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Abstract: This study focusses on investigating the effect of flow orientation on global and local two-
phase flow parameters under two-phase flow conditions. Flow visualization, pressure measurement,
and conductivity probe measurements are performed in a test facility made of 50.8 mm inner diameter
acrylic pipes with flow visualization, pressure measurement, and conductivity probe measurement.
Characteristics of flow regimes and interfacial structures, and frictional pressure drop prediction in
the vertical upward and vertical downward two-phase flows are compared and analyzed. The results
show that unique coring phenomenon and slug bubbles with off-centered noses appear in the vertical
downward flow. The flow regime transition boundaries shift to the lower gas superficial velocities
in the vertical downward flow compared to that in the vertical upward flow. Furthermore, the
distribution and one-dimensional transport of the void fraction, interfacial area concentration, bubble
velocity, bubble Sauter-mean diameter, and bubble frequency are acquired and compared to study
the effect of flow orientation on interfacial structures. The interfacial structure and its development
are found to be mainly affected by the lift force and the turbulence related bubble interactions.
The frictional pressure drop is acquired and modeled by the Lockhart-Martinelli correlation. The
frictional pressure drop is found to be larger in the vertical upward flow than that in the vertical
downward flow. The recommended C value for both vertical upward and vertical downward flows
are proposed.

Keywords: flow orientation effect; two-phase flow; flow regime; interfacial structure; frictional
pressure drop

1. Introduction

Vertical two-phase flows exist widely in engineering applications such as heat exchang-
ers, oil transport pipelines, chemical processing plants, and nuclear reactors. Different from
single-phase flow, characteristics of two-phase flow shows dependence on flow orientation
due to the buoyancy effect. For example, stratified and wave flow regimes exist in hori-
zontal two-phase flow but are not observed in vertical two-phase flow [1]. As a result, the
flow regimes that exist in vertical and horizontal orientations are different. The dissipation
of the elbow effect on two-phase flow downstream of the vertical upward and vertical
downward elbows are also found to be different [2]. For vertical two-phase flows, coring
of bubbles is observed in the downward two-phase flow but not observed in the upward
flow [3-5]. The determination of the correct flow regime is the basis for accurate selecting
of the regime-based empirical correlations, and the interfacial structure directly affect the
interfacial mass, moment, and energy transfer. Therefore, it is necessary to investigate the
effect of flow orientation on flow regime, interfacial structure, pressure drop, and other
two-phase parameters.

For two-phase flow in vertical orientations, numerous studies have been performed to
qualitatively model the flow in terms of flow regime classification and flow regime map
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development. A widely accepted flow regime map has been developed for vertical upward
orientation, such as the Taitel and Dukler [6] and the Mishima and Ishii [7] flow regime
maps. For vertical downward two-phase flow, Oshinowo and Charles [3], Barnea et al. [8],
Usui and Sato [4], and Jiang and Rezkallah [9] all developed flow regime maps for vertical
downward two-phase flow. However, no consensus has been reached on a universal
downward flow regime map yet. This may be caused by the fact that downward two-
phase flow may be more sensitive to channel shape and dimension, the inlet condition,
and the historic effects [10]. Recently, Kazi et al. [11] experimentally studied the vertical
upward and downward flows with a U-Bend inlet; the flow regime transitional boundaries
for vertical upward flow agreed well with the Mishima and Ishii [7] map, but a worse
agreement was achieved for the vertical downward flow.

The flow regime reflects the macroscopic characteristics of the two-phase flow; it is
actually determined by the microscopic interfacial structure of the flow. The interfacial
structure is described by parameters such as the interface shape, surface area density, and
interfacial velocity between the gas and liquid phases. The momentum exchange between
phases is through the work done by the interfacial shear stress on the interface, and the
mass and energy exchange also need to pass the interfaces. For the vertical upward flow,
studies by Serizawa et al. [12], Liu and Bankoff [13] and Wang et al. [14] show that the
void fraction distribution is pretty uniform across the pipe cross-section with peaks near
the wall in bubbly flow, and it changes to center-peaked distribution in slug flow. For
vertical downward two-phase flow, Ishii et al. [15] and Hibiki et al. [16,17] studied the local
interfacial structure and observed unique core-peaked void fraction distribution. With
the area-averaged void fraction data, Kim et al. [18] shows that the drift flux model in
downward flow is also different from that in upward flow.

For accurate prediction of the transient two-phase flow phenomena in reactor systems
or other thermal systems, the two-fluid model is widely used in the system analysis
codes [15]. Development of the closure relationships for interfacial transfer appear in the
governing equations and requires understanding of the interfacial structures and interfacial
area transport. Kim [19] and Sun et al. [20] studied the one-dimensional development
of the interfacial structures in the vertical downward two-phase flow; Goda et al. [21],
Hibiki et al. [22], and Kim et al. [18] characterized the evaluation of the one-dimensional
interfacial structures in the downward two-phase flow.

Accurately predicting the pressure drop in two-phase flow systems is important as it
affects the evaluation of two-phase flow parameters and the driving pump head. The two-
phase pressure drop due to gravitation and acceleration can be estimated with velocity and
void fraction information. The estimation of two-phase frictional pressure drops, however,
relies on empirical correlations. Existing empirical correlations for two-phase frictional
pressure drop prediction include the homogeneous flow model [23], separated flow model,
and others. The Lockhart-Martinelli correlation [24] is one of the widely used separated
flow models. The correlation contains a coefficient C, which needs to be determined for
different flow structures.

Efforts have been performed to quantitatively compare the difference between vertical
upward and vertical downward flows. Bhagwat and Ghajar [25] studied the difference flow
regimes they obtained in vertical downward flow to the vertical upward ones from litera-
ture. Since the pipe diameter (12.7 mm) and experimental setup they used is different from
those in literature, the comparison may introduce inaccuracy. Wang et al. [14] measured
void fraction profile with a single-sensor probe showing that a distinct peak exists near the
wall in upward flow but a “coring” peak appears in downward flow. Jiang et al. [9,26] used
a single beam gamma densitometer to measure the void fraction values under different
flow conditions in the upward and downward two-phase flows. They found that the void
fraction in downward flow is usually higher than that in the upward flow and developed
different correlations for void fraction prediction in different orientations. Unfortunately,
only cross-sectional averaged void fraction data are provided due to the average measure-
ment technique, and no other interfacial structure parameters information is discussed.
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Tian et al. [27] compared detailed interfacial structures measured with a four-sensor optical
probe in upward and downward flows. However, measurements were performed at the
22 pipe diameter location, where the flow was suspected to be undeveloped.

Effects of flow orientations on flow regimes in non-usual channel dimension and
channel geometry have also been investigated recently. Zeguai et al. [28] studied the
orientation effects on two-phase flow regime evolution in a 3-mm diameter mini tube. They
concluded the flow regime transitional boundaries are similar for upward and horizonal
two-phase flow, but different in the downward two-phase flow. Abdulkadir et al. [29]
performed vertical upward and downward two-phase flow in a 127 mm inner diameter
pipe. Churn and annular flows were observed in upward flow, but only annular flow was
observed in downward flow. Chalgeri and Jeong [30] studied the two-phase flow regimes
in a narrow rectangular channel, and found the transition lines for bubbly to slug and
slug to churn flowing in a vertical downward flow shift to the right of the transition lines
observed in the vertical upward flow.

The authors have performed detailed experimental study on the effects of three types
of inlets on vertical downward two-phase flow, i.e., injector without a flow straightener
(Type A), injector with a flow straightener (Type B), and a 90° vertical elbow (Type C) [31].
Flow regime, interfacial structure, and frictional pressure drop were compared among the
three types of inlets, which serves a good basis for investigation of the flow orientation
effect. By acquiring new data in the vertical upward flow and comparing them to the
published vertical downward flow data, the effect of flow orientation on two-phase flow
can be investigated.

Many investigations have been performed to study the upward and downward two-
phase flows. However, comparing experimental data acquired from different test facilities
may encounter inconsistency, since two-phase flow is sensitive to the inlet conditions and
geometric parameters. Further, due to lacking local interfacial data, detailed comparison
of the microscopic and macroscopic interfacial structures between the vertical upward
and vertical downward flows are rare. Therefore, the different interfacial and hydraulic
characteristics between the upward and downward two-phase flows are not clear.

The present study aims to investigate the effect of flow orientation on two-phase flow
by comparing the similarities and differences of vertical upward and vertical downward
the two-phase flows. The objectives include the following: (1) analyze and compare the
macroscopic characteristics of the vertical upward and vertical downward two-phase flow,
including characteristics of flow regime and flow regime map, (2) analyze and compare
evaluation of the local interfacial structure in different flow orientation, and (3) compare
the two-phase frictional pressure drop in different flow orientations and establish the
prediction model based on the Lockhart-Martinelli correlation.

2. Experimental Facility and Test Conditions
2.1. Test Facility and Instrumentation

Figure 1 shows the schematics of the test facility used to perform the two-phase flow
experiments. The test facility is built up with acrylics pipes of vertical and horizontal
orientations. The inner diameter (D) of the acrylic pipes is 50.8 mm. The test loop was
designed to be capable of performing air-water two-phase flow in both vertical upward
and vertical downward flow directions by switching the controlling valves, as indicated by
the red and blue arrows in the figure. The water is stored in a plastic tank and pumped by a
centrifugal pump; the air is stored in a stainless-steel tank and pressurized by a compressor.
In both flow directions, two-phase flow is established by mixing the deionized water and
compressed air in a sparger. The two-phase mixture flows either upward or downward,
then reaches the separator, where air and water are separated by gravity. Air is released to
atmosphere and the water flows back to the tank.
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Figure 1. Schematic diagram of the test facility.

The lengths of the vertical upward and vertical downward test sections are about
3.2 m and 2.9 m, respectively, yielding development lengths of 63D and 57D. It is built
by connecting acrylic pipe section of different lengths and three instrumentation ports.
Figure 2a shows the instrumentation port used for setup of measurement equipment,
including the mount conductivity probe for two-phase parameter measurement, and is
used to connect the pressure process line for the pressure transducer. All four sides of the
instrumentation ports are shaved flat to minimize the optical distortion due to refraction
during flow visualization experiments.

(b)

Figure 2. (a) Instrumentation port for pressure and probe measurement and flow visualization,

(b) Four-sensor conductivity probe.

In terms of the measurements, volumetric flow rates of air and water are monitored
and set by the gas rotameter and electromagnetic flowmeter, respectively. Then, the volu-
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metric flow rates are converted to the superficial velocities. The measurement uncertainties
of the gas rotameter magnetic flowmeter are £3% and £5% of the measurement range,
respectively. The pressure at each measurement port is measured by a differential pressure
transducer. The measurement ranges of the transducer are varied to 0.75 kPa, 5 kPa, and
50 kPa at different flow conditions, which leads to corresponding measurement uncertain-
ties of £0.5%, +0.1%, and £0.1%, respectively. The minimized four-sensor conductivity
probe [32], as shown in Figure 2b, is used to measure the local time-averaged interfacial
parameters. For the flow visualization, a high-speed camera is used to capture the typical
flow regimes. The measurement resolution is set to 512 x 512 pixels. The frame rate is set
to 2000 to 4000 fps with a shutter speed of 1/10,000 s during the measurements.

2.2. Test Condition and Measurement Method

To compare the characteristics of the two-phase flow in different flow directions,
conductivity probe measurements are performed at 7.5D, 34.5D, and 61.5D for three flow
conditions for the vertical upward flow directions, as shown in Table 1. For the vertical
downward flow, the published data by the authors [31] together with additional new data
acquired are used to perform the comparison. Measurements were performed at 7.5D,
31.5D, and 55.5D for four flow conditions, as shown in Table 2. The flow conditions in
tables are specified by the liquid superficial velocity (jy), and gas superficial velocity (jg), as
indicated by Equations (1) and (2). As can be seen from Tables 1 and 2, Run 2 and Run 3
in the vertical upward experiments have similar jrand jg ;o with Run 4 and Run 5 in the
vertical downward experiments at the last measurement port, such that results of these
flow conditions can be compared to study the effects of the orientation on two-phase flow.

. Q

jr=+ (1)
. o Qg,loc o Qg,atm Patm
]g,lDC - A - A (Patm + Ploc) (2)

where, Qy is the volumetric flow rate of water, Q, j,c is the volumetric flow rate of air
evaluated at the pressure of last measurement port, i.e., 61.5D and 55.5D for the upward
and downward flow, respectively. Qg atm is the equivalent volumetric flow rate of air the at
atmospheric pressure. Py, and Py, are the atmospheric pressure and the gauge pressure at
the last measurement port.

Table 1. Test conditions vertical upward two-phase flow.

Run # ]f [m/s] jg,utm [m/s] jg,loc [m/s]
1 4.00 0.14 0.070
2 4.00 0.23 0.111
3 4.00 0.35 0.164

Table 2. Test conditions vertical downward two-phase flow.

Run # ]f [m/s] jg,utm [m/s] jg,loc [m/s]
4 4.00 0.25 0.108
5 4.00 0.39 0.165
6 4.00 0.68 0.284
7 4.00 0.976 0.399

Since the interfacial structures of the two-phase flow can be assumed to be axisym-
metric in the vertical directions, the variation of interfacial parameters measured along
different pipe diameters are the same, such that probe measurements are performed along
one diameter of the pipe at 15 radial positions, i.e., (+/R) = 0, 0.2, £0.4, £0.5, 0.6, £0.7,
£0.8, and £0.9, as shown in Figure 3. Here, r and R are the radial coordinate and radius of
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the pipe. To accurately position the measurement location, a conductivity probe is mounted
on a linear position unit and traversed at different r/R. At each /R location, conductivity
probe signals are acquired by a data acquisition system for 30 s to 60 s with a sampling data
acquisition frequency of 50 kHz. At least 2000 effective bubbles are acquired to get a statis-
tically error of +7% for conductivity probe measurements [33]. The acquired conductivity
probe signals are processed by a data processing code to obtain the local time-averaged
two-phase flow parameters, including the void fraction («), the bubble frequency (f;), the
bubble velocity (vg), and interfacial area concentration (4;).

Figure 3. Measurement mesh and coordinate systems for the conductivity probe.

2.3. Benchmark of the Probe Measurement

To assess the reliability of the conductivity probe measurement, the volumetric gas
flow rates <avg> calculated from the probe measurements are compared with the superficial
velocities <jo>; calculated from the gas rotameters reading and the local pressure measure-
ments. Here, the brackets denote the area-average operator. This evaluation compares the
local and global measurement techniques for obtaining the volumetric gas flow rate at each
measurement location. As demonstrated by Figure 4, the measurements for Runs 1-3 in
the vertical upward flow agree well with two methods, but <avg> underestimates <jo>;
for Runs 4-7 in vertical downward flow. This is because when changing from Run 4 to
Run 7, the bubble size increases as the gas phase flow rate increases. The accuracy of the
conductivity probe measurements decreases as the flow approaches slug flow. Overall, an
average absolute difference of 13.13% is considered acceptable in view of the accuracies of
the conductivity probe, pressure transducer, back pressure dial gauge, and gas rotameters.
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Figure 4. Benchmark of the conductivity probe measurements.
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3. Results and Discussion

To study the effect of flow orientation on the flow regimes, the local interfacial structure,
evaluation of one-dimensional two-phase flow parameters, and frictional pressure drop in
the vertical upward (VU) and vertical downward (VD) orientations are analyzed.

3.1. Flow Regime

Two-phase flows are categorized into different flow regimes based on characteristic
interfacial structures and form two-phase flow regimes maps. When performing two-phase
flow analysis, usually the flow regime is determined first, then corresponding thermal
hydraulic correlations are selected to carry out design analysis, evaluation of the design,
prediction of the thermal dynamics, and others. Therefore, determining the correct regime
based on the flow regime map is important for accurately predicting the two-phase flow.

Flow regimes and the flow regime map in the VU direction have been investigated
comprehensive and consensus has been reached on the VU flow regime. Among the
available flow regime, Mishima and Ishii [7] theoretically predicted the transition of the
flow regimes and developed a widely accepted VU flow regime map. The flow regimes
are categorized into four main group, i.e., bubbly flow, slug flow, churn-turbulent (C-T),
and annular flow (annular mist flow). For VD flow, however, no general agreement is
reached for a widely accepted VD flow regime map. Thus, a VD two-phase flow regime
map is developed, which also includes bubbly flow, slug flow, churn-turbulent flow, and
annular flow. To compare the difference between the VU and VD flow regime maps, they
are overlapped in Figure 5. It can be observed from the figure that all flow regime transition
boundaries are shifted to the lower superficial velocity side in VD flow, indicating that a
smaller gas-phase fraction is required for flow regime transiting to the slug, churn-turbulent,
and annular flow. This is believed to be caused by the more severe bubble interactions, since
the direction of the buoyant force is opposite to the velocity direction and more collision
and coalescence will happen in VD flow. In addition, the coring phenomenon promotes
bubble interaction and coalescence as well, which will be discussed in the following section.

10 - T
] [
Bubbly :
[
| :Annula‘
Mist
\?1 | Bubbly /Flow
g ] Annular /1
s :
A:mmlar
‘J,/
C-T|
0.1 T Ty T Ty rrrrrrr T T T TTTIrT
0.01 0.1 Jg [1{1/5] 10 100

Figure 5. Comparison of two-phase flow regimes of the VU flow by Mishima and Ishii [7] and VD
flow by the authors [32].

Figures 6 and 7 show the typical two-phase flow regimes observed in the VU direc-
tion [34] and in VD direction by the authors [31]. As can be seen, the shape and distribution
of interfaces looks similar for all flow regimes for the VU and VD flows. Slight differences
are observed for the bubbly flow and slug flow. The bubbles in the VU two-phase flow are
in spherical or near spherical shapes and uniformly distributed across the pipe cross-section.
Similar observation appears in Figure 7a in the VD two-phase flow. However, bubbly flow
shows quiet different bubble distributions when increasing the liquid superficial velocity
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for a given gas superficial velocity, as shown in Figure 8. As can be observed, bubbles are
uniformly distributed across the pipe cross-section for jr = 1.00 m/s. However, bubbles
start to core at pipe center when the velocity jr is increased to 2.00 m/s. The so-called
“coring phenomenon” still exists when increasing j further. The core phenomenon has been
observed and explained by Oshinowo and Charles [3] and Usui and Sato [4]. It is caused
by the effect of buoyant force, which points towards the pipe center in VD flow. The lift
force is propositional to the slip velocity between the gas phase and the liquid phase [35].
As jr increases, the slip velocity increases, resulting in a larger lift force. Consequently,
more bubbles are pushed toward the pipe center and the coring phenomenon becomes

more apparent.

Flow direction

(d)

Figure 6. Flow regimes observed in co-current VU two-phase flow in 50.8 mm round pipes. (a) Bubbly
(b) Slug (c) Churn-turbulent (d) Annular.

Flow direction

(d)

Figure 7. Flow regimes observed in co-current VD two-phase flow in 50.8 mm round pipes. (a) Bubbly
(b) Slug (c) Churn-turbulent (d) Annular.
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Flow direction

Figure 8. Comparison of bubble distribution for and j¢ o = 0.08 m/s and increasing j in VD bubbly
flows. (a) Rep=5 x 10* (b) Rep = 10° (¢) Rep=1.25 x 10° (d) Rey = 1.5 x 10° (e) Rey =2 x 10°.

For the slug flow shown by Figures 6b and 7b both bullet-shaped slugs and liquid
slugs occur alternately in the pipes, however, the slug bubbles is more distorted and has an
off-centered nose in VD flow. This confirms the finding by Usui and Sato that the distortion
of the bubble shape is more severe in the vertical downward flow as compared to the rising
Taylor bubble in the steady liquid [4]. The difference in the slug shape can be explained by
the phase interactions. The buoyance force accelerates the slug bubble in the VU flow but
decelerates the slug bubble in the VD flow. Therefore, the interaction is more significant
in VD flow than in VU flow, making a more distorted bubble. Interestingly, the nose of
the slug in the VD flow is also pointing upward, same as the VU flow. The CT flow and
annular flow look similar for VU and VD flows, but more droplets are observed in the pipe
center, as shown by Figures 6¢,d and 7c,d.

3.2. Two-Phase Interfacial Structures

The characteristics of the interfacial structure can be represented by the void fraction,
the interfacial area concentration, the bubble Sauter-mean diameter, the bubble velocity, and
the bubble frequency. To reasonably compare the differences of the two-phase interfacial
structures in different flow orientations, the experimental data for Run 2 in VU flow and
Run 4 in VD flow are selected for comparison, since they have the same air and water
superficial velocities at the fully developed axial locations of 61.5D and 55.5D, respectively.

Figure 9 compares the evaluation of local two-phase flow parameter distributions at
different axial locations between the VU and VD flows. In the figure, lines with solid and
empty dots represent the data measured in the VU and VD flows, respectively. It can be
observed from Figure 9a that the « distributions in both the VU and VD flows are more
or less symmetric in all measurement location. A center-peaked & distribution at 7.5D
gradually develops into wall-peaked distribution as flowing upward in VU flow, which
indicates that bubbles move toward the wall. For VD flow, however, the a distribution
remains as center peaked at all three measurement locations. The difference is believed to
be caused by the different direction of the lift force in VU and VD flows. According to the
study by Saffman [36], the magnitude of the lift force is proportional to the product of the
radial gradient of the axial continuous phase velocity and the relative velocity between
the two phases. In VD flow, bubbles move slower than the liquid since the buoyant force
is acting towards the opposite direction of the flow, while the opposite is observed in the
VU flow. The direction of the lift force in VD flow points towards the pipe center, which is
opposite to that in the VU flow. Therefore, bubbles migrate to the pipe wall in VU flow and
to the pipe center in VD flow, with the help of the lift force.
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Figure 9. Comparison of interfacial structure parameters between VU (Run 2) and VD (Run 4)

two-phase flows, (a) void fraction, (b) interfacial area concentration, (c) bubble Sauter-mean diameter,
(d) bubble velocity, and (e) bubble frequency.
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The a; distributions in Figure 9b show similar shapes as the « distributions in both the
VU and VD flows. This is because the bubble are small in size and they remain spherical or
near-spherical in bubbly flow, such that the 4; value is proportional to « value. However, the
evaluation of 4; distributions is different from the evaluation of « distributions immediately
downstream of 7.5D for both VU and VD flows. The a distributions remains similarly in
all three locations in VD flow. However, 4; decreases greatly from 7.5D to 31.5D, which
is believed to be caused by the inlet effect. The bubble Sauter-mean diameter is about
1.5 mm at 7.5D, while it increases to around 2.5 mm at 31.5D, as shown in Figure 9c. Further,
as can be seen from Figure 9e, the bubble frequency at 7.5D is significantly larger than
the frequency at 31.5D. In other words, the bubble diameter is much smaller, and the
bubble frequency is much larger at 7.5D than those at 31.5D, resulting in larger a; values
at 7.5D. The small bubble diameter and large bubble frequency at 7.5D is believed to be
caused by the sparger injector, which introduces many small bubbles. The a; values and its
distribution after the second port remains almost unchanged, indicating that the flow is
fully developed. Similar observations are found for the evaluation of 4; in the VU flow.

The evolutions of v, distributions in VU and VD flows are shown in Figure 9d. In VU
orientation, the flow is dominated by injection of the liquid phase at 7.5D, the v, profile is
pretty flat at the pipe center, and it decreases near the wall. As the flow develops down-
stream, bubbles expand due to the pressure drop caused by the friction and acceleration.
Meanwhile, bubbles are entrained by the continuous liquid phase and form a parabolic
vg profile. In addition, the v; profile remains almost unchanged between 34.5D and 61.5D.
The v, profile at 7.5D in the VD elbow, however, shows a double peaked distribution.
This is speculated to be caused by combined effects of the local void fraction distribution
and negative slip velocity between the gas and liquid phases. Since most of the bubbles
are injected at the pipe center while the water is mainly injected near the wall, the water
velocity is found to be smaller in the pipe center than that near the wall. Consequently,
bubbles near the walls will move faster as entrained by the fast-moving water in the near
wall region. Due to the entrainment by the liquid phase, the v; profile returns to parabolic
shape downstream. Comparing the v, profiles of different flow orientation after 7.5D, it is
found that the vg in VU flow is higher than that in VD flow, which demonstrates the effect
of the buoyant force.

3.3. One-Dimensional Transport of Two-Phase Flow Parameters

The accuracy of the prediction by the one-dimensional system analysis code relies on
precise modeling of the interfacial transfers. Therefore, evaluating the one-dimensional
transport of the interfacial structure is necessary. Based on the detailed measured profiles,
an area average is performed along the pipe diameter to get <a> and <a;>, and void-
weighted area averages are performed to calculate <<Ds;,>> and <<vg>>.

Figure 10 compares the evaluation of the one-dimensional two-phase flow parameters
between VU and VD flows. The results of Run 2 and Run 3 in VU experiments and Run 4
and Run 5 in VD experiments are compared, since they belong to similar flow conditions.
From Figure 10a, it can be observed that the evaluation of <a> in VU flow resembles VD
flow, and <a> increase along the flow direction. This is counterintuitive as the net pressure
decreases in VU flow but increases in VD flow; a decrease in <a> is expected in VD flow
since increasing pressure will compress bubbles. However, the variation of <a> is actually
determined by the combined effects of pressure change and advection of the gas phase
considering the one-dimensional gas phase continuity equation. Bubble deceleration can
cause the accumulation of bubbles and increase the void fraction. The decrease in <<vg>>
for Run 4 and Run 5 in VD flows as shown in Figure 10d, will cause a net increase in
<a>. From Figure 10b, the evaluation of <a;> is similar for VU and VD flows. The flows
investigated remain in bubbly flow regime and bubbles are near-spherical, therefore, the
evaluation of <a;> is linearly proportional to the evaluation of <a>. The initial decrease in
<a;> for both orientations is caused by the coalescence of the small size bubbles generated
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by the injector, as reflected by the increase in <<Ds;;,>> in Figure 10c. The latter increase
downstream is the consequence of the <a> increase and bubble interactions.
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Figure 10. Comparison of area-averaged interfacial parameters between VU and VD two-phase flows,
(a) void fraction, (b) interfacial area concentration, (c) bubble Sauter-mean diameter, and (d) bubble
velocity.

Figure 10c,d plot the evaluation of <<Dg;;>> and <<v¢>> in VU and VD flows.
<<Dg;,>> increases initially but varies differently in the downstream for VU and VD
flows. As mentioned earlier, the initial increase in <<Ds;,,>> is caused by the inlet effect.
In the downstream, <<Ds;;>> does not change too much beyond 34.5D in VU flow but
decreases beyond 31.5D in VD flow. This indicate a higher turbulent coalescence effect
in VD flow than in VU flow, which is understandable as the buoyant force is opposite
to the flow direction and turbulent induced interaction is promoted in VD flow. <<vg>>
almost linearly increases with the development length for Run 2 in VU flow but shows an
unexpected decrease between 34.5D and 61.5D for Run 3. The difference may be caused
by the measurement uncertainty. <<v¢>> for Run 4 and Run 5 decrease consistently with
the flow development, since buoyant force impedes the downward flowing bubbles and
promotes phase interactions. This highlights the different effect of buoyant force on VU
and VD two-phase flows.

3.4. Frictional Pressure Drop

Due to the differences in interfacial structures of two-phase VU and VD flows, the
variation of frictional pressure drop shows different characteristics, such that different
models or model coefficients are required for predicting the two-phase flow frictional
pressure drop in different flow orientation. The Lockhart-Martinelli correlation is based
on the assumption that the two-phase frictional pressure drop is the sum of the pressure
drops caused by each individual phase, i.e., the total frictional pressure drops equals the
liquid-phase pressure drop plus the gas-phase pressure drop and a term accounting for
the interactions between the two phases, which is evaluated by Equation (3) [37]. The
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coefficient C in Equation (3) is an adjustable parameter which quantifies the coupling effects
between the two phases [37]. The C value of 20 has demonstrated capability in predicting
the two-phase pressure drop in horizontal flows [38]. However, no consensus C value is
reached for the other flow orientations.
dp\ 2P ap\f
1 ( dz ) F 2 ( dz ) F

C
2_ —_— _— i 2: =
4>p—1—0—X2—|—Xw1th4)F PRy, and X (dp)g (©)]
F dz ) ¢

dz

In Equation (3), ¢ is the two-phase multiplier, X? is the Lockhart-Martinelli parameter,
and (dp/dz) terms are the pressure drop by each individual phase or the two-phase mixture.

The Lockhart-Martinelli correlation is used to predict the two-phase flow frictional
pressure drop in VU and VD flows. As shown in Figure 11, it is interesting to see that the
¢r value is larger in VU flow than in VD flow, indicating that the pressure drop is larger
in VU flow than in VD flow. The recommended C value of 20 can predict the frictional
pressure drop in VD flow with a relative error of 1%. In VU flow, however, an increased
C value of 50 is needed to predict the pressure drop with a relative error of approximately
1%. Though the determined C values are based on the limited data and may be limited to
the current test configurations, it demonstrates the differences in frictional pressure drop
in VU and VD two-phase flows. This suggests different models or model coefficients are
needed when predicting two-phase frictional pressure drops in different flow orientations.

5

A VU Flow Data
— — Lockhart-Martinelli: C=50
VD Flow data
—-— Lockhart-Martinelli: C=20

& t—_
—_——— &
- Ay = g B
+5 % error bars shown
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50 500

2l
Figure 11. Frictional pressure loss analysis for VU and VD flows using the Lockhart-Martinelli correlation.

4. Summary and Conclusions

In the present study, the effects of flow orientation on the global and local two-phase
flow parameters are studied experimentally. Characteristics of flow regimes and interfacial
structures, and frictional pressure loss in the vertical upward and vertical downward
two-phase flows are compared and analyzed. Following conclusions are reached.

(1) The general characteristics of the flow regimes for the vertical upward and vertical
downward flows are similar. In the vertical downward flow, bubbles tend to core in
the pipe center under high liquid superficial velocity conditions due to the lift force
effect, and slugs have an off-centered nose.

(2) All flow regime transition boundaries in the vertical downward flow are shifted to the
lower gas superficial velocities compared to that in the vertical upward flow, because
of the significant bubble interaction and coalescence promoted by the buoyant force,
lift force, and the coring phenomenon in vertical downward flows.

(38) The profiles of the void fraction and interfacial area concentration show wall-peaked
distribution in the vertical upward bubbly flow but center-peaked distribution in
the vertical downward bubbly flow, which is caused by the opposite direction of the
lift force.
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(4) The area-averaged void fraction increase is due to the pressure decrease in the vertical
upward flow but caused by the deceleration of bubbles in the vertical downward flow.
The void-weighted area-averaged bubble velocity decreases in the vertical downward
flow due to the buoyancy effect.

(5) The pressure drop is larger in the vertical upward flow than that in the vertical down-
ward flow. The recommended C value of 20 for the Lockhart-Martinelli correlation
can predict the frictional pressure drop in the vertical downward flow with a relative
error of 1%, while an increased C value of 50 is required to predict the pressure drop
in the vertical upward flow with similar accuracy.
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