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In this study, flow maldistribution in a system of two parallel thin micro-channels with shared inlet and outlet
manifolds is experimentally investigated with one channel subject to single-phase flow and the other to twophase one. The flow pattern, pressure drop, gas flow rate in the single-phase flow channel Q1 and two-phase
flow channel Q2 are studied. Film flow patterns are observed for all the cases of the study, consistent with
literature work. The QQ21 ratio is defined as a direct measure to flow maldistribution. Theoretical derivation shows
that

Q2
Q1

is inverse of the two-phase multiplier ϕ or

Q2
Q1

= ϕ1. Three levels of liquid flow rate are examined and

presented to show three representative trends: (1) For the highest water flow rate, i.e. 10−
monotonically increase with the air flow rate, with its value

Q2
Q1

2

m/s,

Q2
Q1

is found to

as low as about 0.2 at 0.86 m/s gas velocity and

approaching 0.65 at 3.44 m/s. (2) For the lowest water velocity, i.e. 10−

4

m/s,

Q2
Q1

shows decrease at first, fol

lowed by an increase, as the superficial gas velocity increases from 0.86 m/s to 3.44 m/s. It reaches about 0.76 at
0.86 m/s gas velocity and drops to about 0.55 at 1.72 m/s. (3) For the intermediate water velocity, i.e. 10− 3 m/s,
two “steady” states are identified at 0.86 m/s gas velocity with one having QQ21 as high as about 0.69 and the other

about 0.52. The rest follows a similar trend as 10− 4 m/s liquid velocity. The observed two “steady” states and
changing trend at the two low liquid velocities may be due to the altered liquid blockage near the channel exit. It
is also indicated that the two-phase multiplier ϕ obtained in single channel testing may not be used to measure
flow maldistribution in multiple-channel systems. The work is important to study of two-phase flow, multichannel design, flow maldistribution, and flow control in micro-channels for PEM fuel cells, electrolyzers, and
thermal devices.

1. Introduction
Micro-channels play a crucial role in many applications of engi
neering, such as PEM fuel cell gas channels [1–5], heat exchangers [6–8]
and microfluidics [9,10]. In micro-channel heat exchangers for cooling,
two-phase flow is capable of delivering a large amount of heat via phase
change. The channels supply liquid to the hot channel surface, where
boiling occurs to absorb heat, and remove vapor out of the channel
[6,8]. In PEM fuel cells, gas flow channels with a cross-section of 0.3–1
mm are arranged usually in parallel-serpentine configurations to supply
hydrogen fuel and oxygen reactants for electrochemical reactions. In
addition, they are also used to remove byproduct water out of fuel cells
to avoid electrode “flooding”. Fig. 1 shows the liquid water observed in
the gas flow channels using optical method and neutron radiography.

Liquid water, originated from the water production of PEM fuel cell
reactions, may block the channel reactant flow in a or several local
channels, leading to flow maldistribution and reactant starvation in
porous electrodes, which is a major source for fuel cell voltage loss and
material degradation [11–15].
Two-phase flow dynamics in micro-channels have been widely
studied in both heat exchanger and PEM fuel cell. Cubaud et al. [18]
investigated the shape of static elongated bubbles in square channels for
different contact angles. They found that dynamic contact angles play an
important role in the selection of flow regime. Zhao et al. [19] experi
mentally investigated the flow of immiscible fluids (water and kerosene)
in a microchannel 300 μm wide and 600 μm deep. The experimental data
of volume of dispersed phase were correlated as a function of WeKS . Cho
and Wang experimentally and numerically studied two-phase flows in a
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PEM fuel cell operation, and developed a flow-pattern map of wavy,
annulus, wavy-annulus and slug-annular regimes. They also observed
unstable two-phase flow near the outlet.
Flow dynamics and maldistribution in parallel mini/micro-channels
are a major topic in studying two-phase flow. In PEM fuel cells, flow
maldistribution impairs cell performance dramatically by non-uniform
distribution of reactants in multiple gas channels and liquid water
accumulation in local channels, as shown in Fig. 1 [1]. Several attempts
have been made to model and predict flow distribution in parallel
channels of fuel cells [33–35]. Zhang found that flow maldistribution
and hysteresis occur at low gas and liquid flow velocities in a parallel
square mini-channel systems and the gravitational force greatly impacts
flow distribution and hysteresis [36]. Zhang [37] studied flow patterns
and pressure drop characteristics of two-phase flow in a Y-branched
parallel channel system under fuel cell conditions. They concluded that
even distribution of gas and liquid flow could always be achieved under
sufficiently high gas/liquid velocities. Kandlikar [38] proposed a new
technique to measure instantaneous flow rate in a parallel channel
array. Using this method, the mass flow rate in each channel could be
estimated from the pressure drop in the entrance region when the
contraction loss coefficient Kc is known. Suman et al. [16] performed
multiphase flow computations to examine the effects of gas diffusion
layer (GDL) intrusion and manifold design on reducing flow maldistri
bution. They showed that two splitter plates in the header manifold can
bring down the flow maldistribution. Flow maldistribution has a great
impact on the performance of microchannel heat exchangers. Nielsen
et al. [39] investigated the effect of flow maldistribution on the per
formance of microchannel heat exchanger both experimentally and
numerically. They found that as the variation in individual channel
thickness increases the heat exchanger performance decreases signifi
cantly. Anbumeenakshi and Thansekar [40] carried out experimental
investigation to analyze flow maldistribution in a microchannel heat
sink. They found that flow is more uniform with trapezoidal and trian
gular headers at low flow rates and with a rectangular header at higher
rates. Seungwhan et al. [41] developed a heat exchanger model to study
axial conduction and flow maldistribution’s impact. They concluded
that geometry modification of cross section and cross link in parallel
channel is a solution to mitigate flow maldistribution. Wen et al. [42]
studied flow characteristics in the entrance of a plate-fin heat exchanger
using particle image velocimetry (PIV). They concluded that fluid mal
distribution in the conventional entrance configuration is severe while
the improved entrance configuration with punched baffle can effectively
improve the performance of fluid flow in the entrance. Kumaragur
uparan et al. [43] numerically and experimentally studied flow mal
distribution in U-type micro-channel configuration, and indicated that
decrease of the cross-sectional dimension and increase of the channel
length reduce flow maldistribution.
Though several attempts have been made to study two-phase flow
and flow maldistribution in multiple channels, the phenomena are
complex and challenging partly due to unstable flow dynamics and
impacts of heterogeneity, and needs further investigation, including
additional experimental data, new testing methods, and rigorous theo
retical analysis. As our first step to experimentally investigate the phe
nomena, we focus on two parallel channels, with one channel subject to
single-phase gas flow and the other to two-phase one. The two parallel
channels share the same inlet and outlet manifolds. This study leverages
the specially designed experimental apparatus to visualize flow patterns,
measure the pressure drop and gas flow rates in the two channels,
respectively. We also define a parameter to directly measure flow mal
distribution between the two channels, and derive a formula which
directly relates this parameter to the two-phase multiplier. Two methods
are proposed to experimentally obtain this parameter.

Fig. 1. (a) Two-phase flow in parallel gas flow channels of operating PEM fuel
cells using in-situ direct optical method [16], (b) liquid water in single
serpentine flow channels, and (c) in 4-parallel channel arranged in serpentine of
PEM fuel cells using in-situ neutron radiography [17]. The color scale on the
right shows the liquid water thickness.

micro-channel with hydrophilic [20] and heterogeneous [21] surfaces,
and found that both surface wettability and roughness affect the location
of the liquid water flow, flow patterns, and pressure drop. Lee et al. [22]
experimentally investigated bubble dynamics in a single trapezoid
microchannel with the hydraulic diameter of 41.3 μm. They concluded
that the size of bubble detaching the channel wall is governed by the
surface tension and drag of bulk flow, and bubble frequency in the
microchannel is comparable to that in an ordinary size channel. Bowers
and Mudawar [23] explored the increased rate of heat dissipation from
electronic chips using flow boiling in mini-/micro-channels. They found
that the flow acceleration resulting from evaporation is a major
contributor to the pressure drop in the channels, and compressibility
effects are significant in the micro-channels. Peles [24] conducted
experiment to investigate the mechanisms associated with microscale
forced convection in boiling two-phase flow. Various flow regimes were
observed, including rapid bubble growth, complete bubble flow, bubbly
flow and annular flow. They found that increasing the system and pump
frequencies decreases the temperature fluctuation. Cheng and Wu [25]
reviewed phase-change heat transfer in microsystems, including flow
boiling and condensation in microchannels as well as bubble growth and
collapse. For boiling in microchannels, it was found that single- and twophase alternating flows with large fluctuation of pressure and temper
ature exist at low mass fluxes with a high degree of inlet subcooling.
Ravigururajan [26] conducted subcooled and saturated flow boiling
experiment using a diamond-pattern microchannel heat exchanger.
They inferred that heat transfer coefficients are influenced by the flow
rates, wall superheat and value of quality, and the pressure drop de
creases rapidly for an increasing heat transfer coefficient. Salim et al.
[27] investigated oil–water two-phase flows in microchannels of about
700 μm hydraulic diameters. Different flow patterns were identified and
mapped with pressure drops measured. They found that the pressure
drop strongly depends on flow rates, microchannel material and first
fluid injected into the microchannel. Fu et al. [28] presented experi
mental investigation on Newtonian/non-Newtonian fluids two-phase
flow in T-shaped rectangular microchannels. Four flow patterns were
observed for cyclohexan/carboxyl methyl cellulose (CMC) solutions,
including slug flow, droplet flow, parallel flow and jet flow. In general,
mist flow, droplet formation, annulus, and slug flow are frequently
observed in microchannels [29–31]. Adroher and Wang [32] investi
gated the patterns and pressure drop of air–water flows in the range of

2. Experimental
To experimentally investigate the fundamentals of flow maldistri
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bution in a two-channel flow system, we consider a simplified experi
mental setup, as shown in Fig. 2, which depicts the design of the twoparallel thin micro-channels system. It consists of two identical microchannels arranged in parallel and placed horizontally with a shared
inlet manifold and their outlets connected to the ambient. Both channels
have a rectangular cross-section of 0.324mm by 3.00mm with a total
length of 178 mm. This channel dimension is similar to that of Refs. [46]
and [48], which study two-phase flow in a single channel. The channel
plate is made of 304 stainless steel, placed on a 6061 aluminum base. A
polycarbonate window plate is placed on top for flow visualization. All
the components were fabricated using a high-precision CNC milling
machine. The micro-channel system is sealed by compression of bolts.
Fig. 3 schematically shows the experiment setup, including the twochannel system, inlet gas flow controller, liquid injection controller,
pressure measurement unit, gas flow rate measurement units, and
visualization camera. Two-phase flow is established by injecting liquid
water into Channel 2, while Channel 1 remains in the single-phase flow
regime without any water addition. The water injection port was located
in the base plate with a diameter of 0.28 mm at a distance of 60 mm
downstream from the air inlet. Thus, Channel 2 consists of a single-phase
flow length before the port and a two-phase flow region after. A syringe
pump (New Era Pump System NE-300) injects room temperature
deionized water into Channel 2 at three flow rates, 0.3499, 3.499, and
34.99 ml/hour, corresponding to a superficial velocity of 10− 4 , 10− 3 and
10− 2 m/s, respectively. A mass flow controller (SmartTrak 100) regu
◦
◦
lates seven air flow rates at room temperature (20 C ± 2 C) in the
range of 100 − 400 ml/min (±5 ml/min), corresponding to a superficial
velocity of 0.86 − 3.44 m/s. The inlets and outlets of the two channels
share the same manifolds, ensuring the same pressure drop between the
two micro-channels in all the testing conditions.
A pressure transducer (OMEGA PX 409) was employed to measure
the pressure drop between the channel inlet and outlet. The flow pat
terns in the two-phase channel were captured by a DSLR camera (canon
Rebel T3). It takes about 10 min to 2 h depending on the air and water
flow rates for the pressure drop to reach a steady state, when the mea
surements of flow rates were taken. Table 1 lists the operational con
ditions, physical properties of fluids and channel parameters.

ΔP =

fLρg ug 2 fLρg Q2
=
2Dh
2Dh A2

where Dh =

A
LP

(1)

where f, L, ρg , ug , A, Q, Dh , and LP represent the friction factor, channel
length, gas density, superficial gas velocity, cross-sectional area, flow
rate, hydraulic diameter, and perimeter, respectively. In general, the
friction factor is a function of the Reynold number in the laminar flow
regime:
f=

C
Re

(2)

For a rectangular channel, C is given by [45]:
1
1
1
1
1
C = 96(1 − 1.35532( ) + 1.9467( )2 − 1.7012( )3 + 0.9564( )4 − 0.2537( )5 )

α

α

α

α

α

(3)

where α is the aspect ratio of the channel, defined as the ratio of the
width (a) to height (b) in the cross-section.
In addition, Wang [51] proposed to treat micro-channels as a type of
porous media with regular pore networks, thus Darcy’s law applies:
ug = −

K

μ

∇P

(4)

where K is the permeability. This property of a porous medium measures
the material ability to allow fluids to pass through it, which is related to
the porosity and pore size as well as the shapes of the pores and their
connectedness. For a constant cross-sectional area channel of a length L,
one will reach:
ΔP =

μL
K

ug

(5)

By combining Eqs. (1) and (5), one will reach:
K=

2ρ(Dh )2
C

(6)

The pressure drops across Channel 1 and Channel 2, respectively, are
always the same at steady state due to sharing of the inlet and the outlet
manifolds. The superficial velocity is defined using the total flow rate
and the cross-sectional area of the two channels. Fig. 4 compares the
experimental data of the pressure drop with that of a single channel
predicted by Eqs. (1) or (5). The deviation from the theoretical value is
within 2% except for the highest velocity in which it is about 4%. The
uncertainties in the pressure and gas flow measurements are 2 Pa and
0.043 m/s, respectively.
To verify the identical dimension of Channel 1 and Channel 2, the
volumetric flow rates were measured in each of the two channels. For
each condition, measurement of the air flow rates was repeated five
times. Fig. 5 compares the air flow rates in the two channels under four
testing conditions without water injection in Channel 2, i.e. both
channels are subject to single-phase flow. It can be seen that Channel 1
and Channel 2 have similar flow rates with a difference less than 3%,
indicative of identical dimension for the two channels.

3. Results and discussion
3.1. Pressure and flow rates of single-phase flow in both micro-channels
To verify the cross-sectional areas and the identical dimension of
Channel 1 and 2 in the experimental setup, single-phase flow testing was
first conducted. In a channel, the single-phase pressure drop is theo
retically given by [44]:

3.2. Two-phase flow patterns
Under all the experimental conditions, only film flow patterns were
observed in the two-phase flow channel, i.e. Channel 2, as shown in
Fig. 6. The presence of liquid film in Channel 2 hampers the air flow by
narrowing the air passage, leading to pressure increase. Because only the
film patterns were observed, the pressure drop increase is anticipated to
correlate with the liquid film thickness. From Fig. 6(a), it is seen that
liquid film is developed along the upper side of the channel and dragged
towards the outlet by the air flow. As the superficial air velocity in
creases, the film thickness decreases, as also shown in Lewis and Wang
[46] and theoretical estimate [47]. In Fig. 6(b) and (c), liquid film in

Fig. 2. Design and assembly of the two parallel micro-channels system (From
top to bottom: O-shaped endplate, transparent plate, channel plate, and
base plate).
3
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Fig. 3. Schematics of the experimental test section. Channel 1 (the upper channel) is subject to single phase flow, while Channel 2 (the lower channel) is in the twophase flow regime for the part downstream after the liquid injection port located at the first 1/3 of the channel length.
Table 1
Experimental conditions, physical properties of fluids and channel parameters.
Name

Value

Unit

Air flow rate

100, 150, 200, 250, 300, 350, 400

Superficial air velocity
Water flow rate

0.86, 1.29, 1.72, 2.15, 2.58, 3.01,
3.44
34.99, 3.499, 0.3499

mL/
min
m/s

Superficial water velocity

10− 2 , 10− 3 , 10−

Channel dimension
Inlet manifold dimension
Aspect ratio
Hydraulic diameter
Channel cross-section area
Permeability

178(l) × 3(a) × 0.324(b)
12.7 × 21.6 × 1.6
9.259 (α)
0.585 (Dh )
0.972 (A)
9.81×10− 3 (K)

mm
mm
–
mm
mm2
mm2

Water port location (from the
channel inlet)
Temperature
Outlet pressure

60

mm

20
1

◦

4

mL/
hour
m/s

C
Atm

Channel 2 is very thin, i.e. liquid water is drained efficiently out of
Channel 2 by air flow. It is also important to note that water tends to
accumulate near the outlet of Channel 2, as also observed by Xavier and
Wang [32], Lewis et al. [48], Wang et al. [49], and Lu et al. [50]. Lewis
and Wang [48] investigated the two-phase flow at the channel expan
sion to a manifold, indicating that it can signiciantly increase the overall
pressure drop. Wang et al. [49] indicated that channel heterogeneity
may cause water accumulation. Lu et al. [50] showed water buildup at
the transition area from the channel to exit header of parallel channels.
3.3. Gas flow rate ratio

Q2
Q1

Fig. 4. Gas flow pressure drop for single-phase flow in both channels: theo
retical versus experimental data.

Eq. (5) and the experimentally measured pressure ΔP. Once Q1 is
determined by the pressure measurement, the volumetric flow rate Q2 in
Channel 2 is then given by:
Q2 = Qtotal − Q1

where Qtotal is the total flow rate injected into the inlet manifold, which
is set at the flow controller. Note that Q2 in Eq. (8) is obtained from the
pressure drop measurement, instead of the direct measurement of the
gas flow rate in Channel 2.
To measure flow maldistribution, we define a parameter QQ21 as the

and flow maldistribution

The volumetric gas flow rate of each channel was measured when the
pressure drop is stabilized. Since Channel 1 only experiences a singlephase flow and the pressure drops in the two channels are always the
same, the volumetric flow rate Q1 in Channel 1 can also be theoretically
determined from the pressure measurement through Eq. (5):
Q1 = ug1 A

(8)

ratio of the air flow rates in the two channels. A small ratio means severe
flow maldistribution. A value approaching to unity means slight mal
distribution. In two extreme cases, QQ21 = 1 corresponds to no maldistri
bution and

(7)

Q2
Q1

= 0 means complete blockage of Channel 2.

In addition, because of the identical cross-sectional areas in Channel
1 and 2, one can reach:

where ug1 is the superficial air velocity in Channel 1 and calculated using
4
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thickness and its impact on air flow. When the air velocity decreases to
0.86 m/s, the ratio drops to around 0.2, showing that the majority of the
air flow takes the pathway of Channel 1 and hence severe maldistribu
tion occurs. As shown in Fig. 6(a) (top), more than half of Channel 2 is
filled by liquid water under this air velocity.
Similar trend is observed at uL = 10− 3 m/sfor ug > 1.5 m/s as
shown in Fig. 7b. The flow rate ratio reaches 0.7 at the gas velocity of
3.44 m/s. Around ug = 1.5 m/s, there is a transition, where the trend of
the

Q2
Q1

ratio may take two different directions as ug drops to 0.86 m/s

with one following the trend of uL = 10− 2 m/s and the other reverse. At
ug = 0.86 m/s, the QQ21 value may be around 0.52 or 0.69, depending on

the direction of the trend.
Fig. 7c shows the case at uL = 10− 4 m/s, indicating a similar trend
for ug > 1.5 m/s and almost the same ratio (about 0.7) at the highest ug
as uL = 10− 3 m/s. This is possibly due to the fact that the two-phase

Fig. 5. Measured gas flow rates of the two channels without liquid injection in
Channel 2. ug is based on the total flow rate and the sum of the two channel
cross-sectional areas.

Q2 ug2
=
Q1 ug1

(9)

where ugi isthe air superficial velocity in Channel i, which are related to
the average superficial gas velocity ug ,
ug1 + ug2 = 2ug

(10)

In experiment, we also measured Q1 and Q2 directly, thus the ratio QQ21

can be calculated by these two measurements. Figs. 7a–7c shows the QQ21

ratio from the direct flow rate measurement of Q1 and Q2 as a function of
ug for the three liquid velocities in Channel 2, respectively. In Fig. 7a, it is
seen that the flow rate ratio increases with the air velocity at the su
perficial water velocity uL = 10− 2 m/s, with a value as high as about
0.65 under the gas velocity of 3.44 m/s. This is because a large air ve
locity improves liquid removal thereby reducing the liquid film

Fig. 7a.

Q2
Q1

flow rate ratio vs the superficial gas velocity at uL = 10−

Fig. 6. Visualization of typical two-phase flow patterns in Channel 2.
5
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flow rate ratio vs the superficial gas velocity at uL = 10−

3

Fig. 7d. Repeating experiment for uL = 10−

m/s.

4

m/s.

different trends. To explore the reason for the different observations,
Fig. 8 displays the flow visualization at Channel 2 outlet under uL =
10− 2 m/s with three gas velocities ug = 0.86 m/s, 1.72 m/s, and
3.44 m/s. It is seen that more liquid water is built up at the outlet under
0.86and 1.72 m/s, which considerably blocks the gas pathway and
causes more maldistribution. At 3.44 m/s, the blockage is less than the
other two, as indicated by a wider pathway for gas flow. For uL =
10− 3 m/s and 10− 4 m/s, the transition region of the QQ21 ratio occurs

around ug = 1.72 m/s. Figs. 9 and 10 present the two-phase flow vi
sualizations near the outlet under these two liquid velocities. It is seen
that the gas passageway narrows down as the gas velocity increases
from0.86 to 1.72 m/s, as shown in Figs. 9(a) (top) to (b) or 10(a) to (b),
then widens as it increases from 1.72 to 3.44 m/s, as shown in Figs. 9(b)
to (c) or 10(b) to (c). At uL = 10− 3 m/s and ug = 0.86 m/s, the outlet
may exist at an another state of liquid blockage as shown in Fig. 9(a)
(bottom), which shows a smaller gas passage than that in Fig. 9(a) (top).
Under this condition, the overall pressure drop increases due to the
smaller passage, which was also discussed in Ref. [48] for single-channel
testing. These two states are attributed to the two “steady” states
observed in the ratio QQ21 , as shown in Fig. 7b.

Fig. 7c.

Q2
Q1

flow rate ratio vs superficial gas velocity at uL = 10−

4

It is unclear why the liquid blockage at the outlet is changed or exists
at two possible states near ug = 0.86 m/s for uL = 10− 3 m/s. This may
be controlled by the force balance over the liquid at the outlet from the
gas drag, gas pressure variation and surface tension, and even the dy
namics of gas flows in Channel 1 and 2, and liquid drainage. It is how
ever clearly shown that the flow maldistribution phenomenon is
complex in multiple-channel systems.
In addition, the QQ21 ratio can also be calculated by directly calculated

m/s.

dynamics at the outlet plays an important role in the gas flow rate dis
tribution. At the air velocity less than 1.5 m/s, the QQ21 ratio only follows
the upper path of uL = 10−

3

m/s with the QQ21 ratio as high as 0.76 under

ug of 0.86 m/s. A number of independent repeating experiments were
conducted under this uL , as shown in Fig. 7d, which confirmed the single
path for the air velocity below 1.5 m/s. In addition, the QQ21 ratio shows

Q2 and Q1 using Eqs. (7) and (8) from direct pressure measurement.
Fig. 11 compares the flow rate ratio from the two methods, showing that
the data agrees very well under all the testing conditions. To quantify
the agreement, we use the mean absolute percent error e% defined as:

fluctuation at each testing velocity, which is likely due to two-phase flow
dynamics. The level of fluctuation is consistent with that observed in
other works [46,48].

n
1∑
|Δr% |
n i=1

(11)

3.4. Exit behavior of two-phase flow and liquid blockage

e% =

When the liquid velocity is fixed, the volume fraction of liquid water
in the channel region decreases as increase of the gas velocity, as shown
in Fig. 6. Thus, it is anticipated that the gas flow ratio QQ21 increases with

where Δr% is the difference divided by the average of the two methods.
e% is calculated less than 4% for the two data sets.

the gas velocity due to the reduced impact by the liquid water. However,
this trend is only observed experimentally for the highest water velocity,
uL = 10− 2 m/s, as shown in Fig. 7a, while the two other velocities show

3.5. Pressure drop and flow maldistribution
Fig. 12 shows the pressure drop history across the two channels for
6
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Fig. 8. Typical exit behavior of two-phase flow at uL = 10−

2

m/s.

Fig. 9. Typical exit behavior of two-phase flow at uL = 10−

3

m/s.

Fig. 10. Typical exit behavior of two-phase flow at uL = 10−

the entire period of the increasing ug test under two superficial liquid
velocities: uL = 10− 3 m/s and uL = 10− 4 m/s, respectively. Initially, the
single phase flow ran at ug = 0.86 m/s in both channels till steady state.
Then, liquid water was injected to Channel 2 at a constant flow rate with
a series of step changes in ug . It can be seen that the pressure jumps as the
air flow rate steps up. The seven steps, as shown in Fig. 12, correspond to
the pressure history at seven different air flow rates, as shown in Table 1.
The pressure oscillates greatly at the initial period after ug changes, then
becomes more stabilized, i.e. the time average is around a constant
value. Note that small oscillation still exists at the “stabilized” state,
which is probably due to two-phase flow dynamics. Note that the air
flow rates, Q2 and Q1 , were measured at the “stabilized” states.
Fig. 13a shows the pressure drop measurement against the superfi
cial air velocity from direct Q1 measurement in Channel 1 in comparison
with the theoretical prediction by Eq. (5). It can be seen a good match is
achieved. Note that the pressure drop in experiment shows dynamic
behavior due to two-phase flow dynamics in Channel 2. The averaged

4

m/s.

pressure measurement data in the “steady” state is used to compare with
Eq. (5). This figure is also different from Fig. 4, which plots the pressure
drop against the single-phase flow velocity averaged over the two
channels. The pressure in Fig. 4 is stable because of no influence from
two-phase flow. Fig. 13b displays the pressure drop measurement in
Channel 2 against the superficial air velocity from direct Q2 measure
ment in comparison with other experimental data obtained from a single
micro-channel testing [25,26] and the single-phase pressure drop
calculated by Eq. (5). As expected, the experimental data lie above the
single-phase pressure due to presence of liquid water, which narrows the
gas flow passage. In general, the larger the liquid water injection rate,
the more the deviation from the single-phase flow pressure. This devi
ation is the primary cause for flow maldistribution because pressure
drives the channel gas flow. Additionally, Fig. 13b presents one set of
experimental data per condition to clearly show the trend. Note that the
pressure drop may be different under the same condition due to the twophase flow instability in both channel and outlet, as shown in
7
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ΔPg,Ch2,2phase = ΔPg,Ch2,1phase ϕ

(14)

Because the operational pressure drops in Channel 1 and 2 are al
ways equal at steady state, one will reach:
ϕ=

Q1
Q2

(15)

From the above, the two-phase multiplier ϕ is directly related to QQ21 ,

and thus can be used to directly assess flow maldistribution. A large
value of ϕ means a small QQ21 , i.e. severe flow maldistribution. The above

formula also shows that using the two-channel system in this experiment
one can calculate the two-phase multiplier ϕ through direct measure
ment of the gas flow rates in both channels.
In addition, the two-phase multipliers reported in Lewis and Wang
[46,48] are used to calculate the pressure drop in Channel 2, which is
also plotted in Fig. 13b for comparison. Note that two multipliers were
reported in Lewis and Wang [46,48], including one in the flow channel
(ϕ1 ) and the other for both flow channel and outlet expansion (ϕ2 ). To fit
with this experiment which has a 23 length of channel subject to twoFig. 11. Gas flow rate ratio QQ21 obtained from the direct Q1 and Q2 measurement
versus that from Eqs. (7) and (8) using the pressure measurement.

Figs. 7a–7d. In addition, the two-phase multiplier (ϕ) is frequently used
to characterize the pressure increase due to presence of the liquid phase,
defined by:
ϕ = ΔP2phase /ΔP1phase

(12)

To obtain this ϕ, a single channel testing usually designed with two
separate pressure measurements is carried out: one is under the single
phase flow and the other under a two-phase flow.
In this study, ϕ in Channel 2 is not directly calculated. The ratio QQ21 , as
a direct measure of flow maldistribution, was directly obtained using the
direct measurements of either two gas flow rates or the pressure drop
and one gas flow rate. This ratio is also directly related to the two-phase
multiplier, ϕ, as shown in the below derivation:
From Eq. (5), one can obtain:

ΔPg,Ch1
ug
= 1
ΔPg,Ch2,1phase ug2

(13)

Because Channel 2 is in the two-phase regime, the operational
pressure drop is the two-phase pressure, ΔPg,Ch2,2phase , given by the ϕ
definition:

Fig. 13a. Gas pressure drop vs the air velocity in Channel 1.

Fig. 12. Typical pressure history in the experiment of: (left) uL = 10−
8

3

m/s and (right) 10−

4

m/s, as a function of the gas velocity.
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as 0.2 at ug = 0.86 m/s and approached to 0.65 at ug = 3.44 m/s
with monotonical increase with the air flow rate. As to uL =
10− 4 m/s, similar trend was observed for ug > 1.72 m/s. From
ug = 1.72–0.86 m/s, the ratio increase from ~0.6 to as high as
0.76. As to uL = 10− 3 m/s, similar trend was observed as uL =
10− 4 m/s except two “steady” states were identified at ug =
0.86 m/s, with one as low as 0.52 and the other as high as 0.69.
(3) Liquid water tends to accumulate at the Channel 2 outlet and
blocks gas flow, which plays an important role in flow maldis
tribution. Three impacts were observed: at uL = 10− 2 m/s, the
blockage monotonically changed with the gas flow rate; at uL =
10− 4 m/s it was observed that QQ21 increases when the gas velocity
changes from 1.72 to 0.86 m/s. Two states of the blockage at the
outlet were observed under uL = 10− 3 m/s and ug = 0.86 m/s,
which were corresponding to the two trends of the

Q2
Q1

change

when the gas velocity decreases from 1.72 to 0.86 m/s.
(4) The pressure drop evolution showed oscillation at the “steady”
state due to the two-phase flow in Channel 2. The direct rela
u
tionship between the QQ21 (or ugg2 ) in the experimental setup and two1

Fig. 13b. Pressure drop vs air velocity in Channel 2 in comparison with
experimental results of Lewis and Wang [46,48] and theoretical single-phase
pressure drop.

phase multiplier ϕ was established, i.e.

Q2
Q1

= ϕ1. The averaged

pressure measurement agreed with the results using the twophase multiplier reported in literature and the theoretical equa
tion using the gas flow rate measurement Q1 , respectively.
However, it was shown that the two-phase multiplier ϕ obtained
in single-channel testing may not be used to calculate flow mal
distribution for multiple channels in some cases.

phase flow, the former multiplier (ϕ1 ) in Lewis and Wang [46] was
applied to the 23 portion of Channel 2 in this study. The outlet expansion’s
effect was accounted by the latter multiplier (ϕ2 ) [48] subtracting the
former one (ϕ1 ) [46]. Again, it is seen that the experimental data of the
two-phase flow in Channel 2 are in line with the experimental study
from literature. However, the single channel testing [46] showed a
monotonic change of two-phase multiplier with the gas flow rate for
uL = 10− 4 − 10− 3 m/s, while this present work shows a different
2
changing trend of Q
Q1 . This is possibly due to the fact that in the single
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channel testing there is no other gas flow path when the channel is
almost blocked, while in the multiple-channel case like the present
experiment one Channel 1 provides additional pathway for gas flow
when Channel 2 is almost blocked. In the single channel testing, when
the channel is almost blocked by liquid, the gas pressure will keep in
crease till pushing the blocking liquid, while in this two-channel testing
when Channel 2 is almost blocked its gas flow can bypass blocking liquid
via Channel 1. In the latter, the liquid dynamics in the channel and near
the outlet will couple with the gas bypass flow dynamics to determine
the final flow maldistribution, leading to complex phenomena as
2
observed for Q
Q1 .
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