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1. Introduction

In two-phase flow in macro-channels, the capillary force
is mostly negligible compared to the inertia and viscous
forces. However, as the tube diameter becomes smaller,
the capillary effect starts to play an important role in
changing of two-phase flow patterns. In such a case, the
surface property of the tube wall as well as the combina-
tions of the gas and liquid is another important factor to
be considered in determining the flow pattern of two-phase
mixtures. There are several works reported on the effect of
the tube materials on two-phase flow behaviour such as by
Barajas and Panton (1993), Iguchi and Terauchi (2000,
2001a,b), Nakamura et al. (2005), Lee and Lee (2006,
2007), and Rapolu and Son (2007). Among them, a couple
of selected works close to our interest were summarized
briefly.

Barajas and Panton (1993) supplied air–water mixtures
through the four different tube materials having different
liquid contact angles such as pyrex, polyethylene, polyure-
thane and FEP. The inner diameter of the tubes was
1.6 mm, and the liquid contact angles were 34�, 61�, 74�
and 106�, respectively. The rivulet flow was reported as a
new flow pattern that replaced the wavy flow with the lar-
ger contact angle. Except for the plug-slug flow transition,
the transition boundaries between the two-phase flow pat-
terns in the FEP tube (poorly wetting tube) appeared sub-
stantially different from those in other tubes. Nevertheless,
the influence of the contact angles on the transition of the
flow patterns was not analyzed quantitatively. Lee and Lee
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(2007) and Rapolu and Son (2007) investigated the effect of
surface wettability on the pressure drop of two-phase plug
flow and brought to a similar conclusion as follows: for
hydrophilic case, the gas bubbles slide over the liquid film
and the energy dissipation becomes small. On the other
hand, for hydrophobic case, the contact lines play an
important role in large energy dissipation as the liquid
plugs move along the dry surface. Consequently, the pres-
sure drop in hydrophobic case appeared larger than in
hydrophilic case. From both researches, the surface wetta-
bility affected the morphologies of two-phase flow patterns,
and eventually, resulted in large difference in pressure drop.

In the present study, the influence of the surface wetta-
bility on the transition of two-phase flow pattern in round
mini-channels was examined systematically by testing three
different cases; highly wetting (h < 50�), marginally wetting
(50� < h < 90�) and poorly wetting (h > 90�) cases. The
wettability criteria were given based on the experimental
observations. Finally, generalized, but tentative, flow pat-
tern maps for each case were constructed and compared
with the previous report.
2. Experimental setup

A schematic diagram of the experimental setup is
depicted in Fig. 1. The gas–liquid mixtures were flowed
through the round mini-channels, made of the glass, Teflon
and polyurethane, respectively. The inner diameters were
1.46 and 1.8 mm for the glass tubes, 1.59 mm for the Teflon
tube and 2 mm for the polyurethane tube, respectively, and
the length of all the tubes was 650 mm. Here, pure water
and methanol were used as the liquid phase whereas only
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Fig. 1. Schematic diagram of the experimental setup.
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air as the gas phase. Contact angles estimated based on the
meniscus (see Nakamura et al., 2005, for more details) ran-
ged from 30� to 110�. The flow patterns were visualized (at
the 500 mm downstream of the two-phase mixer to ensure
the fully-developed condition) by using a digital camera
(Nikon D50) and a pulse generator (EG&G Electro-optics
LS-1130-1). The air flow rate was measured with a mass
flow meter (AALBORG GFC17) while the water flow rate
was obtained by weighing the mass of the water collected
for 5 minutes in each case, using the gear pump (TUT-
HILL DDS. 11MMPT 1NM1C000) and the electronic
scale (AND CB-1200).

3. Results and discussion

3.1. Visualization of flow patterns

For the highly wettable case, the flow pattern map for
air–water flow in the glass tubes (A + W + G, h = 30�) is
shown in Fig. 2a. In the same figure, the flow transition
boundaries for A + W + G proposed by Barajas and Pan-
ton (1993) are plotted for comparison and generally in
good agreement with the present results. The ranges of
the superficial velocities of water and air were 0.004–
0.4 m/s and 0.5–50 m/s, respectively, and cover the regimes
of plug, slug, annular and wavy flows.

The flow-visualized results for points A–D in Fig. 2a are
shown as in Fig. 3. In the plug flow regime, the elongated
bubbles with a liquid film along the periphery are seen
(point A, Fig. 3a). As the air flow rate is increased, slug
flow appears (point B, Fig. 3b), and eventually, the flow
pattern is changed to the annular flow (point C, Fig. 3c).
As seen in Fig. 3a–c, the liquid film always exists at the
inner wall because the glass surface is highly wettable due
to the high surface energy of the glass (Myers, 1999). Nev-
ertheless, as the water flow rate becomes very small (below
the liquid superficial velocity of about 0.018 m/s), the wavy
flow is observed with the upper surface remains dry (point
D, Fig. 3d).

It is well known that the surface wettability depends on
the combination of the liquid and gas tested. To check the
validity of the flow pattern map for another highly wettable
case, the flow pattern of the air–methanol mixture in a Tef-
lon tube (A + M + T, h = 43�) have been examined by Lee
and Lee (2006), as shown in Fig. 2b. The test ranges of
methanol and air flows are 0.03–0.12 m/s and 0.4–8 m/s,
respectively, and it covers only the plug and slug flow
regimes. The present results agree well with those by Bara-
jas and Panton (1993), similar to the case of A + W + G,
and the tube wall is all wetted in the present test ranges
(above the liquid superficial velocity of about 0.025 m/s).

For the poorly wettable case, the flow of air–water mix-
ture in Teflon tube (A + W + T, h = 110�) was investi-
gated, as shown in Fig. 2c. The superficial velocities of
air and water cover 0.4–47 m/s and 0.02–0.8 m/s, respec-
tively. In the same figure, the transition boundaries for
A + W + T by Barajas and Panton (1993) are plotted as
well. In general, the present results appear similar to those
of Barajas and Panton (1993), but the annular flow regime
appears at the higher liquid flow rate condition and the dis-
persed flow regime is hardly seen. In this figure, the flow
regimes at large gas flow rates appear different from those
with the highly wetting cases. That is, the rivulet flow
regime covers a large portion of the map.

The flow-visualized results for points E–H in Fig. 2c are
shown in Fig. 4. The details of the plug flow for A + W + T
appear different from those for A + W + G or A + M + T.
The liquid film does not exist at the gas portion of the tube
(point E, Fig. 4a) since the Teflon surface is poorly wettable
with water due to the low surface energy (Myers, 1999). As
the air flow rate is increased, slug flow appears (point F,
Fig. 4b). In this case, the liquid slugs are formed at the bot-
tom of the tube while the upper wall still remains dry. When
the air flow rate is further increased, the flow pattern is
changed to the rivulet flow (point G, Fig. 4c). If the liquid
superficial velocity becomes higher than about 0.28 m/s in
Fig. 2c, the small rivulets are merged to form a liquid film
with some dry spots (point H, Fig. 4d). It should be noted
that, unlike the highly wetting cases, a continuous liquid
film is not observed for the plug, slug and rivulet flows.

The polyurethane tube is marginally wetted by the air–
water flow (A + W + PU, h = 75�) and the flow pattern



Fig. 2. Flow pattern maps: (a) air–water flow in the glass tube (A + W + G, h = 30�); (b) air–methanol flow in the Teflon tube (A + M + T, h = 43�);
(c) air–water flow in the Teflon tube (A + W + T, h = 110�) and (d) air–water flow in the polyurethane tube (A + W + PU, h = 75�).

Fig. 3. Visualization of flow patterns at points A–D shown in Fig. 2a (A + W + G, h = 30�): (a) plug flow with the wetted wall (point A); (b) slug flow with
the wetted wall (point B); (c) annular flow (point C) and (d) wavy flow with the upper wall in dry condition (point D).

Fig. 4. Visualization of flow patterns at points E–H shown in Fig. 2c (A + W + T, h = 110�): (a) plug flow with the gas–wall contact area in dry condition
(point E); (b) slug flow with the gas–wall contact area in dry condition (point F); (c) rivulet flow (point G) and (d) annular flow with dry spots (point H).
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map is shown in Fig. 2d. In the same figure, the flow tran-
sition boundaries for the A + W + PU proposed by Bara-
jas and Panton (1993) are also plotted as dotted lines for
comparison. The ranges of the superficial velocities of
water and air were 0.007–0.4 m/s and 0.3–53 m/s, respec-
tively, which cover the regimes of plug, slug, rivulet and
Fig. 5. Visualization of flow patterns at points I–N shown in Fig. 2d (A + W +
slug flow (point K); (d) wet slug flow (point L); (e) rivulet flow (point M) and

Fig. 6. Generalized flow pattern maps for mini-channels: (a) highly wetting
wetting case (h > 90�).
annular flows. The present results are generally in good
agreements with those by Barajas and Panton (1993) except
for the transition between the annular and rivulet flows.
The small disagreement between two works might come
from the difference of inner diameters of tubes as well as
subjective interpretation in determining the flow patterns.
PU, h = 75�): (a) dry plug flow (point I); (b) wet plug flow (point J); (c) dry
(f) annular flow (point N).

case (h < 50�); (b) marginally wetting case (50� < h< 90�) and (c) poorly
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The visualized results for points I–N in Fig. 2d are
shown in Fig. 5. Here, the important feature of the margin-
ally wetting case is that the plug and slug flow regions are
divided into two parts, wet and dry, depending on the
liquid flow rate. In the plug flow regime, Fig. 5a shows that
tube wall is dry at the gas portion with the low liquid flow
rate (point I), but becomes wet as the liquid flow rate is
increased (point J, Fig. 5b). Likewise, in the slug flow
regime, the upper wall remains dry at the low liquid flow
rate (point K, Fig. 5c) whereas wetted at the high liquid
flow rate (point L, Fig. 5d). As shown in Fig. 2d, the tran-
sition boundaries between ‘‘wet” and ‘‘dry” flows can be
expressed as a horizontal line, line r. Thus, in the present
work, the plug and slug flows below line r are termed as
‘‘dry plug” and ‘‘dry slug” flows, respectively, whereas
‘‘wet plug” and ‘‘wet slug” flows, respectively, above this
line. And line r is connected to the transition boundary
between the rivulet (point M, Fig. 5e) and annular (point
N, Fig. 5f) flows that also belong to the dry and wet flows,
respectively. At the liquid flow rate below and above line
r, the flow patterns appear similar to those of
A + W + T and A + W + G (or A + M + T), respectively.
Fig. 7. The comparison between the generalized flow pattern maps for mini-c
water mixture with the glass tube (1.6 mm); (b) air–water mixture with the po
mixture with the Teflon tube (1.6 mm).
3.2. Generalized flow pattern maps

In the previous sections, the flow patterns change
with the tube materials used. For A + W + G and
A + M + T, only the wet flows are observed above the
liquid superficial velocity of about 0.018 and 0.025 m/s,
respectively. On the other hand, for A + W + T, only
the dry flows appear below the liquid superficial velocity
of about 0.28 m/s. For A + W + PU, the dry and wet
flows are divided at the liquid superficial velocity of
about 0.17 m/s (line r). This confirms that the transition
boundary between the dry and wet flows depends on
contact angle (However, note that the boundary of the
plug-slug flow transition remains almost the same in
the present test ranges). In general, the liquid superficial
velocity for transition between the dry and wet flows
increases as the contact angle becomes larger, and should
match at the wettability boundaries (i.e., at h = 50�
and 90�). Therefore, though tentative, it is possible to
define the normalized liquid superficial velocity ðjþL Þ
that takes account of the contact angle effect as
follows:
hannels and the experimental data of Barajas and Panton (1993): (a) air–
lyethylene (PE) and polyurethane (PU) tubes (1.6 mm) and (c) air–water
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jþL ¼ jL=ðaþ bhÞ ð1Þ
Here, h is the contact angle in radians, and the values of the
constants a and b are determined based on the experimen-
tal observations given in Fig. 2a–d as follows:

Highly wetting case ðh < 50�Þ : a ¼ 0:00185;

b ¼ 0:0309 ð2Þ
Marginally wetting case ð50� < h < 90�Þ : a ¼ �0:254;

b ¼ 0:324 ð3Þ
Poorly wetting case ðh > 90�Þ : a ¼ 0:123;

b ¼ 0:0838 ð4Þ

Then Fig. 2a (and b), c and d could be replotted as Fig. 6a,
c and b, respectively, in the plane of jþL vs. jG using Eqs.
(1)–(4). For the highly wetting case (Fig. 2a and b), all
the wet flow data appear above the horizontal line of
jþL ¼ 1 as shown in Fig. 6a, and the horizontal line is con-
sidered to be the bottom limit of the wet flow region (The
wavy flow appears below this line because it has the dry
surface at the upper part). For the marginally wetting case
(Fig. 2d), all the dry flow data stay below the line of jþL ¼ 1
whereas all the wet flow data above the line (Fig. 6b). On
the other hand, for the poorly wetting case (Fig. 2c), the
horizontal line of jþL ¼ 1 is considered to be the upper limit
of the dry flow region (Fig. 6c). The important implication
from Fig. 6a–c is that the existence of the horizontal line of
jþL ¼ 1; the line is either the lower limit of the wet flows
(highly wetting case) or the upper limit of the dry flows
(poorly wetting case), or the boundary between the dry
and wet flows (marginally wetting case).

To check the validity of Fig. 6a–c, they were compared
to the flow pattern maps of Barajas and Panton (1993) as
shown in Fig. 7, but with jþL for the ordinate. For the
air–water flow in the glass (Fig. 7a), polyethylene, polyure-
thane (Fig. 7b) and Teflon (Fig. 7c) tubes, the regime
boundaries are generally in good agreement with each
other. In Fig. 7b, the boundary between the annular and
the rivulet flows appears at the higher jþL , but it is consid-
ered to be due to the subjectivity of the flow regime identi-
fication as well as the size difference of the tubes used
between the two studies.

4. Conclusions

In the present study, the effect of the surface wettability
on the transition of two-phase flow patterns in round mini-
channels was investigated. Dependence of the flow pattern
on the surface wettability was checked for the highly wet-
ting (h < 50�), marginally wetting (50� < h < 90�) and
poorly wetting (h > 90�) cases. Through a series of experi-
ments, the flow patterns were classified into two groups,
i.e., the wet and dry flows. The wet flow includes the wet
plug, wet slug and annular flows as well as the bubbly flow.
The dry flow includes the dry plug, dry slug and rivulet
flows as well as the wavy flow. In general, the dry flow
region exists at the lower liquid superficial velocity region.
Tentative correlations for the normalized liquid superficial
velocities ðjþL Þ were proposed for each wettability range.
The condition of jþL ¼ 1 well represents both the lower limit
of the wet flow region and the upper limit of the dry flow
region for the highly and poorly wettable cases, respec-
tively. The same condition applies to the marginally wet-
ting case. Based on this criterion, flow pattern maps
pertinent to each wettability range are provided, which
are in good agreements with the previous observations of
Barajas and Panton (1993).
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