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Article history: Two-phase flow in the mini pipe is applied in wide fields. The most common of two-
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horizontal, incline, and vertical, in terms of orientation. The two-phase investigation of
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flow pattern and void fraction of air and low surface tension liquid in a 30° inclined
small pipe has been carried out. Dry air was used as a gas phase, while the liquid was
the mixture solution of distilled water and 3% (by volume) of butanol. Butanol addition
aimed to decrease the surface tension, which became 42.9 millinewton/meter, instead
of 71 mN/m when using distilled water. The test section was a 130 mm length, 1.6 mm
inner diameter circular glass pipe. The rig used was equipped with the air compressor,
pressure tank, high-speed camera, liquid flow meter, and gas flow meter. The liquid
was fed to the test section by the pressurized tank, instead of directly pumped, to avoid
pulsation. Ranges of gas and liquid superficial velocities were 0.025 — 66.3 m/s and
0.033 - 4,935 m/s, respectively. Flow patterns were obtained from the captured high-
speed video. Meanwhile, the void fractions were acquired by image processing of the
video. As a result, five distinctive flow patterns were observed: plug, slug-annular,
churn, bubbly, and annular. The separated flow was absent. The change of the liquid
surface tension affected the shifting of some transition boundary lines in the flow

Keywords: pattern map. The transition line between slug-annular and annular against churn flow
Two-phase flow; small channel; liquid was shifted to the lower side or toward lower J, when the liquid surface tension
surface tension; flow pattern; void decreased. In short, the churn flow was easier to be formed when the liquid surface
fraction tension was lower.

1. Introduction

As stated by Kawahara et al., [1], two-phase flow in the mini pipe has been applied in broad fields,
such as in microelectronic circuits, aerospace and micro heat pipes, and bioengineering applications.
Other applications are cooling high-density multi-chip modules in supercomputers, high-flux heat
exchangers in aerospace systems, cryogenic cooling systems in satellites, high-powered X-ray, and
other diagnostic devices [2]. Two-phase flow patterns were studied for various combinations of flow
conditions, working fluids, and channel dimensions. Some of them are depicted in Table 1.
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Table 1

Studies of two-phase flow pattern in mini and micro-channels in the literature

Authors

Channel configurations

Working Fluids

Flow patterns observed

Triplett et al., [3]

Zhao dan Bi [2]

Hassan et al., [4]

Lee dan Lee [5]
Hanafizadeh et al.,
(6]

Serizawa et al., [7]
Kawahara et al., [1]
Chung dan Kawaji [8]

Saisorn and
Wongwises [9]

Sudarja et al., [10]

Circular

Dc=1.1and 1.45 mm
Semi-Triangular

Dh =1.09 and 1.49 mm
Equilateral Triangular

Dh =2.886, 1.443 and 0.866 mm
Circular

Dc =800 pm, 1 and 3 mm

Circular

Dc=1.46, 1.8, and 2 mm
Circular

Dc=2, 3,and 4 mm

Circular

Dc = 20, 25, 50, and 100 um
Circular

Dc =100 um

Circular

Dc =50, 100, 250, and 530 um
Circular

Dc =150 um

Circular
Dc=1.6 mm

Air-water

Air-water

Air-water

Air-water, Air-
methanol
Air-water

Air-water
Steam-water
Nitrogen-water

Nitrogen-water

Air-water

Air-water

Bubbly, slug, churn,
slug-annular, annular

Bubbly, Taylor, churn, annular

Surface tension dominated:
bubbly, intermittent;
Inertia dominated: churn,
annular

Plug, slug, annular, rivulet,
stratified

Bubbly, bubbly-slug, slug,
messy-slug, churn, wispy
annular, ring, wavy-annular,
annular

Bubbly, slug, liquid-ring,
liquid-lump, annular
Slug-ring, ring-slug,
semi-annular, multiple flow
Bubbly, slug, churn,
slug-annular, annular
Liquid-alone, throat-annular,
serpentine-like gas core
dan annular

Bubbly, plug, churn,
slug-annular, annular

Flow pattern, void fraction, and pressure gradient are the primary characteristic of two-phase

flow. The main variables affecting the two-phase flow characteristic are superficial gas velocity, liquid
superficial velocity, liquid viscosity, and liquid surface tension. The effects of liquid viscosity have
been investigated by some authors, and the results are shown in Table 2 [11-18].

The effects of liquid surface tension on two-phase flow parameters were studied by
Krishnamurthy and Peles [19] and Sadatomi et al., [20]. Krishnamurthy and Peles [19] reported their
study on two-phase flow across a bank of 100 um diameter staggered circular micropillars, 100 pum
long with a pitch-to-diameter ratio of 1.5. They used ethanol for the liquid working fluid and the
Reynolds number between 5 and 50. The experimental results were compared to those of using
water. The flow pattern map showed that the flow regimes were similar for the two liquids. However,
there were some discrepancies in the transition lines. There was no significant effect of surface
tension on the void fraction, while it significantly affected the pressure drop characteristics. Sadatomi
et al., [20] conducted experimental studies on the effects of pipe diameter and liquid surface tension
on the flow characteristics. They used 3, 5, and 9-mm inner diameter and employed four liquids with
different surface tension. The experiment results concluded that the pipe diameter and liquid surface
tension strongly affected the transition line, and the liquid surface tension did not significantly affect
the frictional pressure drop but strongly affected the interfacial friction force and void fraction.
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Table 2

Studies of the effect of liquid viscosity on the two-phase flow characteristics

Authors Channel configurations Working Fluids Major finding
Fukano and Circular Air-glycerol For annular flow, the interfacial
Furukawa [11] Dc = 26 mm, vertical solution structure was strongly
influenced by the liquid
viscosity.
Furukawa and Circular Air-aqueous Liquid viscosity strongly
Fukano [12] Dc =19.2 mm, 5.4 m length, glycerol solution affected the flow patterns.
vertical
Matsubara and Naito  Circular Air-aqueous As the liquid velocity increased,
[13] Dc = 20 mm, horizontal solution of the regions of roll wave flow
polysaccharide and stratified flow were
thickener replaced by that of annular and
annular flow and intermittent
flow
McNeil and Stuart Circular Air-glycerin The main flow was annular up-
[14] Dc =10 mm, vertical solution flow. The data were
inconsistent with the annular
flow model
Zhao et al., [15] Circular Air-oil There were significant

Sudarja et al., [16]

Sukamta and Sudarja
(17]

Sukamta et al., [18]

Dc =26 mm, 5.5 m long,
horizontal

Circular
Dc=1.6 mm
Circular

Dc=1.6 mm

Circular
Dc=1.6 mm

Air- glycerol-aqua
solution

Air- glycerol-aqua
solution

Air-pure water and
glycerin with
concentrations of
40, 50, 60, and
70%

discrepancies between low and
high viscosity liquid and gas
flows.

Liquid viscosity influenced the
shift of the transition line
between flow patterns in the
flow pattern map

The higher liquid viscosity led to
an increase in the two-phase
flow pressure gradient

The void fraction for plug flow
tended to be close to 1. For the
churn flow pattern, the void
fraction fluctuated with a
moderate value.

Beside experimental, some studies carried-out by modeling. Balthazar and Majeed [22]
performed a comparison between experiment and simulation data of two-phase heat transfer
coefficient and pressure drop of horizontal evaporator refrigeration system using ammonia as
refrigerant. The mass fluxes were 50 to 150 kg/s.m?2. As a result, the pressure drops and two-phase
heat transfer coefficient discrepancies between experiment and simulation were 3.52% and 5.5%,
respectively. Sukamta [21] also compared the experiment versus modelling data of two-phase flow
patterns using air and solution mixture of water and glycerine. The result shows a good agreement
between experiment and simulation, especially for slug-annular, annular and churn flow patterns. Al-
Azawy et al., [23] used Star-CCM+ software on CFD technique to solve the three dimensional, steady,
laminar and non-Newtonian Carreau model blood flow through a stenosis artery. The shape of
stenosis was a trapezoidal with 70% and 90% blockage. They concluded that the levels of recirculation
areas and vorticity are showed to be enlarged in the Carreau model compared with the case of
Newtonian.
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The above explanation shows that no researcher has carried out the experiment and discussed
the effects of liquid surface tension on two-phase flow in mini or microchannel in an inclined
orientation. Therefore, a study on the effects of liquid surface tension on the gas-liquid two-phase
flow pattern in a 30° inclined capillary pipe is significant to be carried-out experimentally.

2. Methodology

Gas and liquid were employed as working fluids in the present study. Dry air was used as the gas
fluid, while a mixture solution of distilled water and 3% butanol was employed as liquid fluid. The
addition of butanol aimed to reduce the liquid surface tension. The surface tension of water was 71
millinewtons/meter (mN/m), while that of butanol was 24.37 mN/m, and the mixture solution of
water and 3% butanol was 42.9 mN/m. The experimental rig used in the present study is
demonstrated schematically in Figure 1, as previously used and reported by Sudarja et al., [16]. A1.6
mm inner diameter glass pipe with a length of 130 mm was employed as a test section. The
experimental apparatus was also equipped with an optical correction box, mixer, liquid flow meter,
gas flow meter, camera, pressure transducer, data acquisition, and computer. The optical correction
box aimed to eliminate the pipe surface curve effect. Perpendicular entrance type mixer was used to
mix both gas and liquid phase working fluid before the test section. The mixer consisted of a mixing
chamber where two phases met and a converging zone where the flow patterns developed.

The liquid flow meter used in the study was from Omega and TOKYO KEISO, with an accuracy of
+ 5% and + 3 %, respectively. Nikon J4 high-speed video camera with a 1200 fps speed and a 640 x
480-pixel resolution was employed to capture the flow images. Dwyer’s pressure transducer, which
coupled with Advantech data acquisition, was used to measure the pressure drop along the test
section. Ranges of gas and liquid superficial velocities were 0.025 — 66.3 m/s and 0.033 — 4.935 m/s,
respectively. The experiment was conducted in adiabatic conditions. The flow patterns were
obtained from the flow video images, while the void fraction was obtained from image processing.

1- Remarks:
A Water tank G : Water trap
B : Water pump H : Air compressor
C: Pressure tank I - High speed camera
D : Uiquid flow meter J : Pressure transducer
c D E : Mixer K : Computer
E N F : Test section L : Data acquisition
Din. M: Gas flow meter
n
¥
¥
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Fig. 1. Schematic diagram of experimental apparatus
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3. Results
3.1 Flow Pattern and Void Fraction

Annular, bubbly, churn, plug, and slug-annular flow patterns occurred in the present study.
Meanwhile, the separated flow (or sometimes called stratified flow) was not observed. It was
indicated that the surface tension effect was more dominant than the gravitation. The explanation
of each flow regime and its void fraction is given below.

3.1.1 Plug flow

In terms of flow pattern and void fraction, the characteristics of plug flow are shown in Figure 2
and Figure 3. Plug flow is characterized by the intermittent flow of gas plug and water bridge. It
occurred at low of both Jg and J., and at moderate J¢ with low to moderate J.. This condition is in line
with those reported by Sudarja et al., [10]. Figure 1 and Figure 2 present that the superficial velocity
of gas (Jg) strongly affects the plug length; here, the higher the Jg, the longer the gas plug. This
condition was also stated previously by Saisorn and Wongwises [9] and Sudarja et al., [10]. The void
fraction time series depicts that the plug diameter is the same as the pipe’s inner diameter, indicated
by the magnitude of the void fraction equal to 1. It is also confirmed with the PDF, dominant in the
value of 1 and 0, in which 0 means water bridge flow, and 1 is the body of the plug. The void fraction
values between 0 and 1 are the nose and tail of the plug.
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Fig. 2. Flow pattern, void fraction, and PDF of plug flow at Jc =0.066 m/s and J. = 0.149 m/s
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Fig. 3. Flow pattern, void fraction, and PDF of plug flow at Jc =0.207 m/s and J. = 0.149 m/s

3.1.2 Bubbly flow

The bubbly flow pattern occurs at very low Je and high J.. The bubbly flow in the present
experiment is not a single flow but a mixed flow because sometimes a long plug appears and is
followed by dispersed bubbles. Flow pattern and void fraction of bubbly flow is depicted in Figure 4
and Figure 5, consisting of flow image, time series of void fraction, and PDF of void fraction. From the
void fraction time-series graph, it is seen that the magnitude of the void fraction is low, indicating no
bubble with a diameter the same as the channel diameter. The void fraction PDF shows a dominant
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value of 0, meaning that the liquid flow is dominant. When Jg is raised (0.066 m/s to 0.116 m/s), the
bubble size becomes bigger and water dominance decreases (0.18 to 0.16).
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Fig. 4. Flow pattern, void fraction, and PDF of bubbly flow at Jc = 0.066 m/s and J. = 2.297 m/s
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Fig. 5. Flow pattern, void fraction, and PDF of bubbly flow at Jc =0.116 m/s and J. = 2.297 m/s

3.1.3 Slug-annular flow

At high Jg and low J, the flow pattern is slug-annular. Slug-annular flow is formed from plug flow

when the Jg is increased. At certain Jg, the gas pushes and pierces the liquid bridge. The gas forms
gas core flow in the center of the channel, while the liquid forms liquid film flow at the pipe wall. In
some points, the liquid films are thicker than other points and form the liquid neck. Hence, the
characteristic of slug-annular flow is the appearance of liquid necks. Figure 6 and Figure 7 show the
effect of increasing J.. The void fraction time-series graph shows that the void fraction is lower when
JLis increased. It can also be confirmed that the peak frequency is shifted to the lower void fraction
when the JL increases.
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Fig. 6. Flow pattern, void fraction, and PDF of slug-annular flow at Jc = 3 m/s and J. = 0.0091 m/s
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Fig. 7. Flow pattern, void fraction, and PDF of slug-annular flow at Jc =3 m/s and J. = 0.033 m/s

3.1.4 Annular flow

Annular flow or sometimes called ring flow, occurs at high Jc and low J.. As shown in Figure 8 and
Figure 9, annular flow consists of gas core and liquid film. From the flow pattern configuration, it can
be seen that the increase of J. causes the thicker liquid film. Conversely, the higher Jg, the thinner the
liquid film. The increasing J. also causes higher ripples at the flow interface. Meanwhile, from the
void fraction time-series graph and the PDF, increasing J. causes a lower void fraction and spreads
wider. It indicates that the void fraction is in higher fluctuation at higher J..
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Fig. 8. Flow pattern, void fraction, and PDF of annular flow at Jg
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Fig. 9. Flow pattern, void fraction, and PDF of annular flow at Js = 50 m/s and J, = 0.091 m/s

3.1.5 Churn flow

Churn flow is obtained at a high of both Jg and J.. Some disruptive regions appear, as depicted in

Figure 10 and Figure 11. It is caused by the turbulence and mixture flow of liquid and gas. As shown
in those figures, higher J_implies a more disruptive area, and darker appears. In terms of void fraction,
increasing J, tends to lower void fraction. From the PDF, it is seen that the peak of the frequency shifts
to the left side, or in other words, it shifts to the lower value of the void fraction.
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Fig. 10. Flow pattern, void fraction, and PDF of churn flow at Jc = 22.6 m/s and J. = 0.539 m/s
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Fig. 11. Flow pattern, void fraction, and PDF of churn flow at Jc = 22.6 m/sand J.=0.7 m/s
3.2 Flow Pattern Map

The flow pattern map is plotted in horizontal and vertical axes, superficial velocities gas and liquid.
Both axes are stated on a logarithmic scale. It is intended to cover a wide range of both Jg and J.. The
ranges of Jc and JLare 0.025 — 66.3 m/s and 0.033 — 4.935 m/s, respectively. The flow pattern map of
the present study is shown in Figure 12, demonstrating that the plug and churn flow regimes occupy
the widest area. Figure 12 can be used to predict the flow pattern which occurs at any couple of both
Je and J, for any fluid with the properties same as or like the present working fluids.

10 ¢
* 44 40 * - * Annular

")
£ * 4 ¢ 4 * *0
= A Bubble
z L se 40+ e
8 IR 2 B N J * +0
< Hie ¢ + ¢ * +0
=
© # Churn
S " o oo X KX
§ o (X X XXX

A [ " & ® = e0 o0 X XX
5 b B Plug
=
g
- " E 8 u u/f e o0 0o X X

@ Slug-annular
0,01 0,1 | 10 100

Gas superficial velocity, 1, [m/s]

Fig. 12. Flow pattern map of B3 gas-liquid two-phase flow

The map is then compared to other experimental results proposed by previous researchers,
Triplett et al., [3] and Chung and Kawaji [8], which used water (higher surface tension] as the liquid
working fluid, as shown in Figure 13. In terms of the type of flow patterns observed, all are in good
agreement. However, concerning the transition lines, there are some discrepancies. The transition
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line between slug-annular and annular against churn flow is shifted to the lower side or the lower J,
when the liquid surface tension decreases. It means that the churn flow area is wider, or in other
words, the churn flow can be easily formed when the liquid surface tension is lower. This condition
is the implication of the high turbulence of both fluids. This comparison strengthens the previous
studies which stated that channel size, working fluid properties (viscosity and surface tension) are
very sensitive to affect the boundary transition lines.
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Fig. 13. Flow pattern map comparison between present and the previous
studies

4. Conclusions

The experimental research on the gas-liquid two-phase flow pattern and void fraction in the mini
channel using low surface tension liquid in adiabatic condition was performed. The ranges of gas and
liquid superficial velocities were 0.025-66.3 m/s and 0.033-4.935 m/s. The liquid was the water and
butanol solution with a percentage of 3%, while the gas phase was dry air. The results and discussion
lead to the following conclusions

i.  Annular, bubbly, churn, plug and slug-annular flow patterns occurred in the present study;
meanwhile, the separated flow was not observed.

ii. The bubbly flow observed in the present study was dispersed bubbly.

iii.  Both gas and liquid superficial velocities influenced the flow configuration of the flow and its
void fraction.

iv.  The transition line between slug-annular and annular against churn flow was shifted to the
lower side or toward the lower J. when the liquid surface tension decreased, meaning that
the churn flow could be easily formed when the liquid surface tension was lower.
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