the curved circle under the current interface shape, respectively.
Specifically, As denotes the area of the sector consisting of Ny, N3, Ny,
Ns, and As’ denotes the area of the sector consisting of Ng, N3, N4, Ne. In
addition, S, denotes the area of the triangle consisting of N1, N3 and N3
whose values are equal to the area of the triangle consisting of Nj, Ny
and Ny, both of which are expressed by Sa. Thus,

SL‘D
Ag = 1
s="7 (16)
;8D
A, =" 1
s 4 17)

3.1. Construction of shape function of gas-liquid interface

The limitations of the models proposed in the previous studies owing
to the assumption of an approximate plane was analyzed to explain the
causes of interface curvature changes from the mechanism; thus, the
gas-liquid interface characteristics of stratified flow can be accurately
predicted. Here, a dimensional analysis based on the experimental data
was performed to reveal the dominant factor affecting the gas-liquid
interface angle. In general, the angle of gas-liquid interface is influenced

13

by many factors, such as the superficial gas velocity, superficial liquid
velocity, viscosity of the gas and liquid, and density of the gas and liquid.
The general function of the gas-liquid interface angle is expressed as
follows:

Ozf(USvauﬂu USvaG7ﬂG767D7g7ﬂ) (18)

Table 5 summarizes these variables, corresponding symbols, and
dimension.

Four basic physical quantities were selected: Usy,p;,D,g. The influ-
ence parameters were combined and transformed based on the dimen-
sional analysis, as presented in Appendix A. The experimental results
were used to obtain a significant linear correlation between the interface
angle and its related parameters in double logarithmic coordinates.
Therefore, the interface angle prediction relation is proposed as

1 s w
ReG 1 ﬂ
O=r—)We|<) |1 -7 19
(Re L) X 180 a9
Table 5
Summary of variable information.
Variable Symbol Dimension
M L T
Angle of gas-liquid interface 0o — — —
Superficial liquid velocity UsL 1 -1
Density of liquid L 1 -3
Viscosity of liquid HL 1 -1 -1
Superficial liquid velocity Usg 1 -1
Density of gas PG 1 -3
Viscosity of gas e 1 -1 -1
Surface tension coefficient of gas-liquid c 1 -2
Diameter of pipe D 1
Gravitational acceleration g 1 -2
Pipe inclination angle B — — _
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The ordinary-least-squares technique was applied to fit the correc-
tion factors to the interface angle function, as expressed in Eq. (19),
using the experimental test data. The interface angle function was fitted
using experimental data from 263 sets of stratified flows in the hori-
zontal and inclined pipes, and the following equation was obtained:

Res(} -0.29 o0s 1 0.14 ﬂﬂ —11.12
=139(=2¢ We 0% (= -2
0 3 <R€5L> ¢ X

180
Additionally, the interface angle model was evaluated. The results
revealed that the error was within 20%, as shown in Fig. 24. Indeed,
more than 80% of the data had an error of 15% or less, which is
acceptable for predictions. Since there are few tests in the published
literature for the parameters related to the interface angle, it is difficult
to seek a data set that can be used to evaluate the predictive performance
of the interface angle function proposed in this work; therefore, the
predicted results are briefly compared with the experimental data of this
work here. However, the generalizability evaluation for the model will
be systematically compared with the test and finding of other re-
searchers in the subsequent section in the form of a complete repro-

duction of the interface shape calculation.

(20)

3.2. Solutions for stratified flow model with 3D nonflat interface

In the establishment of the nonplanar model, the interface bending in
the cross-sectional dimensions of the pipe and interface fluctuations in
the flow direction were comprehensively considered to guarantee a
realistic analysis of an actual flow state. Fig. 25 shows a schematic of the
nonflat stratified flow structure in the pipe.

Furthermore, it is assumed that both gas-liquid phases are incom-
pressible fluids. However, this assumption differs from that in the actual
situation. As the employed fluid flows in the pipe, the gas continuously
expands as the pressure gradually decreases, leading to a gradual in-
crease in the velocity of gas phase, which is accompanied by a change in
the pressure gradient. Therefore, the conventional two-fluid model, as
presented in Appendix B, was further supplemented and optimized by
introducing an acceleration pressure drop to achieve the construction of
3D flow characteristics in the pipeline.

Based on the two-fluid model, the momentum balance equation for
gas-liquid stratified flow can be solved by combining the geometric
model, interface shape function, and acceleration pressure drop to
obtain a prediction model for the flow characteristic parameters, such as
the liquid height at the center of cross-section, average liquid retention,
and interface fluctuation. Thus, the 3D nonflat stratified flow volume
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Fig. 24. Prediction effect of interface angle.
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Fig. 25. Schematic diagram of the flow structure.

equation can be expressed as

(myu)

dpP . d
- AL (E) ” — TLSL + TiS,' +pLALgSIHﬂ = dx (21)
dP d
Ao (—) — 2656 — 1.5 + poAagsing = 2LHe) 22)
dx ) 1p dx
Sc \Y) 1 1 .
TGA—G — TLA—L +17;S; <A—L + A_(,) + (/)L — pc)gsmﬂ
_ 1 d(mpuy) 1 d(mgug) 23)
Ay dx Ag  dx

The solution methods for the gas / liquid-wall shear stress and
interface shear stress are referred to as the conventional two-fluid
stratified flow model, as presented in Appendix A.

The ratio of the interface friction to the gas wall friction is widely
used to characterize the interface effect in the study of stratified flow.
Many semi-empirical expressions for the interfacial friction factor were
introduced with the assumption of a smooth flat interface (Cohen and
Hanratty, 1968; Crowley et al., 1992; Kowalski, 1987; Taitel and Dukler,
1976; Ullmann et al., 2003). However, this approach introduces errors
that are particularly neglected at fluctuations and flow transition, where
obvious ripple and amplitude waves can exist. In conjunction with the
work of Rodriguez and Baldani (2012), several interfacial friction
models applicable to wavy flow (Andritsos and Hanratty, 1987;
Kowalski, 1987; Wallis, 1969) were compared for the prediction error of
interfacial shear with the help of experimental data from this work. The
results show that the Wallis’ model is effective in predicting the inter-
facial shear for nonplanar stratified flows and that the model integrates
the effects of fluctuation amplitude and air-wall friction factor. There-
fore, the prediction model for the interfacial friction factor, proposed by
Wallis, was used in this study. This model considers the case of a
nonplanar steady state of the interface and introduces the dimensionless
parameter of the fluctuation amplitude, which is expressed as follows:

1)
fi=tfe(1+¢3) (24)
D
where § denotes the amplitude of fluctuations at the stratified flow
interface and C is a parameter determined using experimental tests.

In addition, for the acceleration pressure-drop term on the right-
hand side of Eq. (23), a theoretical derivation was performed using
the gas-liquid phase velocity differential equation and gas equation of
state, as described in Appendix C.

The parameters in Eq. (23) are dimensionless owing to employing the
dimensional analysis method; in addition, relevant parameters are
introduced for the solution. The final two-phase momentum balance
equation is expressed as follows:

EE ﬁ,?if -x gf'ﬁ,i:m P }"?ZGTH 1—g )y
AgDg AvD,  AgApDy tig
’IZL ~ ReG REL ~ o0
— gAY + W | —T@(1 -
qu +4Y + |:1—€)2+82 G ( €)
=0 (25)
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where X2 and ®Z are parameters defined by Lockhart-Matinelli (1949),
and P, W,J are newly defined dimensionless parameters.

B % J]% (29)
7 %gTG 31

where for Newtonian fluids, the expressions for the frictional pressure
drop in the gas and liquid phases involved in Eq. (26) are

- Tgs - 32ﬂGUSG

(dP/dv)ss == 5 (32)
S 32u,U
(dP[dx)g = == == (33)

where de/dx in Eq. (30) represents variations in the average liquid
holdup of the cross-section in the flow direction, which can be obtained
from the experimental data for the two electrode planes of ERT. Thus,

deie',,fsp
dx  L,—Lp

(34)

where ¢, and &p are the average liquid holdups measured at the second
and first electrode planes, respectively. The corresponding L, and Lp
represent the positions of the second and first electrode planes,
respectively.

Each parameter in Eq. (25) can be expressed as a function of the
interface angle O and interface curvature angle 6, where the interface
angle can be solved using the construction method described in Sub-
section 3.1. Therefore, the final form of Eq. (25) is only a function of 6,
and the two-phase momentum balance equation of gas-liquid stratified
flow can be solved by introducing the corresponding parameters of the
incoming flow conditions.

Moreover, combining Egs. (9) and (10) yields the liquid height at the
center of pipe section, hy, as a function of the curvature of the interface,
as follows:

:Uﬂmmmmm—ﬁn D

e 0— /10— 2

(35)

where D’ represents the diameter of virtual circle formed by the inter-
face, which is calculated according to the triangle Sine theorem, as
expressed in Eq. (5).

The area occupied by the liquid phase at the pipe interface can be
solved by substituting Eqs. (15)—(17) into Eq. (14); thus, the area
occupied by the gas phase can be obtained as follows:

AG = A —AL (36)

Therefore, Eq. (24) can be reduced to only contain the interface
curvature parameter; thus, it can be solved for a defined incoming flow
condition.

With the definition of liquid holdup and above solution, the pre-
diction model of holdup in a gas-liquid stratified flow under the
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nonplanar assumption can be obtained as follows:

(- )

In addition, the total pressure gradient of the two-phase stratified
flow is calculated as

‘7ébjhfp&ngil
AT A =z

sin*O(sin’a — |0 — )

sin’|0 — 7]

37)

RT(1—¢) (dP/dx)gy -y 75 -m
P = "D
(d /dx)TP U§G 7RT(1 — 8) { T L L SL
dP/d ~2ne NG .
+ WP sogp n B 5 — [pye 4 pi(1 — e)]gsin(2%)
n 180
de | pUse _ p U5
dx | (1 —g)? g2 (8

The function of the interface angle O in Eq. (25) is determined using
Eq. (20), whereas the angle o corresponding to the line connecting the
centers of pipe and virtual interface circles is expressed by Eq. (9), which
are functions of interface curvature. Therefore, the interface curvature
under a certain operating condition is obtained by solving the mo-
mentum equation (Eq. (25)), which is then substituted into Egs. (35) and
(37) to obtain a prediction of liquid height at the center of cross-section
and liquid holdup in the gas-liquid stratified flow. Fig. 26 shows the
implemented iterative scheme.

4. Evaluation of the nonflat interface stratified flow model

The validity of the model was verified using experimental data based
on the proposed model for predicting the interface of stratified flow. In
particular, the prediction of liquid height, prediction effect of the
gas-liquid interface shape in the pipe cross-section, and interface fluc-
tuation in the flow direction were evaluated. In addition, the perfor-
mance of proposed model was compared with that of other models
presented in previous studies, and the reasons for the discrepancies and
model improvements were analyzed.

4.1. Interface shape of pipe cross-section

The proposed nonflat interface stratified flow model was solved to
obtain gas-liquid interface characteristics of the pipeline cross-section
under defined operating conditions, considering parameters such as
the liquid surface height at the center of pipeline and degree of interface
curvature. The prediction results of the model were compared with the
experimental results of the cross-sectional parameters and those pre-
sented by Ullmann and Brauner (2006). In addition, the prediction effect
of the proposed nonflat model was evaluated.

Fig. 27 shows a comparison of the model predictions and experi-
mental test results for the shape of the gas-liquid stratified interface in a
horizontal pipe, where the red hollow dots represent the experimental
data, black solid line represents our model prediction results, and black
dashed line indicates the results using the model presented by Ullmann
and Brauner (2006). The experimental data showed that in the hori-
zontal pipe, the liquid height at the center of pipe decreases with an
increasing superficial gas velocity. Simultaneously, the curvature of
gas-liquid interface decreases, and the interface shape transitions from
an obvious concave to a flat shape, which is also reflected in the results
of the flow characterization presented in Subsection 4.2. Nevertheless,
in the inclined downward stratified flow, the gas-liquid interface
exhibited a clear convex trend, as shown in Fig. 28. The nonflat stratified
flow computational model provides valid predictions in terms of both
the liquid height and interface shape. A valuable description of the de-
gree of interface bending influenced by the gas phase velocity is
expressed in terms of the shape curvature.

Consequently, the proposed stratified flow prediction model can
reasonably predict the interface characteristics under the nonflat
assumption, particularly in the region beyond 0.2 D from the wall. This
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/ Non-flat interface model in gas-liquid stratified flow

(I) Solving for the interface angle function

e Known the properties of working fluids:

Pr>HysPos> MO
e  Known the flow conditions:

U, Ug. D, g, B
Find the interface angle: O
from Eq.(20)

(II) Determination of the parameters of double-

circle model

Known conditions: (I), Double-circle model

Find Sy,

Sc

from Eq.(12) and (13)

Find O', D', S;, hy, AL, Ag: all as a function of 9

from Eq.(4)-(11), (14)-(17)
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)

e Known conditions: (I), (II)
e Known theoretical basis : Appendix B, Appendix C

Find dimensionless parameters: X4, o5, Y, P,W,J

from Eq.(26)-(31)

[a]

e Known conditions: (II), (III a)
Find Interface curvature angle: 6|

from Eq.(35)

(III) Solution of the two-phase momentum balance equation

e Known conditions

: (ID, (II b)
Find: hy, &, (dP/dx)rp
[b] fomEq@s). (7). G8)

[c]

N Analysis and validation of the model

Fig. 26. Block diagram of the algorithm to calculate

the nonplanar hierarchical flow model.
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Fig. 27. Validation of interface characteristics in the horizontal stratified flow.
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Fig. 28. Validation of interface characteristics in the downward stratified flow.

is because the established interface model is based on a simple double-
circle geometry; therefore, the model has a reasonable descriptiveness of
the bending trend and degree of the stratified flow interface in the cross-
section, whereas it cannot predict the complex curve in a small area near
the wall caused by sidewall climbing.

The comparison results show that the interface prediction model
proposed in this work is superior in the pipeline cross-sectional direc-
tion, evaluated in terms of both liquid surface height and interface
bending curvature. Specifically, as shown in Fig. 27, the new model
represented by the solid line is closer to the experimental data in terms
of liquid height. Meanwhile, Fig. 28 reveals that the new model fits the
experimental test results more closely in curvature. However, the model
introduced by Ullmann et al. (2006) can effectively predict the phase
holdup and pressure drop for nonflat stratified flow under certain
operating conditions; but for the working conditions of Figs. 27 and 28,
their model has some limitations in predicting the central liquid level
height in horizontal flow and the degree of interface bending in inclined
stratified flow. The reason for this may be the empirical relationship
between the introduced interface angle and interface curvature angle, or

the present experimental conditions are beyond their applicability.
The analysis results show that the prediction of the interface shape
model for the liquid height at the center of pipe cross-section satisfac-
torily agrees with the experimental results; And the proposed model in
this work can capture changes in the interface bending shape caused by
variations in the incoming flow conditions in the horizontal pipe more
accurately and provide the interface shape curvature quantitatively.

4.2. Interfacial fluctuations in the flow direction

The experimental study revealed that the stratified flow interface
exhibits regular fluctuations in the flow direction, which is caused by the
acceleration pressure drop that occurs during the flow. The pulsation of
the liquid height at the center of pipe at different moments can be ob-
tained by integrating the acceleration pressure drop term into the non-
flat stratified flow model and finding the solution. The calculated values
using the proposed model were compared with the experimentally
tested liquid heights, and the prediction confidence of interfacial fluc-
tuations in the flow direction was discussed.
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Fig. 29. Fluctuation of stratified flow interface under a low gas-liquid ratio in the horizontal pipe.

17



L.-t. Hou et al.

The interface fluctuations under different operating conditions and
corresponding visualized experimental records are shown in Figs. 29
and 30, which present fluctuations for the low and high gas-to-liquid
ratios, respectively. The red dotted line represents measured liquid
height, black solid line indicates the predicted values using the proposed
model, and black dashed line indicates the results presented by Ber-
thelsen and Ytrehus (2005). The experimental data were averaged using
the results of three replicate experiments; test errors are indicated by the
error bars.

The results show that the gas-liquid interface is not stable and con-
stant at different moments under the same operating conditions; how-
ever, it fluctuates in a certain range around the equilibrium value. In
addition, the frequency and amplitude of the interface significantly
fluctuations differed under different incoming flow conditions.

The proposed model introduces an acceleration pressure drop for the
solution and considers the time dependence of the cross-sectional in-
clusion rate change within a flow cycle. The model can yield a better
prediction of the interfacial fluctuations in the flow direction and vari-
ations in the liquid surface height, which satisfactorily agrees with the
experimental data, as shown in Fig. 31. In addition, the results obtained
using the model proposed by Berthelsen and Ytrehus (2005) with
equivalent roughness instead of interfacial fluctuations show that the
model generally overestimates the amplitude of interfacial fluctuations
compared with the experimental results; this it cannot describe the time-
varying effects. Meanwhile, the experimental images visualize the
fluctuation of interface, which agrees with the model calculation results.

Variations in the gas-liquid interface in the flow direction reveal that
the prediction results using the proposed model reasonably agree with
those of the experiments. In addition, Figs. 29-31 show the variation
pattern of the liquid height with a variable gas-liquid velocity, which
agrees with the experimental result. Meanwhile, the experimental im-
ages visualize the fluctuation of interface, which is consistent with the
results obtained using the proposed model.

5. Conclusions

In this study, the interface characteristics and influencing factors of
gas-liquid stratified flow in pipelines were investigated. Based on the
experimental data and theoretical analysis, the calculation function of
the gas-liquid stratified flow interface in the pipe was proposed, and the
two-phase stratified flow model was modified considering the interface

0.8
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shape and acceleration pressure drop. In contrast to the traditional
stratified flow model, the model is able to systematically predict the
interface information in the two investigated dimensions of pipe cross-
sectional direction and flow direction, including the interface curva-
ture, gas-liquid interface position and interface fluctuations in the flow
direction, which contributes to a profound exploration of the charac-
teristics of stratified flows; in particular, it provides a solution for the
description of 3D characteristics of the interface.

The obtained results of gas-liquid stratified flow revealed that
concave or convex nonplanar structural features are prevalent at the
interface and exhibit significant fluctuations in the flow direction.
Moreover, velocity of fluids and pipe inclination angles can change the
degree and direction of bending of the stratified flow interface in the
pipe. A critical gas-liquid ratio determines the interfacial shape transi-
tion, which is approximately 200 and 5 in the horizontal and inclined
downward pipelines, respectively. The factors influencing the interface
shape of stratified flow were further examined by constructing the
interface shape function using the dimensional analysis. Additionally, in
a gas/liquid stratified flow system, the gas velocity in a high liquid
holdup condition directly increases interfacial fluctuations in the flow
direction. However, in the low liquid holdup case, the gas occupies the
cross-sectional space, leading to a decrease in the liquid height and
gradual transformation of interfacial fluctuations into high-frequency
small ripples. According to the experimental and theoretical analyses,
the acceleration pressure drop that forms the interfacial fluctuation is
introduced into the stratified flow solution to form a 3D nonplanar
stratified flow calculation model.

Based on the two-fluid theoretical model and indoor experimental
data, a nonplanar gas-liquid stratified flow calculation model was
modified, considering the shape of stratified interface in the pipe cross-
section and interface fluctuations in the flow direction. In addition, a
prediction method for 3D characteristics of the stratified interface was
proposed. Validation of the experimental data showed that the proposed
model could predict the stratified flow interface characteristics. In
general, although the proposed model has some limitations, it helps
explore the formation mechanism and influencing factors of gas-liquid
interfaces in stratified flow systems and provides a research idea for
analyzing the interface characteristics from a 3D perspective.
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Horizontal pipe flow U = 0.021 m/s Horizontal pipe flow Uy, =0.021 m/s
0.7 == ~Berthelsen (2005) Us = 1415 m/s 0.7} - - -Berthelsen (2005) Usg =2.829 mis
0 Predlc.ted by this work —~ Predicted by this work
3 —O— Experimental data 5’ 0.6 —O— Experimental data
= = 0.6 |
<06t <
5 0.5}
=)
o— = L 1
% g 04 / ‘) N \ /
~ o4t ~ 03 ;o v NS
- \ 4
. \ -
I
(al) , (b1)
043 1 1 1 1 1 1 1 1 1 02 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
time, 7 (s) time, # (s)

Fig. 30. Fluctuation of stratified flow interface under a high gas-liquid ratio in the horizontal pipe.
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Appendix A:. Procedure for establishing the interface angle function
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According to the basic principle of dimensional analysis (Buckingham, 1914), several dimensionless PI parameters (I1) can be obtained as follows:

I, =0
m, = Hi
pLUsD
U.
M = =%
Ust
m, =2
Pr
Hg
M. =
> p UsD
c
H(, =
prUsD

(A1)

(A2)

(A3)

(A4)

(A5)

(A6)

They were integrated to form simplified and widely used dimensionless parameters. The operational process is as follows:
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Hﬁ _ o
(1-TL)(I5 = 1)*  (p, — pg)(Usg — Ust)’D

2 N\ 2
My = /13- 11 = 4 [2C. (&) (A9)
4 P \Us

I = (A8)

Oy =4 (A10)
Therefore, the general form of dimensionless expression function, including all parameters, is as follows:
I, = f(I1,, 117, g, Iy, TTp) (A11)
0=f (L-, Reg, -, [2e. (@y,ﬂ) (A12)
Re;, We \ p. \Us

Appendix B:. Two-fluid model for smooth stratified flow

For gas-liquid stratified flow, the existing predictive models are essentially one-dimensional models based on the momentum balances of both
phases (Ishii and Hibiki, 2006; Barnea and Taitel, 1989; Ishii and Mishima, 1984; Ishii, 1975). Assuming a completely developed stratified flow and
equal pressure gradients in both phases, the integral forms of the momentum equations for the two phases are written as follows:

dP

- AL (7) 7TLSL+T,‘SI' erLALgSiIlﬂ =0 (Bl)
dx ) 1p
dP .

A=) —16S¢ —T:Si +pgAcgsing =0 (B2)
dx ) rp

where the subscripts TP, L, G, and i refer to the two-phase, liquid-phase, gas-phase, and interface, respectively. A;, and Ag are the cross-sectional areas
of the pipe occupied by liquid and gas phases, respectively. 71, 7g, and 7j are the shear stresses at the wall-liquid, wall-gas, and gas-liquid interfaces,
respectively. In addition, Sy, Sg, and S; are the contact parameters of the liquid-wall, gas-wall, and gas-liquid interfaces, respectively, p is the density, g
is the acceleration owing to gravity, and j represents the pipe inclination (rad).

Various stresses in terms of friction factors can be defined and widely used as follows (Taitel and Dukler, 1976)

2
U,
7 = fo 25 (B3)
2
L = L'/% (B4)
- fw (B5)

where u is the average velocity and f is the friction factor in the smooth pipe of each phase.
The curvature of interface can be further solved by dimensionless treatment of the above parameters and integrating them back into the mo-
mentum equations of the gas-liquid stratified flow. In the solution process, the friction factors of the air and liquid walls are calculated as follows:

fo=CrRe;"™ (B6)

fo = CoReg" (B7)

where C, = Cg = 16,n;, = ng = 1 for laminar flow, C, = Cg = 0.046,n;, = ng = 0.2 for turbulent flow (Bishop and Deshpande, 1986; Lioumbas et al.,
2007; Xu et al., 2007).
The Reynolds number for the gas phase as Newtonian fluid is defined as

_ PrgiLcDie

ReL_,G (BS)

Hig

where D;, and Dg are the equivalent diameters of the liquid and gas phases, respectively, which can be obtained from the area occupied by the phase
and contact perimeter.

4A
D, = S—L (B9)
L
1A
= B10
TS+ S (B10)

Normalizing the parameters in Egs. (B1) and (B2) yields
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D¢ = Dg/D (B11)
D, =D./D (812)
S¢ = Sg/D (B13)
S, =S8./D (B14)
S; =S;/D (B15)
Ag = Ag/D? (B16)
AL =A, /D (B17)

The local phase velocity Ug; is normalized with respect to the superficial velocity of each phase, Usg, s, and ¢ = Us;/Usg. All dimensionless
quantities with a tilde (~) in the above equations are functions of the dimensionless liquid height. Using the mass conservation equation, the
dimensionless velocity can be expressed as

- T~
g = ug/Usg = o (B18)
~ Tt
= Us, = 34, (B19)

Appendix C:. Acceleration pressure drop

The acceleration pressure drop for multiphase flow in a nonvariable cross-sectional pipeline is considered to be caused by gas expansion. Although
in the study of gas-liquid layered flow, it is assumed that both gas-liquid phases are incompressible fluids, this assumption differs from the actual
situation. When the fluid flew in the pipe, a gradual decrease of the pressure continuously expanded the gas, resulting in a gradual increase in the
velocity of gas phase, which was accompanied by a change in the pressure gradient.

The acceleration pressure drop is expressed as (Beggs and Brill, 1973)

dP 1d
- <E> | A dp M T mattc) €1

where -(dP/dx), denotes the acceleration pressure drop and m is the mass flow rate. The mass flow rate of each phase can be calculated using the phase
holdup as follows:

my, = p eAuy (C2)

mg = pG(l — E)AMG (CS)

where the relationship between the phase velocity and superficial velocity satisfies

UgA U
uy, = = = 2% ()
Ap e
_UsgA  Usg
T A T1-e @)
Therefore, the acceleration pressure drop can be expressed as
dP du dug
- <a> =n Usi =+ peUso - (c6)
Mathematical transformations help write
dML d USL 8(dUSL/d)C) — USL(dS/dX) USL(dE/d)C)
I e E— (%))
dx dx\ € 2 £
dug _ d (Us\ _ (1 —€)(dUsc/dx) + Usc(de/dx) (c8)
dx de\l—¢ (1—¢)
The gas mass conservation yields
9, ApsUss) _
a T 0 (c9)
The assumption of a constant flow satisfies
Pedlse | Usodbs _ €10

dx dx
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In addition, the state equation of gas under adiabatic conditions yields

PM = pRT (c11)

where M is the molar mass of substance, R is the gas constant (287 J/kg-K), and T is the absolute temperature (293.15 K at room temperature). Under

adiabatic conditions, the differential form of Eq. (C11) can be expressed as
dp; 1 dP

e~ = 12
dx  RT dx (€12)

where dP/dx is the total pressure gradient in the pipeline.
Finally, the acceleration pressure drop can be expressed as

B CLP :ﬁ /)GU?G 7pLU§L o U?G ‘LP (C13)
dx), dx|(1—g¢)? & RT(1 —¢) dx
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