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Abstract

Characteristics of air-water two-phase flow patterns in a miniature square channel having a gas permeable sidewall
were investigated experimentally. Water was fed into the channel from its entrance, while air was injected uniformly
into the channel along the permeable sidewall. This configured two-phase flow problem is encountered in direct feed
methanol fuel cells. Flow patterns in both vertical upward and horizontal flows were identified using a high-speed
motion analyzer. The visualization shows that the typical flow pattern encountered in the conventional co-current
gas-liquid two-phase flow, such as bubbly flow, plug flow, slug flow and annular flow were also observed in the present
work. However, unlike the conventional co-current gas-liquid two-phase flow in a channel with gas and liquid uni-
formly entering from one of its ends, for the flow configuration considered in this work, the stratified flow and wavy
flow were not found in horizontal flow. And a so-called “single layer bubbly flow” was found in vertical upward flow,
which is characterized by a mono small-gas-bubble layer existing adjacent to the surface of the permeable sidewall with
the reminding space occupied by the liquid phase. Four transitional flow patterns such as bubbly-plug flow, bubbly-slug
flow, plug-slug flow, and slug-annular flow, were found to exist between the distinct flow patterns. Finally, the flow
regime maps for various liquid volumetric fluxes are presented in terms of mass quality versus the volumetric flux of
gas phase.
© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Gas-liquid two-phase flow is of great importance in a
wide variety of engineering fields and industries. Exam-
ples include heat transfer systems, distillation processes,
steam generators, and numerous chemical industrial
processes, such as continuous loop reactors, bubble col-
umn reactors, gas-liquid pipeline systems and so on. It is
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well known that the morphology of a two-phase flow
very often plays a critical role in determining heat
and mass transfer during phase-change heat transfer
processes. Thus, research on the characterization of
two-phase flow patterns is essential for a better under-
standing of the underlying mechanisms of boiling and
condensation heat transfer in channels. Early studies
of gas-liquid two-phase flow patterns predominantly
consisted of flow in large circular tubes. For example,
Hewitt and Roberts [1] studied flow patterns in vertical
upward co-current flow; Alves [2] investigated flow pat-
terns in horizontal co-current flow; Golan and Stenning
[3] as well as Oshinowo and Charles [4] reported flow
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Nomenclature

A cross-sectional area of the channel, m?
A, area of the porous sidewall, m>

Dy, hydraulic diameter of the channel, m
Gy mass velocity of liquid phase, kg/m?s
G, mass velocity of gas phase, kg/m’s

Jg volumetric flux of gas air, m/s

JL volumetric flux of liquid water, m/s

L the total length of the test section, m
Ly the axial distance, m

Ly, end point of each flow pattern, m

Ly start point of each flow pattern, m
Oc volumetric flow rate of gas air, m>/s
(09 volumetric flow rate of liquid water, m/s
X mass quality

Xmax the maximum value of mass quality

Greek symbols

u viscosity, Ns/m>

A factor defined by Eq. (8)
G the gas density, kg/m>
oL the liquid density, kg/m?
o surface tension, N/m

v factor defined by Eq. (9)
Subscripts

A air

F liquid phase

g gas phase

G gas air

L liquid water

w water

patterns in vertical downward flows; and Kosterin [5]
and Brigham et al. [6] discussed flow patterns in inclined
channels.

Recently, a number of investigations on gas-liquid
two-phase flow patterns in mini-channels, with circular
and non-circular cross-sections, have been reported.
Damianides [7] experimentally studied the two-phase
flow of air—water mixtures in horizontal pipes, the flow
patterns and flow regime maps for five glass tubes hav-
ing inner diameters of 5.0, 4.0, 3.0, 2.0 and 1.0mm were
determined using visualization techniques (high-speed
still and motion picture photography). Mishima and
Hibiki [8] studied the characteristics of air—water two-
phase flow in small diameter vertical tubes. Flow regime,
void fraction, rising velocity of slug bubbles, and fric-
tional pressure drops were measured for air-water flows
in capillary tubes having inner diameters ranging from
1.0 to 4.0mm. Galbiati and Andreini [9] experimentally
studied the inlet mixing effect on flow pattern transitions
for vertical downward two-phase flow in capillary tubes
with diameters of 0.5, 1.1, 2.0mm, respectively. Keska
and Fernando [10] experimentally studied adiabatic
air-water two-phase flow in a small, horizontal,
6.35mm square channel. Coleman and Garimella [11]
investigated the effect of tube diameter and shape on
the flow patterns for hydraulic diameters ranging from
5.5 to 1.3mm. Ewing et al. [12] experimentally studied
the horizontal two-phase flow patterns of air and water
two-phase flows in a transparent circular channel
(1.90cmI.D.). More recently, Zhao and Bi [13] experi-
mentally investigated co-current upward air-water
two-phase flow in vertical miniature triangular channels
with hydraulic diameters of 2.886, 1.443 and 0.886mm
respectively. A so-called “capillary bubbly flow pattern”
was found at low gas flow rates. Triplett et al. [14] car-

ried out the experiments on the air-water flow patterns
in circular microchannels with 1.1 and 1.45mm inner
diameters, and in microchannels with semi-triangular
(triangular with one corner smoothed) cross-sections
with hydraulic diameters 1.09 and 1.49mm. The gas
and liquid superficial velocity ranges were 0.02-80 and
0.02-8 m/s, respectively.

Our literature review shows that all the previous
works on gas-liquid two-phase flow in channels have
been confined to the configuration, in which well-mixed
liquid and gas entered a channel from one end and a dis-
tinct flow pattern usually occurred in the entire channel
for a fixed flow rate of liquid and gas. In this work, we
are concerned with a newly configured two-phase flow in
a miniature square channel with a gas permeable side-
wall, in which a liquid is fed into the channel from its en-
trance, while a gas is injected uniformly into the test
channel along the permeable sidewall. The problem un-
der consideration is encountered in the design of direct
feed methanol fuel cells (DMFC).

Polymer electrolyte fuel cells have a number of fea-
tures that make them an attractive power source for
transportation applications. In particular, they can be
operated on a direct feed of liquid methanol, which al-
lows vehicle refueling to be no more labor intensive than
a spark ignition engine that runs on gasoline. Direct
methanol fuel cells (DMFC) have the advantages of
convenience and simplicity of design. Furthermore,
methanol is a high energy density liquid at room temper-
ature and can be handled easily and obtained from a
variety of sources.

The liquid direct methanol fuel cell, as shown sche-
matically in Fig. 1, consists of a proton exchange mem-
brane with an anode and a cathode catalyst layer on
each side. Gas diffusion layers are used to cover the cat-
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Fig. 1. Schematic of a liquid-fed direct methanol fuel cell (DMFC).

alyst layers and form the membrane electrode assembly
(MEA). The MEA is then sandwiched between two cur-
rent collectors that have some flow channels machined
into the surface for the supply of fuel and oxidant.
The liquid direct methanol fuel cell uses liquid methanol
as fuel, air or oxygen as oxidant, and can be operated at
a temperature lower than 100°C. The electrochemical
reactions taking place in the cell are described as follows:

Anode side: CH;0H + H,0 — 6e~ + 6H' + CO, (1)

Cathode side: 3/20, + 6e~ + 6H" — 3H,0 (2)

which can be combined to give the overall reaction as:
CH;O0H + 3/20, — 2H,0 + CO, (3)

Thus, the overall cell reaction is that the methanol re-
acts with oxygen, producing carbon dioxide and liquid
water. Apparently, all the reaction products, carbon
dioxide at the anode and liquid water at the cathode,
should be removed from the electrode structure and cell
as efficiently as possible to maintain an effective contin-
uous reaction. Like the water management at the cath-
ode, the efficient removal of carbon dioxide at the
anode is one of the most important research issues in
the development of the liquid feed direct methanol fuel
cells.

The anode side is a two-phase system primarily con-
sisting of a methanol solution and product gas CO,. The
methanol must diffuse to the catalyst, while the reaction-
generated CO, must diffuse outward from the catalyst.
At high current densities, CO, can become a large vol-
ume fraction (>90%) in the anode flow field. CO, re-
moval from the catalyst site is critical to ensure
availability of an adequate surface area for methanol
oxidation. Anode backing layers are partially coated
by Teflon to aid CO, removal. In addition to CO, trans-
port from the catalyst surface to the backing layer, CO,
removal from the anode exit is critical. Gas slugs may

form at the exit of the manifolds, resulting in high pres-
sure drops. As a result of the higher required anode pres-
sure, increased methanol crossover to the cathode will
occur, reducing the performance. Thus, it is crucial to
ensure optimal CO, removal, both from the backing
layer and from the flow channels.

Relatively few papers have been reported on the
study of bubble behavior at the anode of DFMCs.
Mench et al. [15] examined gas bubble growth and ejec-
tion from the backing layer/flow channel interface
region with video microscopy and observed discrete
bubbles of the order of 0.1-0.5mm evolving from vari-
ous locations within the backing layer. Argyropoulos
et al. [16] recorded three flow patterns including bubbly,
slug and annular flow with the aid of a high-speed video
camera in a practical fuel cell working environment. In
their experiments, they used the design of a flow bed
adopted parallel channel structure, which consisted of
a series of parallel flow channels, square cross-section
2.0x2.0mm? and only 30.0mm long. The effects of
the current density and the liquid flow rate were consid-
ered. Zhao and Yang [17] reported their visualization
investigation of gas-liquid flow patterns in a horizontal
channel having a gas permeable sidewall. The channel
was made of transparent Lucite with 5.0 x 5.0 mm?
square cross-section area and 320.0 mm in length. And
the flow patterns found in their experiments included
bubbly flow, plug flow, slug flow and annular flow.

Since a characterization of two-phase flow patterns is
essential for a better understanding of the underlying
mechanisms of a gas-liquid two-phase flow in a minia-
ture channel having a gas permeable sidewall, we
visually investigated the morphology of a gas-liquid
two-phase flow in both vertical and horizontal rectangu-
lar channels with one of the sidewalls consisting of a
porous plate. Liquid was fed into the test section from
its entrance, while gas was injected uniformly into the
test section along the porous sidewall. The results
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presented in this paper are useful for the optimal design
of a two-phase flow system in a channel having a perme-
able sidewall, for instance, the anode flow manifolds in
the liquid-fed methanol fuel cells.

2. Experimental apparatus
2.1. Test section

As illustrated in Fig. 2, the test section consisted of a
square channel (5.0 x 5.0 mm? in cross-section area and
320.0mm in length) with one of its sidewalls permeable
to gases. A channel entrance portion, 280.0mm long,
with the same cross-section area as the test section but
without the permeable sidewall, preceded the test sec-
tion. Water was fed into the test section from its en-
trance, while air was injected uniformly into the test
section along the porous sidewall. For the purpose of
visualization, the test section was made of transparent
Lucite. The permeable sidewall was made of a long por-
ous lime wood block, in which a big hole serving as the
air chamber was drilled along its length. By using an
optical microscope, the mean pore diameter of the por-
ous wood was measured to be 35.0um. The flow pat-
terns were studied for both vertical and horizontal
flows. For the vertical upward flow, the test section ori-
entation is illustrated in Fig. 3(a), while for the horizon-
tal flow the test section was horizontally arranged with
the permeable wall as the lower sidewall, as shown in
Figs. 2 and 3(b).

2.2. Test loop

Experiments were carried out in the test loop that is
schematically shown in Fig. 3. Water, pumped from a
water tank, passed through a filter, a control valve, a
flow meter, and the test section, and eventually returned
to the water tank. A bypass with an adjustable valve, to-
gether with the control valve, was used to regulate the
water flow rates. Simultaneously, air penetrated through
the porous sidewall to the test channel from the air
chamber, which was connected to the laboratory com-
pressed air system. After passing through the test sec-

tion, the air was separated from the air-water mixture
and released to the atmosphere. A heat exchanger was
immersed into the water tank to compensate for the heat
generated during the continuous pumping of water.

The water flow rate through the test section was
measured by a turbine-type flow meter (McMillan 101-
5) together with a rotameter (GILMONT GF-4542-
1225), while the flow rate of air was measured by
another rotameter (Omega FL1405). The pressure at
the outlet of the air flow meter was measured by a pres-
sure transducer so that the flow rate of the air could be
corrected based on the ideal gas equation of state. The
temperatures at the outlet of the water and air flow me-
ters were measured by two “T” type thermocouples dur-
ing the experiments.

2.3. Flow visualization

A high-speed motion analyzer (Kodak Ektapro-
1000) combined with a digital video camera (Sony
DCR-TRV900E) was employed to visualize and record
the flow pattern in the test section. A shoot speed of
3000 frames per second with three split screens per
frame, equivalent to a recording rate of 9000 split frames
per second, was selected to visualize and record each
flow pattern, whereas a speed as low as one frame per
second was subsequently selected to playback and ana-
lyze the recorded images. A 600-W spotlight (Arrilite
600) was employed to meet the lighting requirement
for capturing images at the high shooting speed of
9000 splits frame per second. Since the present test sec-
tion was too long to be covered fully and distinctly in
one frame image with the NAVITAR 6X CCD C-
Mount Lens employed in the experiment, the test section
was divided into eight equally spaced segments, as de-
signed by S; to Sg in Fig. 2. The flow patterns were vis-
ualized by focusing the camera on each segment under
identical flow and recording conditions. For the upward
flow, both the camera and the spotlight were fixed to a
platform lifter with an adjustable elevation, as shown
in Fig. 3(a). For the horizontal flow, both the camera
and the spotlight were mounted in a horizontal orbit
and their desired positions were obtained by sliding
them along the orbit, as shown in Fig. 3(b).

Water Air

L
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1< < >< <
77 7 77 v . 717
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Water + Air

Fig. 2. Schematic of the test channel.
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2.4. Flow characterization parameters and test conditions

For the present configured two-phase flow, the flow
patterns are characterized by the gas volumetric flux,
Ji (m/s) and the liquid volumetric flux Ji (m/s), defined,
respectively, as

_ 9
Jo =4, 4)
n=5% (5)

where Qg and Oy (m?/s) are the volumetric flow rate of
gas and liquid, respectively; A}, is the area of the porous
sidewall, and A, is the cross-sectional area of the chan-
nel. As will be seen from the flow patterns presented in

latter sections, flow patterns in this work also vary with
the mass quality, which increases with channel length.
The local mass quality is defined as

Q.
x=— P L (6)
PL'QLJFPG'LG'LX

where pg and py are the gas and liquid density, respec-
tively, Ly is the axial distance and L = 320.0mm is the
total length of the test section (see Fig. 2). It follows
from Eq. (6) that at the entrance of the test section
(L = 0), the mass quality is zero (x = 0), while at the exit
of the test section (L, = L), the mass quality reaches its
maximum value

oG - Og

_ 7
pL- 0L+ 06 Og @)

Xmax =
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Experiments for vertical upward flow were carried
out by keeping the volumetric flux of water at
JL =0.05, 0.10, 0.15, 0.20 and 0.25m/s, respectively,
and by varying the volumetric flux of air from
1.33x 1072 to 5.568 x 10~2m/s. For horizontal flow,
the volumetric flux of water was kept at Ji =0.05,
0.10, 0.30 and 0.50m/s, respectively, while the volumet-
ric flux of air varied from 0.1321x107> to
5.189 x 10~ 2m/s. Within the above ranges of the volu-
metric flux for water and air in both vertical and hori-
zontal flows, the measurements showed that the air
was injected uniformly into the test section from the por-
ous sidewall and distinctive flow patterns appeared with-
in the test section.

All the flow patterns in this work were recorded under
steady flow state conditions. For a given flow condition, it
usually took about half an hour for the flow to reach a
steady state condition. For each flow condition, the flow
patterns in the eight segments were recorded in a sequence
from segments S; to Sg by carefully positioning the cam-
era and the spotlight with the aid of the ruler mounted on
the outer surface of the porous sidewall. All the experi-
ments were carried out under conditions of atmospheric
pressure (0.1 MPa) and room temperature of 27°C.

Dispersed] /%
Bubbly

Single
Layer

3. Results and discussion
3.1. Flow patterns in vertical upward flow

Figs. 4-6 show the flow patterns observed in vertical
upward flow in a channel of 320.0mm in length for dif-
ferent combinations of the liquid and gas volumetric
fluxes. As seen from these figures, typical flow patterns
found in vertical upward flow include bubbly flow, slug
flow, and annular flow. The features of each flow pattern
are described as follows.

Bubbly flow. As shown in Figs. 4-6, bubbly flow can
be divided into two stages: ‘“‘single layer bubbly flow”
and ‘“‘dispersed bubbly flow”, although both of them
exhibiting the same characteristics, namely that small
and spherical gas bubbles are distributed in the continu-
ous liquid phase. As can be seen from the channel en-
trance region shown in Figs. 4-6, a single layer bubbly
flow is distinguished from dispersed bubbly flow by the
fact that only a mono small-gas-bubble layer existed
adjacent to the surface of the porous sidewall, while
the reminding space was still occupied by the liquid
phase. It should be pointed out that the formation of
a single layer bubbly flow in the present vertical upward

1320

240

Fig. 4. Flow patterns in vertical upward flow at J; = 0.05m/s and Jg = 1.785 x 10~ m/s.
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Fig. 5. Flow patterns in vertical upward flow at J; = 0.05m/s and Jg = 4.136 x 10~>m/s.

flow is one of the major differences from the conven-
tional co-current two-phase flow. For the present verti-
cal upward flow at low mass quality (in the entrance
region), due to the influence of buoyancy, small gas bub-
bles migrated upward adjacent to the porous sidewall
immediately after their departure from the porous sur-
face, forming a single layer of bubbles. With the increase
of the mass quality downstream along the channel, the
majority of the small bubbles formed in the upstream
were pushed toward the liquid core flow by the newly in-
jected bubbles, forming dispersed bubbly flow.

Slug flow. With the effect of the continuous injection
of small bubbles from the permeable sidewall, the small
bubbles in the dispersed bubbly flow were promoted to
coalesce with each other, and some gas slugs were
formed, which spanned the entire channel cross-section.
As seen from segments Sg to Sg in Fig. 4, segments S; to
Ss in Fig. 5, as well as segments S5 and Sy in Fig. 6, gas
slugs are characterized by a semi-spherically shaped
nose, an approximately flat tail, and a smooth boundary
adjacent to the left channel wall, but a slightly deformed
right boundary due to the injection of small bubbles
from the permeable sidewall. Some small bubbles existed
between two consecutive gas slugs. Further downstream,

gas slugs grew in their length direction and became
longer and longer. In the meantime, the small bubbles
between gas slugs coalesced to form new slugs, and even-
tually liquid bridges with small bubbles disappeared and
slugs got in touch with each other, as shown in segment
from S; to Ss in Fig. 5.

Annular flow. For a given volumetric flux of liquid
water, an increase in the volumetric flux of gas air will
eventually lead to the presence of annular flow, with
most of the liquid flowing along the channel wall while
the gas flows in the central core, as can be seen from
segment Sg in Figs. 5 and 6. The left liquid film profile
of annular flow was more or less the same as that in
the conventional co-current two-phase upward flow in
a vertical channel. However, a distinct feature of annu-
lar flow for the present flow configuration is that small
bubbles were continuously generated from the porous
sidewall, and grew by blowing up the liquid film to
form a semi-sphere shape, and then ruptured and re-
leased gas into the core flow. As a result, the liquid film
profile at the right side was significantly deformed by
the continuous injection of gas bubbles from the por-
ous sidewall. During the period of blowing up the
liquid film, the surface of the porous plate under the
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Fig. 6. Flow patterns in vertical upward flow at J; = 0.10m/s and Jg = 4.149 x 10> m/s.

semi-sphere film is periodically isolated from the liquid
phase. When this phenomenon appears in the flow pas-
sages of a DMFC, it means that the liquid fuel cannot
be quickly and continuously transported to the electro-
chemical reaction side through the surface of gas diffu-
sion layer, leading to concentration polarization and
deteriorating in the fuel cell performance. Thus, annu-
lar flow should be avoided during the operation of a
DMFC.

In summary, for the present flow configured gas—
liquid two-phase vertical upward flow, various flow pat-
terns appeared in the channel from its entrance to its exit
in a sequence of single layer bubbly flow, dispersed bub-
bly flow, slug flow, and annular flow, as the mass quality
increased along the test channel. The length of each flow
pattern varied with the volumetric fluxes of liquid and
gas. A comparison between Figs. 4 and 5 indicates that
for a given liquid volumetric flux, the space occupied by
each flow pattern became shorter with an increase in the
gas volumetric flux. Similarly, a comparison between
Figs. 5 and 6 indicates that for approximately the same
air volumetric flux, the space occupied by each flow pat-
tern became longer with an increase in the liquid water
volumetric flux. This behavior suggests that an increase

in the liquid fuel volumetric flux is one of the most effec-
tive measures to avoid annular flow appearing inside the
anode channels in a DMFC.

In addition to the various distinct flow patterns de-
scribed above, some transitional flow patterns, such as
bubbly-slug flow, and slug-annular flow in the vertical
upward flow were also observed between two distinct
flow patterns, as indicated in Figs. 4-6. During the
experiments, we observed that in the locations where
a transitional flow pattern occurred two distinct flow
patterns (bubbly and slug flow, slug and annular flow)
appeared alternately. For instance, for bubbly-slug
flow, bubbly flow and slug flow occurred at the same
location alternately and the flow at this location can
neither be classified as bubbly flow nor as slug flow.
The presence of the transitional flow patterns resulted
from a periodic bubble growth and departure along
the porous sidewall. This periodic bubble growth
and departure lead to a slow process for one distinct
flow pattern to transition to another. However, it is
worth pointing out that the slug-annular flow found
in this work was to some extent like the churn flow
encountered in conventional co-current liquid-gas
two-phase vertical upward flow.
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3.2. Flow patterns in horizontal flow

The flow patterns found in horizontal flow for different
combinations of the liquid and gas volumetric fluxes are
shown in Figs. 7-9. The characteristics of the typical flow
patterns in horizontal flow, including bubbly flow, plug
flow, slug flow, and annular flow are described as follows.

Bubbly flow. As seen from Figs. 7-9, bubbly flow,
characterized by the presence of small discrete bubbles
in the continuous liquid phase, usually occurred in the
entrance region, i.e.: segment S; although it was some-
times observed within segments S, for low volumetric
fluxes of air and high volumetric fluxes of water (see
Fig. 9). Compared to the bubbly flow pattern encoun-
tered in the conventional co-current two-phase flow in
a channel with a well-mixed gas-liquid mixture entering
the channel, one of the most distinct features of the pre-
sent configured flow is that, owing to the effect of buoy-

Lower permeable sidewall

Bubbly ——|<—Bubbly Plug——|<7

Upper wall

ancy, small bubbles injected from the lower permeable
wall traveled upwards to the upper portion of the chan-
nel, where relatively large bubbles were formed due to
collision and coalescence of small ones.

Plug flow. Immediately after the bubbly flow region,
plug flow was observed at low volumetric fluxes, like the
flow condition of J; =0.1m/s and Jg = 0.8551 x 1072
m/s shown in segment S; and partial portion of segment
S, in Fig. 7. These plug bubbles are characterized by a
flat-shaped top adjacent to the upper channel wall, a
semi-sphere bottom, and a large axial length, but the ra-
dial size of the plug bubbles is usually too small to span
the channel cross-section. It is also observed that some
tiny discrete bubbles usually existed between two adja-
cent large plug bubbles and under plug bubbles. The for-
mation of plug flow was due to the fact that small
bubbles in the bubbly flow regions continuously collided
with the bubbles entering from the surface of the lower
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Fig. 7. Flow patterns in horizontal flow at J; = 0.10m/s and Jg = 0.8551 x 10~ m/s.
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permeable wall. It should be noted that at high air vol-
umetric fluxes, as seen from Fig. 8 (Jg =4.02x 1072
m/s) and Fig. 9 (Jg = 4.033 x 10~2m/s), plug flow disap-
peared from the test section and bubbly flow transi-
tioned to slug flow directly. This can be attributed to
the fact that the high density of bubbles nucleating at
the surface of the permeable sidewall at the high air vol-
umetric flux, causing small bubbles to quickly coalesce
with each other and grow fast enough to become slug
bubbles directly.

Slug flow. As seen from Fig. 7, the plug bubbles fur-
ther downstream changed to large slug bubbles with the
addition of small bubbles injected from the lower perme-
able wall. Under the condition of high air volumetric
fluxes, as shown in Figs. 8 and 9, small bubbles directly
transitioned to slug bubbles without intermediate plug
bubbles for the case with low air volumetric fluxes
shown in Fig. 7. Slug bubbles, as seen in segments S;

to Sg in Fig. 7, segments S3 and S, in Fig. 8, as well
as segments S and S5 in Fig. 9, usually had a knife-
shaped profile, flat at their top portions and narrow at
their caps. Unlike plug bubbles, slug bubbles had a
much larger radial size and almost spanned the entire
cross-section of the flow channel. Because of buoyancy,
the slugs of gas flowing along the channel tended to
skew toward the upper portion of the channel. Similar
to the vertical upward flow, some middle-sized bubbles
could often be observed between two consecutive slugs,
while small bubbles generated from the surface of the
lower porous sidewall resulted in a slight deformation
in the lower boundaries of the gas slugs. As seen from
Figs. 7 and 8, for the same water flow rate, slug flow usu-
ally occurred in the downstream portion of the channel
at low volumetric fluxes of air (e.g.: Jg = 0.8851 x
10~2m/s), but in the middle of the channel at high volu-
metric fluxes of air (e.g... Jg = 4.02 x 10™>m/s).
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Fig. 9. Flow patterns in horizontal flow at J; = 0.30m/s and Jg = 4.033 x 10~ m/s.

Annular flow. Annular flow in the horizontal flow has
more or less the same features as in the vertical upward
flow, where most of the liquid flows along the channel
wall while the gas flows in the central core. As can be
seen from segments Sg to Sg in Fig. 8 and from segments
S; and Sg in Fig. 9, small bubbles were continuously
generated from the lower permeable wall where they
grew bigger by blowing up the lower liquid film, forming
a semi-sphere shape and then rupturing and releasing
gas into the core flow. As a result, the lower liquid film
profile was significantly deformed by the continuous
injection of gas bubbles from the lower porous wall.

In summary, for the present flow configured gas—
liquid two-phase horizontal flow, various flow patterns
appeared in the channel from its entrance to its exit in
a sequence of bubbly flow, plug flow, slug flow, and
annular flow, as the mass quality increased along the test
channel. It is worth mentioning that at high air volumet-

ric fluxes, plug flow disappeared from the test section
and bubbly flow transitioned to slug flow directly. Sim-
ilar to the vertical upward flow, the length of each flow
pattern varied with the volumetric fluxes of liquid and
gas. A comparison between Figs. 7 and 8 indicates that
for a given liquid volumetric flux, the space occupied by
each flow pattern became shorter with an increase in the
gas volumetric flux. Similarly, a comparison between
Figs. 8 and 9 indicates that for approximately the same
gas volumetric flux, the space occupied by each flow pat-
tern became longer with an increase in the liquid volu-
metric flux.

In addition to the various distinct flow patterns de-
scribed above, some transitional flow patterns, similar
to the vertical upward flow, were also observed between
two distinct flow patterns. As indicated in Figs. 7-9,
these transitional flow patterns include bubbly-plug flow,
plug-slug flow, bubbly-slug flow and slug-annular flow.
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Comparing the flow patterns in the vertical upward
flow (Figs. 4-6) and in the horizontal flow (Figs. 7-9),
one of the major differences is that there is a tendency
to create stratification of the flow due to the influence
of buoyancy. As can be observed from Figs. 7-9, the

Mass Quality x

Mass Quality x

gas tended to migrate toward the top of the channel
while the lower portion of the channel carried more of
the liquid with the bottom of the channel full of small
gas bubbles. Comparing Fig. 6 with Fig. 8, it can be seen
that, because of the influence of buoyancy, the regime
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for each flow pattern in the vertical upward flow was
much longer than that in the horizontal flow for approx-
imately the same volumetric fluxes of water and air.

3.3. Flow regime maps

In the conventional co-current gas-liquid two-phase
flow, flow patterns were presented in 2-D flow maps
by using various parameters. For instance, Baker [18]
presented the flow pattern map for horizontal flow by
using (G,/4) and (Gy)), where G, and Gy are the superfi-
cial mass velocity of the gas and liquid phases, respec-
tively, and the factors 4 and y are given by

)

0.058
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,71/3
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Hewitt and Roberts [1] presented the flow pattern map
for vertical flow by using the superficial momentum
fluxes of the liquid (p;J?) and gas (pgJg). Other previ-
ous investigators, for instance, Zhao and Bi [13], and
Kawahara et al. [19], used the liquid and gas volumetric
flux (Jp) and gas (Jg) to characterize the flow patterns in
a 2-D flow map. For the present configured two-phase
flow, since the flow patterns varied with the mass quality
along the channel length in addition to the liquid and
gas volumetric fluxes, we present the flow patterns in
terms of the volumetric flux of gas and the mass quality
for a given volumetric flux of liquid in Figs. 10 and 11.
The boundaries between the flow regimes were estab-
lished from visual observation of the two-phase flow in
a series of experiments by varying the volumetric flux
of air at a fixed volumetric flux of water. The mass qual-
ity x was determined from Eq. (6), in which L, s and Ly,
are substituted for Ly, with Ly and L. representing,
respectively, the locations of the starting point and the
end point of each specific flow pattern. Ly and Ly of
each flow pattern were measured with the aid of the ruler
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Fig. 11. Flow regime maps for horizontal flow.



5738 H. Yang et al. | International Journal of Heat and Mass Transfer 47 (2004) 5725-5739

attached to the outer surface of the porous block. It is
worth mentioning that for given volumetric fluxes of
water and air the mass quality varied from zero to Xpax,
given by Eq. (7), corresponding to the exit of the test
section.

The flow regime maps for vertical upward flow at se-
lected volumetric fluxes of water (0.05, 0.10, 0.15, 0.20,
and 0.25m/s) are presented in Fig. 10(a)-(e), respec-
tively. As can be seen from Fig. 10(a)—(c) for low volu-
metric fluxes of water, at high volumetric fluxes of air
(see the horizontal coordinate), with an increase in the
mass quality (the vertical coordinate) the flow regimes
typically appear in the sequence of bubbly flow, bub-
bly-slug flow, slug flow, slug-annular flow, and annular
flow. However, at low volumetric fluxes of air, Fig.
10(a)—(c) indicate that some flow patterns such as slug
flow and annular flow may never appear in the channel.
For the cases of high volumetric fluxes of water shown in
Fig. 10(d) and (e), annular flow pattern never appeared
in the entire channel over the range of the volumetric
flux of air, although bubbly flow and slug flow were al-
ways encountered. In addition, a progressive scan of five
flow regime maps for vertical upward flow from Fig.
10(a)—(e) indicated that both the bubbly-slug transition
flow area and the slug-annular transition flow area
shifted downward, as the mass quality was reduced.

Fig. 11(a)-(d) presents the flow regime maps for hor-
izontal flow at selected volumetric fluxes of water (0.05,
0.10, 0.3, and 0.50m/s). In general, the flow regime tran-
sition behaviors for horizontal flow are similar to those
described above for vertical upward flow. One feature
that is different from vertical upward flow is that plug
flow occurs at low volumetric fluxes of air, but it disap-
peared as the volumetric flux of air reached a critical va-
lue. As can been seen from Fig. 11(a)—(d), this critical
value increased from 1.8x 10 2m/s to 3.4x 10>m/s
with the increase in the volumetric flux of water from
0.05m/s to 0.50m/s.

4. Concluding remarks

A visual investigation of liquid—gas two-phase flow in
a miniature square cross-section channel (d, = 5.0mm)
having a permeable sidewall has been performed. It
has been shown that the typical flow patterns, encoun-
tered in the conventional co-current gas-liquid two-
phase flow, such as bubbly flow, plug flow, slug flow,
and annular flow, were also found in this work. How-
ever, due to the special flow configuration considered
in this work, stratified flow, characterized by the fact
that the two phases flow separately with a relatively
smooth interface in the conventional co-current two-
phase horizontal flow, was not found in present horizon-
tal flow. And a so-called single layer bubbly flow, char-
acterized by a mono small-gas-bubble layer existed

adjacent to the surface of permeable sidewall while the
remaining space occupied by the liquid phase, was found
in the present vertical upward flow at a lower volumetric
flux of air. It was also found that some new characteris-
tics were presented in these typical flow patterns. For
example, slug bubbles have a slightly deformed bound-
ary for the lower boundary in the horizontal flow and
for the right boundary in the vertical upward flow. In
the annular flow, small bubbles were continuously gen-
erated from the porous sidewall, which grew by blowing
up the liquid film, forming a semi-sphere shape, and
then rupturing and releasing gas into the core flow.
The characteristics of the annular flow found in the pre-
sent work suggest that annular flow appearing inside the
anode channels of a DMFC should be avoided, as it may
deteriorate the fuel cell performance. The experiments
show that one of the most effective measures to avoid
the presence of annular flow is to increase the liquid vol-
umetric flux. Furthermore, four transition flow patterns,
bubbly-plug flow, bubbly-slug flow, plug-slug flow, and
slug-annular flow, were observed and recorded. Finally,
flow regime maps have been developed in the term of the
volumetric flux of the gas phase and the mass quality for
each given liquid phase volumetric flux.
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