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ABSTRACT OF THE DISSERTATION

Two-phase Flow Dynamics in Two Parallel Thin Micro-channels
By
Jingtian Wu
Doctor of Philosophy in Mechanical and Aerospace Engineering
University of California, Irvine, 2020

Professor Yun Wang, Chair

Two-phase flow in micro-channels plays a critical role in micro-electro-mechanical systems,
electronic cooling, chemical process engineering, medical and genetic engineering, bioengineering
and etc. In PEM fuel cells, liquid water from humidified gas streams and electro-chemical reactions
triggers two-phase flow in gas flow channels, which is one of the main reasons that reduce fuel
cell performance and durability. The main goal of this thesis is to investigate two-phase flow
dynamics in micro-channels at various superficial gas and liquid velocities and flow mal-
distribution among multiple channels.

First, two phase flow in a single thin micro-channel is investigated to study the ranges of
two-phase flow in the film flow regime, water fraction, and pressure drop using the Volume of
Fluid (VOF) method which tracks the air-water interface in computation. The channel dimension
is 164 mm by 3 mm by 0.3 mm. The numerical results are compared with experimental data,
theoretical solutions and modeling data in terms of flow patterns, water fraction and pressure drop.

The prediction indicates a film flow in the range of operation (1.69 m/s < u,; < 5.08 m/s and

5% 107°m/s < u, < 1072 m/s), as observed experimentally, for the wall contact angle ranging

Xii



from 5° to 40 including varying contact angles at different walls of a channel. The contact angle
is found to have a small impact on the gas pressure drop in the range of operational conditions as
long as the two-phase flow pattern remains in the stratified flow regime. However, the contact
angle influences the meniscus of the two-phase interface, which affects the optical detection of
liquid thickness in experiment.

Two-phase flow dynamics in parallel channels is then experimentally studied due to its
significance in many engineering applications. A system of two parallel thin micro-channels with
shared inlet and outlet manifolds is designed for this study with one channel subject to single phase
flow and the other to two-phase one. The channel dimensions are the same as those in the VOF
study with similar operating conditions including the superficial gas and liquid velocities, which

are 0.86m/s <uy <3.44m/s and 10™*m/s <u;, < 1072 m/s, respectively. Film flow

patterns are observed for all the cases of the two-channel study. The % ratio of the two-phase (Q>)
1

to single-phase channel (Q:) flow rate is defined as a direct measure to flow maldistribution.

Derivation is performed, showing that the % ratio is inverse of the two-phase flow amplifier ¢ or

1

% é. Three liquid water flow rates are examined in experiment, which represent three typical

1

trends: 1.) For the highest water superficial velocity in the two-phase flow channel, i.e. 1072 m/s,

the ratio is found to increase with the overall air flow rate. The % ratio reaches as low as about 0.2
1

at 0.86 m/s overall superficial gas velocity, and approaches to 0.65 at 3.44 m/s. In another words,
the gas flow rate in the single-phase channel can be 5 times as large as that in the two-phase channel
at 0.86 m/s overall superficial gas velocity though their dimensions are identical, showing the
significant impact of liquid water on the gas flow rate. 2.) For the lowest water velocity, i.e. 10™*

m/s, the ratio shows a decrease trend, followed by an increase, as the average gas flow velocity

Xiii



increases from 0.86 m/s to 3.44 m/s. It reaches as high as about 0.76 at 0.86 m/s overall superficial
gas velocity, and drops to as low as about 0.55 at 1.72 m/s. 3.) For the intermediate water velocity,
i.e. 1073 m/s, two steady states are identified at 0.86 m/s overall superficial gas velocity with one
having a ratio as high as about 0.69 and the other about 0.52. The rest follows the same trend as
the case of liquid velocity at 10~* m/s. The presence of the transition region at the two low liquid

velocities may be due to the complex behaviors of the two-phase flow near the micro-channel exit.
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Chapter 1

Introduction

1.1 Background and Motivation

Polymer electrolyte membrane (PEM) fuel cells, which convert the chemical energy stored in
hydrogen fuel directly and efficiently to electrical energy with water as the only byproduct, have
the potential to reduce our energy use, pollutant emissions, and dependence on fossil fuels [1, 43,
44,90, 95, 96, 99, 105].A PEM fuel cell consists of bipolar plates, reactant gas channels, gas
diffusion layers, and a proton-conductive membrane with platinum catalyst coated on both sides,

called the membrane electrode assembly (MEA), as shown in Fig. 1 [2, 90, 95].

)
=
o
(o}
—
AL
)
g
m

Figure 1: Schematic of a single PEM fuel cell [2]. The micro-channels are grooved in the bipolar
plates to supply gaseous reactants.



Hydrogen fuel is injected into the anode gas channel, and diffuses to the anode catalyst layer on
the membrane to produce electrons and protons via the hydrogen oxidation reaction (HOR).
Protons carrying water molecules through the electro-osmotic drag are transported across the
membrane to the cathode catalyst layer where they combine with oxygen and electrons to
produce water as the only byproduct. Electrons are conducted via the external circuit to produce
electricity.

Although PEM fuel cell possesses the characteristics of high power density, high energy
efficiency, quietness and almost zero emissions, several technical challenges pose a barrier to its
world-wide commercialization. One major challenge is the effective water management because
the electrolyte membrane needs to be hydrated to conduct protons, while excess water causes
flooding and thus prevents the reactant gas from reaching reaction sites. Effective water
management is one of the key strategies to improve low temperature PEM fuel cell performance
and durability [44, 95, 3]. Thus, understanding two-phase flow dynamics in micro-channels
under PEM fuel cell operational conditions plays an important role in fuel cell design and water

management.

1.2 Literature Review on Two-phase Flow in Micro-channels and Multi-parallel Channels

Two-phase flow in micro-channels has recently attracted people’s concerns because of its wide
application to modern and advanced science and technologies such as micro-electro-mechanical
systems, electronic cooling, chemical process engineering, medical and genetic engineering,
bioengineering and etc. [4]. Two phase flow in the channel can exhibit a variety of flow patterns
at different superficial air and gas velocities. Experiments show that common flow regimes in
large channels can be found in micro-channels as well. The commonly observed two-phase flow

patterns of a gas and a Newtonian liquid in a large horizontal channel are depicted in Fig. 2 [5].
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Figure 2: Major flow patterns in a large horizontal pipe [5].

In PEM fuel cells, water presence could be observed by the visualization techniques, such as
optical methods [107] and X-ray [108] and neutron radiography [109], and is very different from
traditional two-phase flow in other applications. One of the differences is that water content is
introduced into the channel through the gas diffusion layer (GDL) after the oxygen reduction
reaction (ORR) at the catalyst surface [90, 95, 96, 110, 112, 99, 114]. Water is also transported to
the cathode from the anode through the electroosmotic drag when protons pass through the
electrolyte. In addition, heat pipe effect was identified as a major mechanism for water transport
via the vapor-phase diffusion in GDLs [115, 116, 118]. When water product forms a
concentration gradient between the cathode and anode, water will diffuse back to the anode
[119], including the anode flow channel. Flooding in the channel may lead to a partial or
complete blockage of the channel for gas flow, thereby starving the reaction sites fed by the

channel [6]. Thus, effective water management is critical to efficient operation of PEM fuel cells.



In order to resolve the water flooding problem, the two-phase flow patterns occurring in PEM
fuel cells need to be investigated. T(ber et al. [107] designed a transparent fuel cell to study
water buildup in the cathode and explain the phenomena of water flooding. They indicated that
liquid water may clog the gas flow channel. Hussaini and Wang [7] presented images
corresponding to the most common flow patterns in operational PEM fuel cells. These include

single phase flow, droplet flow, film flow and slug flow as shown in Fig. 3.

Single-phase flow stray droplets
— Z \
-
e 0
Droplet flow

Film flow liquid film droplet before
/ coa escing
N . B . o - o o i \[in :
y emerging
Slllg flow droplets /slug

Figure 3: Common flow patterns in operational PEM fuel cells [7].

Ideally, water is expected to emerge uniformly under a uniform distribution of current density. In
reality, flow maldistribution can cause uneven distributions of reactants among channels. Fig. 4
shows the two-phase flow and flow maldistribution in PEM fuel cell channels: both small and

large droplets will hamper gas flow in the channels, and liquid water may clog a channel shutting



down the reactant supply [8]. Flow maldistribution is an important factor in reducing the fuel cell

lifetime due to reactant starvation [9,10].

clogead channcl

Figure 4: Water flooding in PEM fuel cell gas channels [8].

Gas flow pressure drop can be used as an indicator to measure how much water is produced in
the channel. A high volume fraction of water will increase the total pressure drop across the
channel. Liquid slugs temporarily blocking the channel will cause a pressure spike. In addition,
pressure drop signal can be used as a diagnostic tool: the increase in the pressure drop may be
correlated to decrease in the cell voltage, which signals the flooding status in the gas channels.
Several studies have applied pressure measurement to identify flooding in PEM fuel cells [11-
13].

Two-phase flow phenomenon is intricate in PEM fuel cells so that ex-situ studies are necessary
to decouple the reactions, heat transfer and species transport from this complex two-phase
phenomenon and to only focus on the two-phase flow dynamics problem. In ex-situ
experiments, flow patterns are investigated under flow conditions related to fuel cell operation.

The flow patterns are dependent on the superficial gas and water velocities and the geometry and



surface wettability of the gas channel. In the literature [121], several researchers observed the
flow regimes as shown in Fig. 5, such as slug flow, film flow and their transitions. Mist flow can
be found under a very high ratio of the gas to liquid velocity. It is an effective way to remove
byproduct water, however, it is not applicable due to its high parasitic power on the pump side. A
favorable flow pattern is stable film flow because liquid water transports along the channel wall

with minimal blockage of the reactant gas.

o o S ua
00"2. D °°° o OOGOOO( b Slug to Annular Transition

¢ Wavy-stratified

d stratified/Annular

Figure 5: Flow patterns in ex-situ experiments [121].
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Figure 6: Flow patterns of two-phase flow in the straight channel (a); From the above to the
bottom, the patterns are annular, wavy-annular, wavy, and slug-annular flows (b) [21].
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Many works have been attempted to understand the complex two-phase flow in mini/micro-
channels, including flow patterns, two-phase pressure drop, and phase volume fraction. Ghiaasiaan
[14-15] experimentally investigated the gas-liquid two-phase flow patterns, void fraction and
pressure drop in horizontal micro-channels with circular and semi-triangular cross-sections at a
variety of superficial gas and liquid velocities. Kawaji [16] studied the channel diameter’s impact
on two-phase flow, indicating that flow patterns in the channels of a diameter less than 100 um
are different from those in mini-channels due to viscous and surface tension effects. Serizawa [17]
studied the flow patterns in circular tubes of 20, 25 and 100 um for steam-water flow in a 50 um
circular tube at a broad range of superficial gas and water velocities. He concluded that two-phase
flow patterns are sensitive to the surface conditions of the inner wall of the test tube. Cubaud [18]
experimentally investigated the two-phase flow in micro-channels with surface modifications and
found that reduction in the channel size dramatically enhanced the wall’s effects on two-phase
flows. Adroher and Wang [21] investigated the patterns of air-liquid water two-phase flow in a
regular micro-channel of PEM fuel cells, indicative of the occurrence of wavy, annulus, wavy-
annulus and slug-annular regimes, see Figure 6. Similar flow patterns were also observed by others
[19-20]. Zhao et al. [64] experimentally investigated the flow of immiscible fluids (water and
kerosene) in a micro-channel of 300 um width and 600 um depth. The experimental data of
volume of dispersed phase were correlated as a function of W, .. Cho and Wang experimentally
and numerically studied two-phase flows in a micro-channel with hydrophilic [65] and
heterogeneous [66] 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. [67] experimentally

investigated bubble dynamics in a single trapezoid micro-channel with the hydraulic diameter of



41.3 um. 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 micro-channel is comparable
to that in an ordinary size channel. Salim et al. [68] investigated oil-water two-phase flows in
micro-channels with hydraulic diameter about 700 um. Different flow patterns were identified and
mapped with pressure drops measured. They found that the pressure drop strongly depends on
flow rates, micro-channel material and first fluid injected into the micro-channel. Fu et al. [69]
presented experimental investigations on Newtonian/non-Newtonian fluids two-phase flow in T-
shaped rectangular micro-channels. Four flow patterns were observed for cyclohexan/carboxyl
methy| 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 micro-
channels [70]. Moreover, two-phase heat transfer in micro-channels have also been widely studied
because it is capable of absorbing large amount of heat via phase change. Bowers and Mudawar
[71] 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 [72] 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 [73] reviewed phase-change heat transfer in micro-systems, including flow boiling and
condensation in micro-channels as well as bubble growth and collapse. For boiling in micro-
channels, it was found that single- and two-phase alternating flows with large fluctuation of

pressure and temperature exist at low mass fluxes with a high degree of inlet subcooling.
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Ravigururajan [74] conducted subcooled and saturated flow boiling experiment using a diamond-
pattern micro-channel heat exchanger. They inferred that heat transfer coefficients are influenced
by the flow rates, wall superheat and value of quality, and the pressure drop decreases rapidly for
an increasing heat transfer coefficient. In addition, droplet formation and blockage of air flow were
observed using optical fuel cell design [3, 120, 122, 123]. Theories about droplet force analysis,
droplet deformation, and droplet detachment velocity were developed, along with 3D numerical
and experimental validation [120].

More specifically, two-phase flow dynamics in parallel mini/micro-channels has drew
attention to many researchers due to its wide application in engineering. In PEM fuel cell
application, flow maldistribution impairs the cell performance dramatically by non-uniform
reactant transport in gas channels, great increase of total pressure drop and local hot spots. Several
attempts have been made to model and predict flow distribution in parallel channels related to fuel
cell applications [43-45]. Zhang found that flow mal-distribution and flow hysteresis occur at low
gas and liquid flow velocities and gravitational force shows a significant impact on the flow
distribution as well as the flow hysteresis [46]. Zhang [47] also studied flow patterns and pressure
drop characteristics of two-phase flow in a Y-branched parallel channel system under fuel cell
related operational conditions. He concluded that even flow distribution of gas and liquid could
always be achieved at sufficiently high gas/liquid velocities. S.G. Kandlikar [48] proposed a new
technique to measure instantaneous flow rates through individual channels in a parallel channel
array. With this method, the mass flow rate in each channel can be estimated from the measured
pressure drop in the entrance region as long as the contraction loss coefficient K. is known. Suman
et al. [80] performed multiphase flow computations to examine the effects of gas diffusion layer

(GDL) intrusion and manifold design on reducing flow maldistribution. 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 micro-channel heat exchangers. Nielsen
et al. [75] investigated the effects of flow maldistribution on the performance of micro-channel
heat exchanger both experimentally and numerically. They found that as the variation in individual
channel thickness increases the heat exchanger performance decreases significantly.
Anbumeenakshi and Thansekar [76] carried out experimental investigation to analyze flow
maldistribution in a micro-channel heat sink. They found that flow is more uniform with
trapezoidal and triangular headers at low flow rates and with a rectangular header at higher rates.
Seungwhan et al. [77] 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 channels is a solution to mitigate flow maldistribution. Wen et al. [78] studied flow
characteristics in the entrance of a plate-fin heat exchanger using particle image velocimetry (PI1V).
They concluded that fluid maldistribution 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. Kumaraguruparan et al. [79] numerically and
experimentally studied flow maldistribution in the U-type micro-channel configuration, and
indicated that decrease of the cross-sectional dimension and increase of the channel length reduce
flow maldistribution.

Modeling is important to two-phase flow study. Several types of two-phase models have been
proposed for channel flows, including homogeneous models, separated flow models, and other
physics-based formulation. For homogeneous flow models, two-phase flows are treated as a
single-phase flow by using average quantities as major variables regardless of flow patterns [22-

23]. Various empirical correlations using the Lockhart-Martinelli parameter, following the
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Martinelli method [24], have also been proposed to investigate two-phase flow and validate
experimental data [25-29]. In micro-/mini-channels, the channel space can be treated as a straight
regular pore structure, thus Darcy’s law applies for each phase. Two-fluid models, consisting of
two sets of flow equations to describe individual phase flow, have been developed with the phase
interaction described by the relative permeabilities [30-34]. Fan [35] carried out both
experiments and Lattice Boltzmann simulation to study two-phase flow in micro-channels. They
found flow regimes depend on the capillary number and bubble breakup is induced by the phase
pressure difference. Mehdizadeh [36] simulated slug flows in micro-channels with constant heat
flux using the Volume of Fluid (VOF) method and found that short slugs could significantly
improve the heat transfer coefficient. Qian [37] simulated the Taylor slug flow in a micro-
channel with varying cross-section and concluded that the gas slug length increases with
increasing superficial gas velocity and decreasing superficial liquid velocity. Fang [38] employed
VOF method to simulate the vapor-venting process in a rectangular micro-channel and found
that it effectively mitigated vapor accumulation by reducing pressure drop and suppressing local
dry-out. In PEM fuel cells, many researchers conducted computational modeling and simulation
to study air-water two-phase flow using various methods. Early adopted approaches are the
multi-phase mixture model [86-89] and multi-fluid model [91-94]. However, these models
cannot identify the liquid water pattern formation. Thus, more sophisticated methods, namely,
Lattice Boltzmann, Level Set and VVolume of Fluid methods, capable of capturing the air-water
interface are needed. VOF method [97, 98, 100] was initially implemented to study two-phase
flow in various gas channel configurations of PEM fuel cells where initial water was set in the
pattern of droplet or film. In in situ study, liquid water emerges into gas channels through gas

diffusion layers randomly in the form of droplets. Thus, water droplet dynamics of emergence,
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deformation, detachment is of great importance to understand two-phase flow in gas channels of
PEM fuel cells [101-104, 106]. To consider effects of the porous micro-structure of gas diffusion
layers on water transport, Niu el al. [81-85] applied VOF method to investigate two-phase flow
in gas diffusion layers of PEM fuel cells. To fully couple the fluid flow with mass transport, heat
transfer and electro-chemical reactions, several models have been proposed and employed to
study the effects of water on many aspects of cell performance [111, 113]. In addition, several
researchers [117] used the VOF method to test the effectiveness of novel GDL and channel
designs. Wang [30] developed a two-fluid model to evaluate and analyze the two-phase flow in a
novel porous-media flow field for PEM fuel cells. Darcy’s law was applied to both air and liquid
phases. One dimensional (1-D) analysis gave the two-phase pressure and liquid volume fraction
as a function of a number of parameters. The model was validated against previous models and
experimental data for hydrophilic micro-channels [39-40], a mixed-wettability thin channel [41],
and a mixed wettability channel with a rough surface [42].

Though experimental and numerical studies have been attempted, two-phase flow in
micro-channels is complex, requiring additional efforts to understand and predict. For example,
the contact angle’s impacts will be both scientifically and technologically interesting and
valuable for two-phase flow control. Recently, two-phase flow in thin channels has attracted
research attention for PEM fuel cells. The Toyota Mirai vehicles adopt an about 0.3 mm thick
flow field for their fuel cell stack. The ex-situ study by Lewis and Wang [40] indicated that the
two-phase flow in a thin gas flow channel remains in the stratified pattern for a wide range of
fuel cell operation, see Fig. 7. This kind of film flow pattern is desirable in the fuel cell
application, which mitigates occurrence of flow maldistribution and improves pressure

prediction and reactant supply. This research employed the VOF method, capable of tracking the
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two-phase interface, to investigate the air-liquid water flow in a thin gas flow micro-channel,
including the two-phase pressure drop, flow patterns, liquid volume fraction and contact angle’s
impacts. The results are validated by experimental study, analytical solutions and modeling
predictions. To compare the simulation results with the ex-situ study [40], the study is focused
on the stratified flow pattern and the experimental operating conditions to bring insights in view
of modeling on thin gas flow channels. In PEM fuel cell application, micro-channels are
arranged in parallel to supply reactant gas. To extend work of two-phase flow in a single micro-
channel with high aspect ratio, two parallel micro-channels have been manufactured using a
high-precision CNC machine and ex-situ study of two-phase flow characteristics has been
performed at a variety of operational conditions with one channel subject to single phase flow
and the other falling in two-phase flow regime. The pressure drop, two-phase flow patterns, and

gas flow rates in both channels are investigated.

(a) Outlet manifold

Inlet manifold s

gui’ channel
A-A cross section = u -

Figure 7: (a) A serpentine flow field of a PEM fuel cell; and optical visualization of: (b) two-
phase flow in regular gas flow channels and (c) stratified flow observed in a thin gas flow
channel [19, 40].
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1.3 Objectives of the Present Study

This research work attempts to understand the two-phase flow dynamics in micro-channels under
PEM fuel cell operational conditions. It is urgent to understand gas and liquid transport in micro-
channels experimentally and numerically for proper water management of PEM fuel cells. To
meet this need, the purpose of this study is to: 1) understand the flow dynamics problem from
theoretical and modeling point of view; 2) predict the 2D/3D flow field of two-phase flow in a
single micro-channel; and 3) experimentally study two-phase flow dynamics in two parallel thin
micro-channels, such as flow patterns, gas flow rates in both channels, gas flow rate ratio and
pressure drop.

In the following, Chapter 2 develops the theoretical results of two-phase flow in a 2D channel.
Also, a two-fluid model is implemented to predict pressure field of air-water two phase flow in a
single micro-channel. The modeling results are compared with simulation data and validated by
experimental work. In Chapter 3, the Volume of Fluid (VOF) method with the piece-wise linear
surface reconstruction technique is implemented to investigate the air-liquid water flow in a
single micro-channel, including the two-phase pressure drop, flow patterns, liquid volume
fraction and contact angle’s impacts. Simulation results are compared with other modeling work
and validated by experiment data and theoretical solutions. Chapter 4 experimentally studies the
two-phase flow dynamics in two parallel micro-channels at a variety of operational conditions.
The channel dimensions are the same and the operating conditions are similar as those in Chapter
3. The pressure drop, two-phase flow patterns, gas flow rates in both channels and gas flow rate

ratio are investigated. Finally, Chapter 5 provides a summary and discusses future work.
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Chapter 2

Theoretical Analysis and Two-fluid Model

2.1 Theoretical Analysis

2.1.1 Single-phase Flow in a Two-Dimensional Channel

Steady flow between two fixed plates with a fixed distance, h, apart is sketched in the Fig. 8.
The flow is driven by a pressure gradient, Z—Z, and the body force is simply omitted. Then, the
continuity equation for planar flow is:

Th=0 (21)

, Which means u, is only a function of y.

The planar Navier-Stokes equation for an incompressible flow with constant and uniform

viscosity p is:
op _  0%uy
w Mo (22
op _
3 = 0 (2.3

Thus, p is only a function is x. Integrate both sides of the equation (2.2) so that u, can be

written as:

1dp y?

Apply boundary conditions u, (y = 0) = 0 and u,(y = h) = 0 to determine C; and C,, then

for two dimensional laminar flow:

1

d
w=2(-52)3(h-» (@25
Then, volumetric flow rate across the channel is:

h1 A _ Aph3
0=l (-2)th-ydy =mh =22 (26)
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From the equation (2.5), p is a linear function of x and the average velocity could be derived

as:

1 ch1

— Ap\ y _ 1 ch1(Ap\y __ Aph?
ux—g0;(—E)g(h—)’)dY—;fo;(T)g(h—}’)dJ/—m (2.7

Pressure difference along the x direction will then be:

bp =5 (28)

At rest

h — Uy (y)

At rest

F 3
L )

Figure 8: 2D single-phase flow field between two fixed planes.

2.1.2 Two-phase Flow in a Two-Dimensional Channel

Steady air flow between two fixed plates with a fixed distance, h, apart and water film with
some thickness are sketched in the Fig. 9. The convective transport of the water is neglected.
The following work treats the water species as a solid object that only occupies a certain
amount of volume in the channel. Assuming the water film acting as wall and applying no slip
condition to the interface of water and air:

Continuity equation: u,h = u, (h — hy) (2.9)
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,where x; is the location of the left side of the water film and h;, is the thickness of water
film.

The pressure difference across the channel is:

12uLy 12ul, _ 12uLy 12uL, Uyh
A =—— Uy +—SUyy =—U
P2phase h2 X (h—hy)? x1 h2 X (h—hp)? (h—hy)

(2.10)

,where L, is the distance between air inlet and water inlet and L, is the distance between

water inlet and outlet.

y
At rest
h=0.3mm — Uy ()
= X
At rest ’
L,=10mm N\
L,=144mm Water
film

Figure 9: 2D two-phase flow field between two fixed plates.

2.1.3 Single-phase Flow in a Three-Dimensional Channel
The pressure difference (AP) of any pipe follows the standard relation:

AP =12 (211

2Dp
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,where the variables f, L, V, and D,, represent the Darcy friction factor, the channel length,
the fluid velocity, and the hydraulic diameter, respectively. In general, the Darcy friction

factor has the form:

Cc
f== (212)

, Where the constant C equals 64 for laminar flow in a circular pipe and Re is the Reynolds
number based on the hydraulic diameter. In the case of a rectangular duct, the Darcy friction
factor depends on the aspect ratio of the channel as

C=96(1—1.35532a + 1.9467a% — 1.7012a3 + 0.9564a* — 0.2537a°)  (2.13)
given by Kakac et al [49] from fitting the exact solutions of Shah and London [50] for different

aspect ratios(ar), where o equals the smallest dimension divided by the largest dimension.

2.2 Two-fluid Model

2.2.1 Governing Equations

Fig. 10 shows two-phase flow in the cross section of a porous-media channel. A porous medium
with pore sizes of 20-100 um and porosities of 0.9-0.95 can ensure a sufficient flow
conductance. For fuel cell application, humidified air will be injected to the channel and
transport towards the catalyst layer for reaction. Simultaneously, water is produced and added to
the channel flow. Liquid emerges when the gas relative humidity reaches unity, leading to two-

phase transport in the porous channel.
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Figure 10: Cross-section of a porous channel of PEM fuel cells.

Two-fluid modeling is based on physics of fluid flows, consisting of two sets of governing
equations for liquid and gas flows, respectively [39]. In Wang [30], micro-channels are treated as
pore network of a structured porous medium, thus Darcy’s law is applicable. By adopting the
Darcy’s law and neglecting the gravitational force, the momentum equations can be written in

one dimension as:

. k dapP
Gas phase momentum conservation: u, = —;—ng—j (2.14)
g
. . f dP
Liquid phase momentum conservation: u; = —k;—”( G- (215)
l

,where u, and u; denote the superficial velocities of gas and liquid phases; k., and k., are

defined as the ratio of the intrinsic permeability of the gas/liquid to the total permeability of a
porous medium. To simplify the above equation, one can assume the liquid transport along the
channel is primarily driven by the two-phase interaction by shear stress, the capillary action is

small and negligible [51].

2.2.2 Liquid Saturation Prediction of Two-fluid Model

Relative permeabilities used in the fuel cell literature are given by:
krg = (1—58)™ (2.16)
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Ky =Se™* (2.17)

, where effective saturation S, = i‘_ﬁ

—Sir

The value of n;, is usually set to be around 3, 4 for the GDLs (Gas Diffusion Layers) of PEM
fuel cells [52,53]. However, for the study of two-phase flow in a single hydrophilic micro-
channel with superficial water velocity 10~2 m/s and a certain range of superficial gas velocity,
i, selected from the simulation and experimental results, is 1.159. Therefore, the above

equations (2.14) - (2.17) can be resolved explicitly:

1
R
_ G
S1 = o L (2.18)
Pl yny
1+(—ug#g)

2.2.3 Pressure Drop Prediction of Two-fluid Model

The equations (2.16) — (2.18) could be further substituted to the pressure equations:

—y X UgU
Py =Py (%) — Ly [. kfg;j dx  (2.19)

P, = Py(&) — Ly [, %dx (2.20)

The total pressure drop of the gas-phase scaled by single phase flow pressure difference along

the porous channel will be:

— AP X" 1 1
AP, = 1= (¥ —Ldx+ [ —L—dx (221)

UgUg,inLx/K Yo Ug,in Ug,in Krg
Assuming a constant air superficial velocity along the channel, the pressure scale becomes the

pressure drop for single-phase flow. The above equation can further be rearranged as:
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AP, = % + f;*édx (2.22)

Fig. 11 presents the comparison of modeling data, simulation results and experimental data for
the two-phase flow in a single micro-channel at superficial water velocity 0.01m/s and a variety

of air velocities.
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Figure 11: Comparison of predicted pressure ratio by two-fluid modeling with VVOF simulation
and experimental results.
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Chapter 3

Volume of Fluid Simulation of Two-phase Flow in Micro-channels

3.1 Introduction

Volume of Fluid method (VOF), first proposed by Hirt and Nichols [54], is used to calculate
volume fraction of each individual fluid in the fluid domain. Moreover, a surface reconstruction
technique is implemented to provide accurate interface location at any instantaneous time. A
single set of Navier-Stokes equations is solved simultaneously throughout the domain to obtain
velocity and pressure field shared by phases. Researchers applied this method in a wide range of
field of study. Typical applications include the prediction of jet breakup, the motion of large
bubbles in a liquid, the motion of liquid after a dam break and the steady or transient tracking of
any liquid-gas interface [55]. The objective of simulation study is to explore two-phase flow
dynamics in 2D/3D micro-channels under PEM fuel cell operational conditions. Current focus is
put on film flow pattern since this kind of flow pattern is desirable in the fuel cell application,
which mitigates occurrence of flow maldistribution and improves pressure prediction and
reactant supply. This study employed the VOF method, capable of tracking the two-phase
interface, to investigate the air-liquid water flow in micro-channels, including the two-phase
pressure drop, flow patterns, liquid volume fraction and contact angle’s impacts. In addition, the
work of this chapter is to investigate the two-phase flow in a single channel in detail, which will
be applied to the design and experiment of the two-channel system, to be introduced in the
Chapter 4. Specifically, the channel dimension and the ranges of the superficial liquid and gas
velocities that the two-phase flow operates under the film pattern will be important inputs in the

two-channel system design and experiment.
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3.2 Volume of Fluid Method

3.2.1 Volume of Fluid Formulation

Volume of fluid formulation relies on the fact that any two of the phases are immiscible. In
any control volume, the volume fractions of all the phases must add up to 1. More importantly,
all the field variables and properties are shared by all the phases based on volume-averaged
values, which depends on the volume fraction values. If the i;, fluid volume fraction is
denoted by C;, there are three possible conditions:

C; = 0, when the control volume contains no i, fluid.

C; = 1, when the control volume contains full of i, fluid.

0 < C; < 1, when the control volume contains interface

between the i;, fluid and one or other fluids.

3.2.2 Volume Fraction Equation

Volume fraction equation is derived from the fact that mass of volume fractions of any
phases are conserved in the control volume. For the i, fluid, the equation is given in the

following:

aCip"+v-(c-p u)=0  (31)
ot i) '

Moreover, the sum of the volume fractions of all phases is 1:

i C; =1 (3.2)

=1

, Where m is the number of phases.
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For air and water flow in the micro-channel, i = 1, 2, where 1 denotes air and 2 denotes
water. The density of these two phases remains the same everywhere all the time, so that the

above two equations (3.1) and (3.2) are reduced to:

aC;

3.2.3 Explicit Approach to Solve the Volume Fraction Equation

Finite-difference interpolation schemes are used to calculate the volume fraction values at the
current time step from those values at the previous time step:

crtl —cr
f

, Where n+1 is the index for the current step, n is the index for the previous step, V is the

volume of the computational cell, U is the volume flux through the face at the previous

time step, C/; is the face value of i, fluid volume fraction.

3.2.4 Geometric Reconstruction

Based on the information of volume fraction at each computational cell, an interface of two

fluids are constructed linearly in each computational cell [126], as shown in Fig. 12.
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Figure 12: Linear surface reconstruction in the computational domain.

3.2.5 Material Properties

The properties such as density and viscosity appearing in the Navier-Stokes equation are
determined by the volume fractional values of all the phases. In the two-phase (air and
water) channel flow, if the volume of water denoted by subscript 2 is being tracked, then the

density and viscosity in the computational cell is denoted by:

p=p (1-C)+ 0,06 (3.6)

=
|

3.2.6 Surface Tension Effect on the Micro-channel Flow

Surface tension comes from the fact that one side of molecules are bound more tightly than

the other side of molecules. In water and air flow, for example, water molecules are
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connected more closely than gas molecules. This tight binding implies an additional surface
energy in the free surface of water. This energy is described by the surface tension, which is
defined as the amount of surface energy per unit area. Then, the unit of surface tension is
N/m. Surface tension of water exposed to air is a function of temperature because
intermolecular forces depend on temperature. The surface tension is balanced by the inner

fluid and out fluid pressure difference, given by:

1 1
P—P, =06 (—+—) (3.
I 0 O-(R1+R2)(38)

, Where P, denotes the pressure of fluid on the concave side, P, denotes the pressure of the
other fluid on the convex side, o is the surface tension coefficient, R, R, are two radii of
curvature in orthogonal directions. The continuum surface force (CSF) model proposed by
Brackbill et al. [57] is applied to account for the surface tension effect. With this model, the

addition of surface tension results in a source term in the momentum equation [55].

3.2.7 Contact Angle Effect on the Micro-channel Flow

Intermolecular forces among gas, liquid and solid will form a specific configuration of
gas/liquid interface. The angle (measured through the liquid) between the tangent plane
passing the interface and tangent to the solid surface at the intersection point is known as
contact angle. If the water is considered as liquid phase and exposed to the ambient air, then,
the contact angle is less than 90 degree, solid material in contact is characterized as hydrophilic.

Otherwise, it is considered as hydrophobic.
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3.3 Mathematical Model

3.3.1 Governing Equations

In the gas flow channel of a PEM fuel cell on the cathode side, the two-phase flow refers to
liquid water and air flow. A VOF method is adopted to describe the individual flows with the
interface of the two phases tracked by using the phase volume fraction.
a.) Governing equations
The governing equations for the two-phase VOF model in this study consist of three
conservation equations [56, 124]:
Continuity equation:
V-u=0 (3.9

Phase conservation equation:

E4V-@O)+V-[(1-0)Cu]=0 (3.10)

Momentum equation:

dpu
ot

+ V- (puu) = —Vp + uV?u + oxV_C (3.11)
The physical properties of the two-phase mixture are determined by the water and air properties
using their corresponding volume fractions as the weights:

p=pwC+ps(1-C) (312

L=Hyht+p(1-C) (313
where p,, and p, are densities of water and air, respectively, p,, and p, are dynamic viscosities
of water and air.
The effective velocity u and relative velocity u, are given by:

u=Cu,+({1-0u, (314

u.-=u, —u, (3.15
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The continuity equation for incompressible flow applies for the air/water flow because it is under
low velocity and thus the air/water density can be assumed constant. In the phase conservation
equation [54], the phase fraction C takes the value of 0 or 1 if the cell is full of air or water,
respectively. A value of C between 0 and 1 indicates that the cell contains an air-liquid water
interface. To account for the effect of surface tension at the gas-liquid interface, the continuum
surface force(CSF) model [57] is adopted to add a force source f = agkVC, to the momentum

equation, where o is the surface tension and x is the mean curvature of the phase interface given

vC
by ~V+n = V(0.

When the interface contacts a solid wall of a given contact angle 8, the surface unit normal n is
determined by the following equation:
n =n,,cos6 + t, sinf (3.16)

where n,, is the unit vector normal to the wall and t,, is the unit vector tangential to the wall.

3.3.2 Boundary/Initial Conditions

The two dimensional single channel has a dimension of 154 mm by 0.3 mm (L X h). The water
inlet with the dimension of 0.3mm is located at the bottom of the rectangular domain
10mm away from the air inlet. A variety of air velocities, 1m/s, 2m/s, 3m/s, 4m/s, 5m/s and
7m/s are applied to the channel inlet, respectively, with water velocity 0.05m/s and contact
angle 5 degree. Each of the two dimensional two-parallel micro-channel has a dimension of
100 mm by 0.3 mm (L x h) with shared air inlet and outlet manifolds. The superficial water
velocity at bottom channel varies from 0.03m/s to 0.05m/s with air velocity 1m/s, superficial
water velocity at top channel 0.05m/s and contact angle 5 degree. For the three dimensional
single channel, it has a dimension of 164 mm by 3 mm by 0.3 mm (L x w x h). For the air or

water inlet, an air or water velocity is set according to experimental conditions. For flow outlet,
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the gradients of velocity and pressure along the channel direction are set to zero. The no-slip
boundaries are imposed on the solid walls, where a contact angle & is set as well. For no-slip
boundary condition, both gas and liquid velocities are set zero at the wall surface. Initially, there

is no liquid water in the channel.

3.4 Numerical Implementation

The 2D/3D single micro-channel and a 2D two-parallel micro-channel, computational flow field,
were discretized using rectangular/hexahedron meshes, as shown in Fig. 13, 14 and 15. The open
source software OpenFOAM was adopted to perform the numerical simulations and PIMPLE
algorithm scheme, which combines the pressure-implicit split-operator (P1SO) and the semi-
implicit method for pressure-linked equations (SIMPLE) algorithm was used for the coupling
solution of the pressure and velocity. The open-MPI was adopted for parallel computation. The
time step was set 1105 or 510, for 2D/3D study, respectively. All the physical and model
parameters for the simulation of 3D micro-channel flow are listed in Table I.

Table I: Physical properties and model parameters

Name Symbol Value

Air density Pg 1.19 kg m™3

Liquid density 01 998 kg m™3

Air kinematic viscosity Uy 1.55x 107> m? s~ !
Liquid kinematic viscosity U, 1x107®°m2s1t

Channel dimension - 164mm X 3mm X 0.3mm
Contact angle ¢ 5°,10°,20°,30°,40°
Surface tension coefficient o 72X 1072 Nm™?!
Superficial air velocity v, 1.69~5.08 m s !
Superficial liquid velocity v, 5x1075~1x10"2ms~?
Temperature T 20°C

Ambient pressure P, 1 atm

Time step in VOF - 5x107°%s
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Figure 13: Computational domain of the two dimensional micro-channel.
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Figure 14: Computational domain of a two dimensional two-parallel micro-channel.
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Figure 15: Computational domain of the three dimensional micro-channel.
3.5 Two-phase Flow in a Two-Dimensional Micro-channel

3.5.1 Liquid Water Flow Pattern and its Volume Fraction

Two types of flow patterns are predicted under selected boundary conditions, as shown in Fig.
16. As the air velocity varies from 1m/s to 4m/s, the wavy-film flow pattern is predicted. The
VOF method predicts film flow when the air velocity falls in the range of 5m/s and 7m/s. Is is
seen that water fraction decreases as the gas velocity increases. The water fraction drops
significantly as the air velocity increases from 1m/s to 3m/s, then follows a slow decreasing rate,
as shown in Fig. 17. It reaches as high as 0.35 at air velocity 1m/s and as low as 0.21 at air
velocity 7m/s. Fig. 18 shows the time history of water fraction under given range of boundary

conditions. The volume fraction still oscillates for the cases where wavy-film flow pattern is
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formed. However, the amount of oscillation is almost negligible when it is compared to the total

liquid fraction. The film thickness remains as constant when the air velocity is greater than 5m/s.
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!
= - [— -
"““-»- ...... " )

Air velocity 4m/s Air velocity 5m/s Air velocity 7m/s

Figure 16: Water flow patterns in the 2D channel after the flow reaches steady state.
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Figure 17: Water thickness at various air velocities.
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Figure 18: Water fraction vs flow time at a variety of air velocities and water velocity

0.05m/s.

3.5.2 Pressure Drop in a Two-Dimensional Channel

Fig. 19 represents the pressure history of gas phase in the two-dimensional channel. It is seen
that pressure drop exhibits an oscillation for those cases where wavy-film flow pattern forms.
Again, this variation is small when compared to the entire pressure drop. The gas phase pressure
reaches steady state when the film flow patterns become stable at two high gas velocities. Fig. 20
shows the pressure distribution along the micro-channel when wavy-film/film flow becomes
“stabilized”. It is seen that pressure is almost uniform along the cross-section of the channel for
all those cases of study. The pressure difference is zero across the two phases along the cross-
section direction. It is mainly due to the two-dimensional channel flow where no meniscus is

formed at the air-water interface. However, it may occur for the three dimensional flows.
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Figure 19: Pressure drop vs flow time at a variety of air velocities and water velocity
0.05m/s.
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Figure 20: Pressure along the channel when flow reaches steady state.
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To validate the VOF predicted gas pressure drop, the simulation data is plotted against the
theory proposed in Chapter 2, as shown in Fig. 21. From geometrical dimension L; =

0.01m and L, = 0.144m, For u,, = 1m/s, 2m/s, 3m/s, 4m/s, Sm/s, 7Tm/s, h; =

0.111 X =2 mm=0.119mm, 0.09 X == mm = 0.096mm, 0.081 X —=mm =
144 144 144

0.087,0.078 x %mm=0.083mm, 0.075 x %mm=0.080mm, respectively. Applying the

boundary conditions, the pressure drops are determined correspondingly, namely, 1590 Pa,
2254 Pa, 2954 Pa, 3770 Pa, 4513 Pa, 5359 Pa. It is seen that the data agrees reasonably well

with the theory except for the case at air velocity 5 m/s where the deviation is about 9%.
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Figure 21: Comparison of theory and VOF prediction in terms of the gas pressure drop when
flow reaches steady state.
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3.6 Two-phase Flow in a Two-Dimensional Two-parallel Micro-channel

Case study of two dimensional flow in two-parallel channel is applied based on the fluid
domain as shown in Fig. 14. A variety of superficial water velocities, namely, 0.05m/s,
0.04m/s, 0.03m/s, are applied to the bottom channel, separately, with air velocity 1m/s,
superficial water velocity at top channel 0.05m/s and contact angle 5 degree. The water flow
patterns and pressure drop in the two-parallel channel are shown in Fig. 22, Fig. 23. As the
water velocity increases, the flow pattern in the lower channel changes from stratified flow to

wavy flow film.
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Figure 22: Water flow patterns in a two dimensional two-parallel channel



0002 - e e -
00085 [r—- _' [1=0] 3 P 00NSp e
0o ! oo !I 0001 = !
e [ x J ' - : " : ﬁ{ff o E X ] Hé
= 0 > of 0 b 0
00008 L aomsf | T Qousf N —
1 fn] o Bl o 0001
a0 aosf anmsk
T s ] T o R T T ] T B T T
X X X

Bottom channel Bottom channel Bottom channel

water velocity: 0.03m/s water velocity: 0.04m/s water velocity: 0.05m/s

Figure 23: Pressure distribution in a two dimensional two-parallel channel

3.7 Two-phase Flow in a Three-Dimensional Micro-channel

3.7.1 Preliminary Results

A group of experimental results is selected to compare with the simulation data. The

superficial gas and water velocities are shown in the Table II.
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Table 11: Superficial air and liquid water velocities for two-phase flow experiment in a single

micro-channel

Air velocity (m/s) Liquid Velocity (m/s)
1.69 0.01
3.39 0.01
4.66 0.01
5.08 0.01

The simulation in a 0.3mm by 3mm micro-channel model with the same boundary condition as
stated in Table Il. The water fraction and the ratio of two phase flow pressure drop to single
phase flow are of interest to study. Fig. 24 represents the predicted film flow patterns in the 3D
channel. The nodal values of water fraction at the top of the cross-section are exported for all the
cases. From the case at air velocity 1.69m/s, as shown in Fig. 25, the nodal values of the third
and fourth node at the top of the cross section are 0.48 and 0.005, which means interface is
located between these two nodes. Then, if the water fraction is only evaluated from the top view
of the channel just as how the film thickness is determined from experiment. The amount of
water in the channel is overestimated. The amount of water is 20%-30% from the top view of the
simulation domain which agrees well with the experimental result 21%-28%. For air velocity
3.39m/s, the volume fraction lies in 10%-20%, which is consistent with experimental data 13%-
20%. At the case of air velocity 4.66m/s, the water fraction will be estimated as 10%-20% from

the top view of the simulation result, which matches well with the experimental result 10%-17%.
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The simulation result of the case at air velocity 5.08m/s shows 10%-20% water fraction which is

in agreement with experimental result of 10%-17%.

ph. phase-2-vof

095

B o9
0oIs = 0015 085
I 08
065
0.01 001 = 05
I ois
- 035

> >
0.005 [~ 018 0.005 :
B 005

= | 1 1 = 1 1 1 )
0.01 -0.005 [s] 0.005 -0.01 -0.005 s] 0.005 [sXs}}

X X
Air velocity 1.69m/s Air velocity 3.39m/s
pt f phase-2-vof

085

B 09
0015 0.015 |- 085
L o8
075

o7
065

06

001 001 - 05
045

o 04
035

> - 03
025

02
0,005 - 0.005 - 018
o1
008

° ° _

e e e e s s i i i s S M W s | = 1 1 1 1
-0.01 -0.005 [5] 0.005 o.01 -0.01 -0.005 0 0.005 0.01

X X
Air velocity 4.66m/s Air velocity 5.08m/s

Figure 24: Water flow patterns in a 3D micro-channel
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Figure 25: Water fraction in the cross-section of a 3D micro-channel at air velocity 1.69 m/s and
water velocity 0.01 m/s.

The comparison of pressure ratio value from experiment with simulation is shown in the Table

I11 and Table IV. The pressure ratio with respect to four different air velocities is shown in the

Fig. 26. Note: the uncertainty of simulation is due to the pressure oscillation with respect to flow

time. Each experimental data falls in a certain range due to the experimental uncertainty.
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Table 111: Superficial air velocity vs pressure ratio for two-phase flow experiment in a single

micro-channel

Air velocity (m/s) Pressure ratio (-)
1.69 1.32-1.40
3.39 1.17-1.21
4.66 1.18-1.20
5.08 1.13-1.15

Table 1V: Superficial air velocity vs pressure ratio for two-phase flow simulation in a single

micro-channel

Air velocity (m/s) Pressure ratio (-)
1.69 1.36-1.40
3.39 1.23-1.26
4.66 1.19-1.21
5.08 1.18-1.23
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Figure 26: Comparison of experimental data and simulation results in terms of pressure ratio.
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3.7.2 Liquid Water Flow Pattern and its Volume Fraction in a Single Micro-channel

Fig. 27 compares the air-liquid water interface along the channel at the superficial air velocity
1.69m/s and water velocity 0.01m/s. It is seen that a film is predicted as also observed
experimentally. The predicted thickness agrees well with the experimentally determined water
thickness, except near the water injection port which is set at the middle of the channel in
experiment, as shown in Fig. 28. The water film remains an almost constant thickness along the
channel due to no water addition or evaporation after the water injection port, and the two-phase
flow remains steady possibly due to the thin channel flow where the channel wall greatly
influences the flows and the two-phase interaction occurs only at the very small phase interfacial
area. Because of the large impact from the wall, experimental water film has irregular pattern in

local possibly due to roughness or impurity at the wall.

0 0.05 0.1 0.15
X [m]

Figure 27: VOF predicted liquid water location at the transparent plate, in comparison with the
experimental image of water film formation [28], at the superficial air velocity of 1.69m/s, 40°
wall contact angle, and water velocity of 0.01m/s.
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Figure 28: Comparison of the predicted water-air interface and experimental data at the
superficial air velocity of 1.69m/s, 40° wall contact angle, and water velocity of 0.01m/s.

Fig. 29 compares the predicted thickness of liquid water film with experimental and other model
data and analytical results. It shows that the data agree reasonably well: as the flow rate ratio
increases, the liquid thickness decreases rapidly. The analytical result of Wang’s model [30] is
based on the exponential of the relative permeability n;, of 1.159 and refers to the liquid
saturation or volume fraction in the channel. Note that the residual liquid is assumed to be zero in
the simulation and analytical solutions, which may occur in experiment. In addition, in all the
simulated cases film flows formed, as observed experimentally, the film thickness can be directly
measured through the two-phase interface at the top wall. To compare with the experimental

optical measurement, the thickness was evaluated by the liquid line at the transparent plate.
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Figure 29: Comparison of VOF predicted water thickness using 40° wall contact angle with
experimental, theoretical [58], and other model data.
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Figure 30: Predicted two-phase interface at a cross section of the channel for three contact angles
(left) and two varying contact angle (right). For the left plots, the lower plane is set symmetry.
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For the right plot, the above plane has a 20 ° or 40 © contact angle while the rest are set at 5°. The
red denotes the liquid water phase and blue represents the air phase.

3.7.3 Contact Angle Effects on Two-phase Flow in a Single Micro-channel

Fig. 30. presents the two-phase interfaces at three contact angles, i.e. 5°, 10°and 30°. Due to
symmetry, half of the channel is simulated with the bottom surface as the symmetry plane. First,
it can be seen that the upper wall’s contact angle changes the water-air interface in the local due
to the difference in wall attraction for the three cases. The interface at the upper wall is around
the specified contact angle, which is primarily due to the dominant surface tension in comparison

with the forces imposed by flow and gravity, as indicated by a few dimensionless numbers for V

the water velocity of 0.01 m/s: the Bond number Bo = %~1.0 x 1072, the Capillary number:

2
Ca = %~1.0 x 10~%, and the Weber number: We = #~1.0 x 1073, where Ap is the

density difference, o the surface tension coefficient, g the gravitational acceleration, L the
characteristic length, p the water density and u the dynamic viscosity of water. In addition, it is
evident that the liquid water at the transparent plate is drawn up due to the hydrophilic wall. In
the optical observation through the transparent plate, the water line at the transparent plate was
captured as the water thickness of the channel flow, which raises uncertainty in the thickness
determination due to the meniscus formation. The uncertainty in film thickness determination
using the optical method is small due to the thin thickness of the channel, but could be large for a
very small contact angle. For a completely wetting surface, liquid water can spread over the
surface ,which makes it difficult to determine the film thickness. In addition, to facilitate optical
detection one channel wall will be replaced by a transparent plate, allowing a direct observation

of the two-phase flow. The transparent plate usually has a contact angle different from the base

46



plate. Fig. 30 (right) presents the impacts of varying wall contact angles on the interface
morphology, showing that the contact angles of both the upper and lower planes affect the shape

of the two-phase interface.

3.7.4 Two-phase Flow Pressure Drop in a Single Micro-channel

Due to liquid presence, the channel gas flow space narrows down, leading to a raised pressure
drop. Fig. 31 presents the two-phase pressure drop along the channel versus single phase one. It
is seen an almost linear drop for both single- and two-phase flow with the two-phase pressure
drop larger than the single-phase one. In addition, the pressure contour indicates the pressure
varies little in the direction perpendicular to the along-channel direction, similar to that of the

single-phase channel flow.

Pressure [Pa]
1000
800
600
400
200
0

Single phase pressure
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Figure 31: Predicted gas pressure contours at 40° wall contact angle (above); and gas pressure of
two-phase flow along the channel (below) at the superficial air velocity of 1.69 m/s and liquid
velocity of 0.01 m/s in comparison with the single-phase pressure at the superficial air velocity

of 1.69 m/s.
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Fig. 32 and 33 compare the predicted two-phase pressure drop with experimental data and
predictions from the homogeneous, separated, and two-fluid models. It is seen that the VOF
prediction agrees well with these data. Effects of the contact angle on the pressure drop are also
presented, which is negligible as long as the two-phase flow remains as a steady stratified flow.
For a contact angle above 40°, the VOF prediction shows unstable flows in certain cases. At this
stage, it is unclear the observed unstable flows are due to the VOF numerical scheme, selection
of the time step, physical phenomena, or droplet attachment (residual liquid) at the wall surface
[59]. The causes to instability under a contact angle over 40° are under further investigation. In
addition, it is desirable to have a stable film flow in the gas flow channel of PEM fuel cells [1]
because the stable two-phase flow pattern will improve pressure prediction, reactant supply and
mitigate flow maldistribution among channels caused by flow pattern shift or flow instability.
Fig. 34 presents the comparison of the pressure drop in channels with varying wall contact angles
with experimental data. Again, the contact angle has negligible impact on the air pressure drop in
the range of the selected contact angles, despite the distinct interface shape as disclosed by Fig.

30.
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Figure 32: Predicted pressure drop using various contact angles, in comparison with

experimental data [40].
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Figure 33: Predicted pressure drop of the wall contact angle at 40” in comparison with various
model results [60-61].
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Figure 34: Predicted pressure drop in channels of varying wall contact angles in comparison
with experimental data [40]. The two-phase interfaces are plotted in Fig. 30.

In this study, the VOF method was employed to investigate the two-phase flow dynamics in a
thin gas flow channel in a PEM fuel cell with a dimension of 164 x 3 x 0.3 mm. Various contact
angles of the channel walls were studied to investigate their impacts on the two-phase interface
where the air-liquid interaction occurs, film thickness, and impacts on the pressure drop. The
results were compared with various empirical models, two-fluid model, theoretical solutions and
experimental results, in terms of the pressure drop, flow patterns and water volume fraction. We
found that 1.) the wall contact angle impacts the two-phase interface in the thin channel by
altering its curvature near the wall. The near-wall’s two-phase interface shows an angle close to

the wall’s contact angle due to the dominant force of surface tension and wall impact. 2.) It was
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indicated that the contact angle may affect the optical observation of the liquid water thickness
due to the interface curvature and raise uncertainty in the method of film thickness
determination. 3.) The predicted flow remains in the stratified regime, as experimentally
observed, for the contact angle ranging from 5° to 40°. The water fraction agreed well with the
two-fluid model, analytical results, and experimental data. 4.) The predicted gas pressure agreed
well with the experimental data, two-fluid model and some empirical models. The contact angle
showed a negligible impact on the predicted pressure drop in the range of 5° to 40° including
varying wall contact angles, in which the VOF predicted stable water film formation. For the
contact angle over 40°, the VOF predicted unstable flows. The film instability is under further

investigation for future publication.
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Chapter 4

Experiments of Two-phase Flow in Two Parallel Micro-channels

4.1 Experimental

4.1.1 Design of Experimental Apparatus

Fig. 35 shows the design of two-parallel thin micro-channels in experiment. It consists of two
identical micro-channels arranged in parallel and placed horizontally with a shared inlet manifold
and their outlets connected to the ambient air. Both channels have a rectangular cross-section of
0.324 mm by 3.00 mm with a total length of 178 mm. Note that the channel cross-sectional
dimensions are the same as those in the Chapter 3. The channel plate is made of 304 full-hard
stainless steel, which is 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.

4.1.2 Experimental Setup

Fig. 36 schematically shows the experiment setup, including the two channels system, inlet gas
flow controller, liquid injection controller, pressure measurement unit, gas flow rate
measurement unit and visualization camera. Two-phase flow formation is established by
injecting the water into Channel 2, while Channel 1 remains in single-phase flow in its entire
length without water addition. The water injection port was a hole drilled on the base plate with a
diameter of 0.28mm, located at 60 mm downstream from the inlet. Thus, Channel 2 consists of a
single-phase flow 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
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rates, 0.3499, 3.499, and 34.99 ml/hour, corresponding to a superficial velocity of 107#,

1073 and 1072 m/s, respectively. A mass flow controller (SmartTrak 100) regulates 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 ranges of the gas and liquid
superficial velocities are selected according to those in the VOF study of Chapter 3, which shows
that the two-phase flow pattern falls in the film flow regime. The inlets and outlets of the two
channels share the same manifolds, ensuring that the same pressure drop for the two micro-
channels.

A transducer (OMEGA PX 409) was used to measure the pressure drop between the channel
inlet and outlet. The gas flow rate in each channel was measured by collecting the gas volume in
a given duration. The flow patterns in the two-phase channel were captured by a DSLR camera
(canon Rebel T3) when the pressure drop reaches steady state, which takes 10 min to 2 hours
depending on the air and water flow rates. Table |1 lists the operational conditions, physical

properties of fluids and channel parameters.

Figure 35: Design and assembly of two parallel micro-channels (From top to bottom: O-shaped
endplate, transparent plate, channel plate, and base plate).
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Figure 36: Schematic of the experimental test section. Channel 1 (the upper channel) is subject to
single phase flow, while Channel 2 (the lower channel) is in two-phase flow regime after the
liquid injection port. The port is located at the first 1/3 of the channel length.
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Table V: Operational conditions of experimental testing, physical properties of fluids and
channel parameters

Name Value Unit
Air flow rate 100, 150, 200, 250, 300, mL/min
350, 400
Superficial air velocity  0.86, 1.29, 1.72, 2.15, 2.58, m/s
3.01,3.44
Water flow rate 34.99, 3.499, 3.499x 1071 mL/hour
Superficial water velocity 1072,1073,107* m/s
Channel dimension 178 x 3 X 0.324 mm
Water port location 60 mm
(from Channel inlet)
Temperature 20 °C
Ambient pressure 1 atm

4.2 Two-phase Flow of Two Micro-channels in Parallel Arrangement

4.2.1 Pressure and Volumetric Flow Rate Validation of Single-phase Flow in 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. For single phase flow in a

channel [50], the static pressure drop is given by:

2
Ap =T (a0
2Dp

, Where f, L, ug, Dy represent Darcy friction factor, channel length, superficial fluid velocity

and hydraulic diameter, respectively. In general, Darcy friction factor has the form:

C
f=— (42
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In the case of single phase flow in a rectangular channel [49]:

C=96(1—1.35532a + 1.9467a? — 1.7012a3 + 0.9564a* — 0.2537a°)  (4.3)
,where a is aspect ratio of the channel, defined as the ratio of height to width of the cross-section.
The pressure drops across Channel 1 and Channel 2, respectively, are the same due to sharing of
the inlet manifold and the ambient outlet. The superficial velocities are assumed the same in the
two channels and then calculated by dividing the total air flow rate by the total cross-sectional
area of the two channels. Fig. 37 compares the experimental data of the pressure drop with the
theoretical results using Eq. (4.1). The deviation from the theoretical value is within 2% for most
cases except for the case at highest velocity in which the difference is about 4%. The

uncertainties in the pressure and gas flow measurements are 2 Pa and 0.043 m/s, respectively.
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Figure 37: Gas flow pressure drop under no liquid injection condition: theoretical versus
experimental data.
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In order to verify the identical dimension of Channel 1 and Channel 2, the volumetric flow rates
were measured simultaneously in each of the two channels at steady state. Under each condition,
the measurement of air flow rate was repeated five times, respectively. Fig. 38 compares the air
flow rates in two channels at four testing conditions without any 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 difference less than 3%, indicative of identical dimension for the

two channels.
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Figure 38: Measured gas flow rates of the two channels, respectively, under no liquid injection
condition in Channel 2.
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4.2.2 Two-phase Flow Patterns

In experiment, only film flow patterns were observed in the two-phase flow channel, i.e. Channel
2, under all the testing conditions, as shown in Fig. 39. From Fig. 39 (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 increases, the film thickness decreases, as indicated by Lewis and
Wang [40] and theoretical estimate [58]. In Fig. 39 (b) and (c), the liquid film in the Channel 2 is
very thin as revealed by the camera, 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 the Channel 2,
which is observed by Adroher and Wang [21], Lewis et al. [62], and Wang et al. [2]. Z.Lu et al.
[63] found that water tends to build up at the transition area from channel to exit header of
parallel micro-channels of PEM fuel cells. Lewis and Wang [62] investigated the two-phase flow
in a single micro-channel with outlet expanding to a large manifold, indicating that it can
significantly increase the overall pressure drop. Wang et al. [2] indicated that channel

heterogeneity may cause water accmulation.
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Figure 39: Two-phase flow patterns in Channel 2.
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4.2.3 Flow Maldistribution and Gas Flow Rate Ratio

The volumetric gas flow rate in each channel was measured when reaching a steady-state
pressure drop. Since Channel 1 only experiences single-phase flow and the pressure drops in the
two channels are always the same at any time, the volumetric flow rate, Q,, in Channel 1 is
determined by:
Q= ug, A (44)

where u,_ is superficial air velocity given by (4.1), in which AP is the experimentally measured
pressure and A is the cross-section area. Then, the volumetric flow rate Q. in Channel 2 is given
by:

Q2 = Qtotar — @1 (4.5)
, Where Qqo¢q: 1S the total flow rate injected into the inlet manifold. Note that Q, in Eq. (4.5) is

obtained from pressure drop measurement, instead of direct measurement of the gas flow rate in

Channel 2. The ratio of the air flow rates in the two channels % is defined as a direct measure to

1

flow maldistribution. A small ratio means severe flow maldistribution. A value approaching to

unity means slight maldistribution. For two extreme cases, % = 1 corresponds to no
1
maldistribution and % = 0 for complete blockage of Channel 2.
1

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

2 _ 202 (46)

Ql ug1

where u,, is the superficial air velocity in Channel 2. Note that one will have average superficial
gas velocity ug,

Ug, + Uy, = 2u, 4.7)
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In experiment, we measured Q, and Q. directly, thus the ratio can be calculated by these two

measurements. Fig. 40-42 shows the % ratio from direct flow rate measurement of Q; and Q, as
1

a function of the average superficial gas velocity u, at three different superficial liquid velocities
in Channel 2. Fig. 40 shows that the flow rate ratio increases with the superficial air velocity at
superficial water velocity u, = 1072 m/s with the ratio reaching about 0.65 under the gas
velocity of 3.44 m/s. This is because a large air velocity will improve liquid removal and thus
reduce the liquid film thickness. When the air velocity decreases to 0.86 m/s, the ratio
approaches 0.2, showing that the majority of the air flow takes the path of Channel 1 and
consequently severe flow maldistribution occurs.

Similar trend is observed in the case for u;, = 107° m/s under u; > 1.5 m/s as shown in Fig.

41: The flow rate ratio reaches 0.71 at the gas velocity of 3.44 m/s. Around u, = 1.5 m/s, there

is a transition, where the trend of the % ratio may go two pathways with one following the trend
1

of u;, = 10~2 m/s and the other reverse. This transition is possibly due to the exit behavior near
the outlet: it is observed that water accumulates near the outlet, leaving a small passageway for
air flow, and the passageway may widen as the average air flow velocity decreases to 0.86 m/s at
this liquid water velocity. At u, = 0.86 m/s, the flow rate ratios measured from repeating
experiments show values of around 0.52 and 0.69, respectively, which is possibly due to the
unstable flow at the channel outlet.

Foru, = 10~* m/s, as seen in Fig. 42, similar trend is again indicated for ugz > 1.5m/s, and the
ratio at the highest u, is almost the same (about 0.7) as the case at u;, = 1073 m/s. This is

possibly due to the fact that the two-phase dynamics at the outlet plays an important role in gas

flow rate distribution. As shown in Fig. 44 which presents the two-phase images at the Channel 2
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outlet: liquid accumulation is present and greatly narrows down the air flow passage. At the air
velocity around 1.5 m/s, transition also appears in the u;, = 10~ m/s curve, which shows the
trend of the gas rate ratio changes. The ratio even reaches 0.76 under wu, of 0.86 m/s. A number
of independent repeating experiments were conducted under this u;, as shown in Fig. 43, and
confirmed the observation of the transition. Again, it may relate to transition of the outlet’s two-
phase dynamics, which shows the gas passage decreases to some degree as the air velocity
increases towards 1.5 m/s, as shown in Fig. 44 (a) and (b) and continues to increase as air
velocity grows away from 1.5 m/s, which is shown in Fig. 44 (b) and (c). The fundamental
reason for this change is unclear, demanding further analysis on two-phase flow dynamics at the
outlet. In addition, the flow rate ratio can be calculated using Eq. (4.4) and (4.5) from uy in
Channel 1 only instead of direct measurements of u, in Channel 1 and Channel 2. Fig. 45
compares the flow rate ratio from the two methods. It shows that the data agrees very well under
all the testing conditions. To determine how well the experimental data of flow rate ratio matches
with the value given by equation (4.4) and (4.5), the mean absolute percent error ey, is defined

as:
1
ey, = =YLy |Ary, | (4.8)
where Ary, is defined as the difference between the flow rate ratios by the average of the two

methods. ey, is less than 4% for all the data in this figure.
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Figure 41: Flow rate ratio vs the superficial gas velocity at u;,
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4.2.4 Pressure Drop

Fig. 46 and 47 shows the pressure drop history across the two channels for the entire period of
the increasing u,, test under two superficial liquid velocities: u;, = 107> m/s and u;, =

10~* m/s, respectively. Initially, the single phase flow ran at u;, = 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 u,. It can be seen that the pressure jumps as the air flow rate steps up. The
seven steps, as shown in the two figures, correspond to the pressure history at seven different air

flow rates, as shown in Table II. The pressure oscillates greatly at the initial period after u,
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changes, then becomes more stabilized, where the time average is around a constant value. Note
that small oscillation still exists in the “steady state”, which is probably due to the dynamic two-
phase flow near the channel outlet. However, the pressure oscillation is almost negligible when

compared to the total pressure drop. The air flow rates were measured at ““steady state”.
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Figure 46: Pressure history vs time at u;, = 1073 m/s.
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Figure 47: Pressure history vs time at u;, = 10™* m/s.

Fig. 48 shows the pressure drop in Channel 1 against the superficial air velocity from direct Q
measurement in comparison with the theoretical prediction, Eq. (4.1), indicative of a good match.
Note that the pressure drop in experiment shows a dynamic behavior due to the impact from
Channel 2, which falls in the two-phase flow regime. The time-average value of the pressure
drop measurement data is used for comparison with the theoretical results. Fig. 49 presents the
pressure drop in Channel 2 against the superficial air velocity from direct Q, measurement, in

comparison with the experimental work for a single micro-channel by Lewis and Wang [40, 62]
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and the single-phase flow pressure drop from Eq. (4.1). The experimental data lies above the
theoretical line of the single-phase pressure due to the presence of liquid water in Channel 2,
which narrows down the gas flow passage. In general, the larger liquid water injection rate, the
more deviation from the theory line of the single-phase flow. This deviation is the primary driven
force, leading to flow maldistribution. In general, two-phase pressure amplifier (¢) characterizes

the pressure increase due to presence of the liquid phase, defined by:

¢ = Pthase/Plphase (4-9)
In this study, ¢ is not directly calculated, but the flow ratio %. This ratio, as a direct measure of

1

flow maldistribution, is related to the pressure amplifier, ¢, as shown in the below derivation:

From Eg. (4.1), one can obtain:

_LPocm  _ o1 (410)

Pg.chz21phase Ug,
Because Channel 2 is subject to two-phase flow, the real pressure drop is the two-phase pressure,

Py ch2,2phaser 9iven by the ¢ definition:

Pg,ChZ,thase= g,ChZ,lphased) (4.11)

Because the real pressure drops in Channel 1 and 2 are always equal, one will reach:

_a
p=2b (4.12)

From the above, the two-phase flow amplifier ¢ is directly related to flow maldistribution in this

experimental setup. A large value of ¢ will lead to a small %, i.e. severe flow maldistribution.
1

The above formula also shows that using the two-channel system in this experiment one can
calculate the two-phase flow amplifier ¢ through direct measurement of the gas flow rates in

both channels.
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In addition, the two-phase pressure amplifiers reported in Lewis and Wang [62] are used to
calculate the pressure drop, which are also plotted in the figure. Note that two amplifiers were
obtained in Lewis and Wang [40,62], including one in the flow channel and the other for both
flow channel and outlet expansion. To fit with this experiment which has a 2/3 length of channel
subject to two-phase flow, the former amplifier obtained in Lewis and Wang [40] was applied to
the 2/3 part of Channel 2. The outlet expansion’s effect was accounted by the latter amplifier
[62] subtracting the former one [40]. Again, it is seen that the measurement of the two-phase
flow in Channel 2 agrees well with prediction of two-phase flow multipliers from two-phase

flow experiment in a single channel.
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Figure 48: Gas pressure drop vs air velocity in Channel 1.
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Chapter 5

Conclusions and Future Work

5.1 Conclusions

This study investigated two-phase flow in both single micro-channel and two micro-channel
system. For the first, the VOF method was employed to investigate the two-phase flow dynamics
in a thin gas flow channel with a dimension of 164 x 3 x 0.3 mm. Various contact angles of the
channel walls were studied to investigate their impacts on the two-phase interface where the air-
liquid interaction occurs, film thickness, and pressure drop. The results were compared with
various empirical models, two-fluid model, theoretical solutions and experimental results, in
terms of the pressure drop, flow patterns and water volume fraction. We found that 1.) the wall
contact angle impacts the two-phase interface in the thin channel by altering its curvature near
the wall. The near-wall’s two-phase interface shows an angle close to the wall’s contact angle
due to the dominant force of surface tension and wall impact. 2.) It was indicated that the
contact angle may affect the optical observation of the liquid water thickness due to the interface
curvature and raise uncertainty in the method of film thickness determination. 3.) The predicted
flow remains in the stratified regime, as experimentally observed, for the contact angle ranging
from 5° to 40°. The water fraction agreed well with the two-fluid model, analytical results, and
experimental data. 4.) The predicted gas pressure agreed well with the experimental data, two-
fluid model and some empirical models. The contact angle showed a negligible impact on the
predicted pressure drop in the range of 5° to 40° including varying wall contact angles, in which

the VOF predicted stable water film formation. For the contact angle over 40°, the VOF
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predicted unstable flows. The flow instability is under further investigation for future

publication.

Two-phase flow dynamics in two-parallel micro-channels was investigated experimentally at the
range of superficial air and water velocities similar to the VOF study to ensure the occurrence of
film flow. Single-phase flow testing showed that the two channels are identical in dimension. The
two channels were connected via the inlet manifold and the ambient outlet, with liquid water
injected to Channel 2 only during the testing. Pressure drop and gas flow rates in each channel
were experimentally measured, along with visualization of the two-phase flow. We found that:
1.) the film flow patterns were observed in Channel 2 for all the cases of study. It was also seen
that the film flow pattern is thin under the two low liquid flow rates. In addition, two-phase flow
in Channel 2 showed dynamic behaviors near the outlet: water tends to accumulate at the exit of
Channel 2, which narrowed the air pathway.

2.) Gas volumetric flow rates were measured in each channel at various operating conditions. For
u, = 1072 m/s, the gas flow rate ratio increases monotonically with the superficial air velocity.

As to u;, = 1073 m/s, similar trend was only shown for u, > 1.5 m/s, while two states were

observed at u; = 0.86 m/s, with one as low as 0.52 and the other as high as 0.69. Astou, =
10~* m/s, again similar trend was shown for u, > 1.5 m/s, while for u; < 1.5 m/s, the % ratio
1

increases as the total air rate decreases with a value as high as 0.76 at u; = 0.86 m/s. This is likely
related to the exit behaviors of two-phase flow in Channel 2.

3.) The pressure drop still oscillates when film flow pattern reaches steady-state. It is probably
due to the water accumulation at the exit of Channel 2. This oscillation is negligible when

compared to the total pressure drop across the channel. In addition, the averaged pressure
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measurement at “steady state” of the two-phase flow in Channel 2 agrees well with prediction of

two-phase flow multipliers from two-phase flow experiment in a single channel.

5.2 Recommendation for Future Research

5.2.1 VOF study of unstable flows

In the simulation study of two-phase flow in a single micro-channel, unstable flow patterns were
observed for the contact angle greater than 40 under selected operational conditions. Flow
patterns, time history of water fraction and pressure drop across the channel are of great interest
to study. At this stage, it is unclear the observed unstable flows are due to the VOF numerical
instability, selection of the time step, physical mechanisms, or droplet attachment (residual
liquid) at the wall surface. The causes to instability under a contact angle over 40" need further
investigation. In PEM fuel cells, droplets are formed randomly at the catalyst layer and further
enters the gas channels via the GDL. Thus, it is also necessary to take into account of the porous

micro-structure, as shown in Fig. 50, of the channel base in the future study [125].
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Figure 50: Microscope images of the carbon paper diffusion media used in PEFCs.

5.2.2 Exit Behaviors

For the air-water two-phase flow dynamics in micro-channels, water accumulation and dynamics
at the channel-exit has been observed by other researchers [21, 62, 63], as shown in Fig. 51. It
will partially block the exit of the channel and significantly affects the flow field by increasing
the total pressure drop and decreasing the volumetric gas flow rate in the corresponding channel.
The cause of exit behaviors, such as the surface tension, material heterogeneity, geometry,
dimension of the micro-channel and operational conditions, requires further fundamental studies.
The work is highly needed and important to understand two-phase flow dynamics, multichannel

design, experimental design and control of two-phase flows in multiple gas flow channels.
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