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Abstract By means of microfluidic analysis with a
thermal lattice-Boltzmann method, we investigated the
hydrophilic, thermal and geometric effects on the dynamics
of CO, bubbles at anode microchannels (e.g., porous layers
and flow channels) of a micro-direct methanol fuel cell.
The simulation results show that a more hydrophilic wall
provides an additional attractive force to the aqueous
methanol in the flow direction and that moves the CO,
bubble more easily. The bubble propagates quicker in the
microchannel with a positive temperature gradient imposed
from the inlet to the exit, mainly due to the Marangoni
effect. Regarding the geometric effect of the microchannel,
the bubble moves more rapidly in a divergent microchannel
than in a straight or convergent channel. On the basis of the
quantitative evaluation of hydrophilic, thermal and geo-
metric effects, we are able to design the bubble-removal
technique in micro fuel cells.
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e lattice velocity vector

e lattice speed (cm/s)
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G°  fluid-solid interaction potential parameter of the
species @

gravitational constant (cm/s?)

non-dimensional constant

temperature (K)

time (s)

velocity vector(u,v)

velocity in the x-direction (cm/s)

velocity in the y-direction (cm/s)

position vector (x,y)

M= =™ HQQ

Greek symbols

f  thermal expansion coefficient (1/K)
p  density (g/cm?)

0  contact angle (°)

T collision time for momentum transfer
tr collision time for energy transfer

Y function of the mass density

Subscripts
i lattice velocity directions
oo reference state

Superscripts
eq equilibrium
g  species

1 Introduction

Micro-direct methanol fuel cells (WUDMFC) are considered
a strong competitor of future power sources for portable
equipment. The advantages are high efficiency, high power
density, low operation temperature and almost zero pollu-
tion, but some technical challenges remain before
commercialization is practicable. A major issue is the
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removal of bubbles of carbon dioxide (CO,) at the anode
side, which are generated there on oxidation of methanol;
these bubbles obstruct the diffusion layer and the flow
channel if they are not removed efficiently, leading to
UDMEFC malfunction. The behavior of CO, bubbles at the
anode has thus drawn much attention. One feasible way to
investigate the bubble flow is through experimental flow
visualization (Lu and Wang 2004; Yang et al. 2005; Wong
et al. 2005). Most researchers focused on the bubble
dynamics inside the flow channels of the fuel cell. The
experimental approach is unable to provide detailed insight
into the diffusion layer because of technical difficulties in
performing that visualization. Computer simulation is thus
an applicable approach to study bubble dynamics from a
micro-scale viewpoint. We constructed mathematical
models using a thermal lattice-Boltzmann method (TLBM)
to observe the phenomenon of CO, bubbles in the anode
microchannel of a uDMFC. The main focus of this
research is on the thermal and geometric effects of the
microchannel flow from a microfluidic viewpoint, the
hydrophilic effect was inherited from the original lattice-
Boltzmann method in our previous publications (Fei et al.
2006; Fei and Hong 2007).

The thermal effect influences the bubble transport sig-
nificantly because the surface tension of a gas bubble
depends on temperature. The temperature gradient around
the gas bubble leads to a difference of surface tension
around the bubble surface and causes a tangential force at
the interface. The direction of the tangential force is
opposite the temperature gradient, dragging the fluid around
the bubble surface from a region of high temperature to a
region of low temperature (Marangoni effect). A drag force
exerts an opposite reaction on the bubble and makes it move
from a cold region to a warm region. This phenomenon is
evident when the size of the bubble is on a micro-scale and
the temperature gradient is large. The movement of a
bubble caused by a temperature gradient is known as ther-
mocapillary motion and was first observed experimentally
by Young et al. (1959). The Marangoni effect is a driving
force of the bubble movement and has been widely utilized
in the micro-flow device (Jun and Kim 1998; Takahashi
et al. 1999, 2001). Although the lattice-Boltzmann method
has undergone rapid progress in simulating multi-phase
flow, little research has been conducted to discuss the
dynamic distribution of temperature in a multi-phase flow
including the thermal effect. Shan (1997) proposed a pas-
sive-scalar thermal lattice-Boltzmann model that treated
temperature as a component of the mixture. Based on an
analogy between mass and heat transfer, the temperature
field was obtained on solving an additional equation similar
to the original lattice-Boltzmann equation; compression
work and viscous dissipation of heat were both neglected in
this model. The momentum and energy equations were
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coupled by an external body force through the temperature
gradient in the thermal lattice-Boltzmann equation. Yuan
and Schaefer (2006a, b) combined this thermal lattice-
Boltzmann model with a multi-phase flow model proposed
by Shan and Chen (1993) to simulate the static distribution
of temperature in a two-phase flow. Shi et al. (2004) derived
a single-phase thermal lattice-Boltzmann model from the
Boltzmann equation and the Maxwell-Boltzmann distri-
bution, and obtained the model after applying the
Bhatnagar—Gross—Krook (BGK) assumption. This model
was capable of simulating the incompressible thermal flow
with viscous heat dissipation and a large Prandtl number.
Recently, Guo et al. (2007) developed another thermal
lattice-Boltzmann for low Mach number flows from a two-
relaxation-time kinetic model. They defined an additional
distribution function to represent the total energy of the flow
so that the compression work and viscous dissipation can
easily be included in the model. In this paper, we derived a
thermal lattice-Boltzmann model for a two-phase flow in
the anode microchannel of methanol fuel cells. A simpli-
fied, 2D microchannel was set up in this research to mimic
the real flow channel in a porous diffusion layer. Simula-
tions were conducted by altering flow parameters one at a
time to investigate the effects on the two-phase flow in the
microchannel. Those parameters include the degree of
hydrophilicity, the wall temperature distribution and the
geometry of the microchannel. The main purpose is to
investigate the bubble removal technique in the two-phase
flow of gaseous CO, bubbles and the liquid of methanol-
water solution.

2 Thermal lattice-Boltzmann method

Details of a 2D, nine-velocity (D2Q9) lattice-Boltzmann
model for a two-phase flow, including the treatment of
boundary conditions, were explicitly described in our
previous work (Fei et al. 2006; Fei and Hong 2007). We
derived the lattice-Boltzmann model from the physically-
oriented concept proposed by Shan and Chen (1993). The
main idea of this model was to treat additional effects of
the two-phase flow as source terms of the momentum
equation. In addition to the momentum equation, an energy
equation is required to calculate the temperature field in
this work. The thermal lattice-Boltzmann equation for heat
transfer has a form identical to that of the previous lattice-
Boltzmann equation and is expressed as

1
gilX+er,1+A1) —gi(X, 1) = ——]g/(X, ) =g (X, 1)
T
(1)

in which g; (X, ?) is the thermal distribution function that is
a function of space X, and time, t; e; lattice velocity vector
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in the i direction; Tt dimensionless collision time for heat
transfer; and the superscript eq denotes an equilibrium
state. The mathematical form of the thermal equilibrium
distribution functions in each direction, gi°®, was derived
by Shi et al. (2004) as the general equation of

(e;-U)?
64

(U-U)
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g = wpT|1+3
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(2)

in which w; =4/9 for i =0, w; =1/9 for i=1-4 and
w; = 1/36 for i =5 — 8; U is the particle velocity vector
that includes the velocity components in both x and y
directions; p is the density at a certain position in the flow
field. The thermal energy density is defined as the sum over
the thermal distribution functions and is expressible as

P’ (X, T(X, 1) = Zngt (3)

where superscript ¢ denotes the species, 0. The temperature
of each species T? (X, 1), can be calculated from the thermal
energy density divided by the mass density p? (X, 7).

The fluid density can be approximated as an inversely
linear function to the temperature over a small temperature
range. In our case of the puDMFC, the operation range is
from 298 to 333 K. The additional thermal force caused by
the density difference due to the temperature variation is

lhermal(X t) =1r [poo(X t)ﬂaG<Ta Tgo)] (4)

in which f? is the thermal expansion coefficient of
species g; G is the gravitational constant; p,, and T,
are the reference density and temperature, respectively.
This additional force can be added to the original source
term of the momentum equation which includes the
surface tension, the fluid—solid wall interaction and the
buoyancy force. The new general momentum equation is
expressed as

p° (X, HU(X, 1) Zf (X, 1)e; + Fo (X, 1) (5)

in which fis the mass density distribution function and the
total source term is

total(X t) surface tensmn(X’ t) + Fsolid(Xa t)

(6)
+ buoydncy(X7 t) + thermal(X7 t)

Each external force, except the thermal force in Eq. (4),
is expressible as

. ion (X 1)

surface tension
o’ a (7)
I)E G E U (X + €At t)e

p

= [pr(x,
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sohd(X t) G(Xv t)z G?S(X + eiAt)ei (8)
Fluoyaney X 1) = G p° (X +eir, t)e; 9)

In the above equations, Y° (X, 1) is a function of the mass
density of species ¢ at position vector X; G’ represents the
strength of the interaction between different species and is
set constant for simplicity; t° is the collision time of the
species ¢ for momentum transfer; G’ is a fluid-solid
interaction potential parameter; s is a function of particle
position (s = 0 when the particle is in the fluid, s = 1 when
the particle is at the fluid/solid interface); G’ is a non-
dimensional constant. Shan and Chen (1994) suggested that
the form of Y (X, 1) can be represented by

V(X 1) = Aexp(—pu./p) (10)

in which A is a constant and is set to be 5.4 in the following
simulations.

3 Boundary conditions for TLBM

To determine the unknown thermal distribution functions
at the boundary nodes, thermal boundary equations were
derived following the principle given by Inamuro et al.
(2002). Figure 1 shows the known and unknown thermal
distribution functions at the inlet, exit, upper and lower
walls of the microchannel.

3.1 Inlet and exit boundaries

Assuming the inlet flow temperature T;,, to be known at the
boundary node, the energy equation in the TLBM is
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Fig. 1 Thermal distribution functions, g, (i = 0 — 8), at boundaries of

a microchannel; solid lines are known conditions and dashed lines are
unknown ones
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The summation of the unknown thermal distribution
functions is expressible as

1, u u?
g1t+8g+g=_pl'[14+3-43— (12)
6 e e

in which T’ is the unknown temperature. Substituting Eq.
(11) into Eq. (12), the unknown temperature, 7", is obtained
as
T ° [pTin — 80— 82— 83— 84— 86 — &1
= in—80 —8 —8 — 84— 86— &7
pl1+3(2) +3(2)]
(13)

Those unknown thermal distribution functions of the
inlet nodes are

81 =épT’ 1438 2U+g( 64U)2—%E—22 (14)
1, es-U 9(es-U)* 312

gszng 143 o +3 i (15)
1, es-U 9(eg-U)* 312

gs =%pT 1+3 = —|—§ R (16)

The unknown distribution functions at the exit boundary,
g3, 8¢ and g, can also be determined with the similar
procedure as above.

3.2 Wall boundaries

In Fig. 1, those unknown thermal distribution functions of
the boundary nodes at the bottom wall are obtainable with a
similar procedure and are expressed as

1, e U 9(e;-U)* 317
82 = 9pT (X) 1+3 2 oA 2 62 (17)
1 es-U_ 9 (es-U)* 312
=—pT'(X)|1 —2= 1
&= 36p (X)|1+3 e? 2 et 2 e2 (18)
1 e-U 9 (es - U)* 312
=—pT'(X)|1 1
g6 =36/ T XN 3"+ 32 (19
in which the unknown temperature 7"(X) is
6
T,(X) = ; 2
p[1+30) +3(2)] (20)
[PTwan(X) — g0 — &1 — &3 — 84 — 87 — &3]

The wall temperature, Ty, (X), is a function of the node
position along the wall or it can be a constant wall
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temperature. The effect of wall temperature on the flow can
be investigated in the following section. The unknown
distribution functions of the upper wall can also be
expressed in a similar way as above, except that g4, g7
and gg are unknowns.

4 Simulation results

The example simulation domain in our case is a straight
microchannel of height 1.5 um representing the pore
diameter of a diffusion layer and length 15.9 pm, which is
ten times the height to make the 2D assumption valid (as
shown in Fig. 2a). Figure 2b is the grid generation of the
D2Q9 TLBM model, in which Ax and Ay are both set to be
0.05 pm. There are in total 9,540 grid cells in the example
simulation case.

4.1 Effect of hydrophilicity

The hydrophilicity between the fluid and the wall surface is
controlled by adjusting the value of the fluid—solid inter-
action potential parameter, G’ in Eq. (8), in this simulation.
A larger value of G° implies the microchannel wall to be
less hydrophilic. Physically, the degree of hydrophilicity
can be represented by the contact angle in the two-phase
flow. The definition of the contact angle of the bubble in a
microchannel is defined as the angle between the solid wall
and the line tangent to the bubble surface at the contact
edge, as shown in Fig. 3a. The total surface energy E; of
the 2D two-phase flow in the microchannel is expressed as

(a) L I
—p H y
L.,
(b) € € |8
e
e, e
Ay & e |%
Ax
Fig. 2 a Simulation domain (e.g., length L =159 pm, height

H = 1.5 pm) of a straight horizontal microchannel representing the
flow path of the diffusion layer and the flow channel; b grid
generation of the D2Q9 model (Ax = Ay = 0.05 pm), the total
number of grid cells is 9,540
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Fig. 3 a Diagram of the contact angle definition of bubble flow in a
microchannel (APy forward pressure drop across the gas-liquid
interface; L length of the microchannel; H height of the horizontal
microchannel; S upper surface of the microchannel; S, lower surface
of the microchannel; x length of the liquid phase; 0; upper contact
angle; 0, lower contact angle); b illustration of a moving bubble in the
microchannel (0. the receding contact angle; 0,4, the advancing
contact angle)

E‘s ZXVSII+XVS21+ (L—x)ysngr(L—x)“/szg (21)

in which x is the length of the liquid phase, L length of the
microchannel, yg; (i = 1, 25 j = g, 1) is the solid-liquid or
solid—gas surface energy of the upper wall S;, and the
lower wall S, (see Fig. 3a). Young’s equation (Young
1805) describes the relation between the surface energy
and the contact angle 0,

ng =Y + Vgl cos 07 (22)

where 7y, 75 and g are the solid—gas, solid-liquid and
gas-liquid surface energies, respectively. After substituting
Eq. (22) into Eq. (21) and differentiating with respect to the
variable x, the forward pressure drop across the gas-liquid
interface acting on the rear of the bubble APgl, is obtained
as

APy = % (cos ) + cos 6) (23)

in which H is the height of the horizontal microchannel; 0,
is the upper contact angle and 6, is the lower contact angle.
The pressure drop across the gas—liquid interface evidently
depends on the contact angles (or the hydrophilicity at the
upper and lower walls), the gas—liquid surface tension and
the channel width. When a bubble moves in a micro-
channel, as illustrated in Fig. 3b, an advancing contact
angle is formed at the front contact edge between the
bubble surface and the channel wall, while a receding
contact angle is formed at the rear contact edge. The
advancing contact angle may be different from the receding
contact angle depending on flow conditions and surface
property at the solid wall. According to the above analysis,
when the advancing contact angle of the moving bubble is
smaller than the receding contact angle, the bubble sustains

a larger backward pressure drop than the forward pressure
drop; the transport of the bubble is thus obstructed.

To study the effect of the hydrophilicity, we chose a set
of G? values from -0.007 to 0.007 in the step of 0.001,
which are related to the contact angle as shown in Fig. 4.
These G’ values and other flow parameters used in the
simulations are listed in Table 1. In Fig. 4, the contact
angle of the bubble increases from 10.0° to 51.0° with G”
increasing from —0.007 to 0.007, indicating that the larger
the value of G, the greater the contact angle, the less the
hydrophilicity. The velocity of the bubble movement in the
microchannel also varies with hydrophilicity. The bubble
velocity is calculated on recording the traveling distance of
the bubble center during a certain interval. When the
channel wall is hydrophilic, the wall provides an attractive
force on the liquid, making the liquid flow more rapidly
than in a less hydrophilic microchannel. The bubble
movement in the liquid is likewise affected; it transports
with greater velocity if the liquid flows more rapidly. In
addition, the pressure drop across the gas—liquid interface,
APy, increases if the microchannel is more hydrophilic
(Eq. 23). The CO, bubble in a hydrophilic microchannel is
thus able to transport more rapidly than in a hydrophobic
microchannel, as indicated by Fig. 4. The first conclusion
to be drawn here is that a hydrophilic microchannel is
preferable for the purpose of bubble removal at the anode
of the yDMFC.

Further analysis regarding the effect of hydrophilicity is
conducted on imposing a linear gradient of hydrophilicity
on both walls of the microchannel. From the previous
results, the bubble velocity is 280.2 pm/s when the contact
angle is 10.0° (G° = —-0.007), and the velocity is 266.9 pm/

60 q 285
i ———— Contact Angle 1
N ——E—— Bubble Velocity it
50
4
_ B 1 280 0
o E £
S 40 [ ] e
e I 275 2
2 | 1°" £
< 30 [ o
o] - ] g
8 - 120 3
o 20 [ ] ﬁ
(8] - _L 'g
10[: 1 265
o L. W EPEPRPEPE! PPN SR )
-0.007 -0.0035 0 0.0035 0.007
GU

Fig. 4 Contact angle and bubble velocity versus the varied value of
the fluid—solid interaction strength G°. The diagram indicates that the
larger the value of G°, the greater the contact angle, the less the
hydrophilicity is, and the lower the bubble transport velocity
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Table 1 Input parameters for

the simulation with varied Parameter Variable Value
hydrophilicity Temperature T (K) 333
Channel length L (um) 15.9
Channel height H (um) 1.5
Inflow velocity U (um/s) 250
Interaction strength between fluid G (cm?/g.5) 3.72
species
Fluid-solid interaction strength G° -0.007, —0.006, —0.005, —0.004,

The fluid—solid interaction
strength, G” varies from -0.007
to 0.007 in the step of 0.001. A
larger G° implies the
microchannel wall to be less

Linear gradient of the fluid—solid
interaction strength

-0.003, -0.002, -0.001, 0,
0.001, 0.002, 0.003, 0.004,
0.005, 0.006, 0.007

G’ 0.007 - -0.007
-0.007 - 0.007

hydrophilic

s when the microchannel is less hydrophilic (G° = 0.007).
If we impose a linear gradient of hydrophilicity along both
walls from G° = 0.007 to —0.007 (51.0° to 10.0° in contact
angle), the average bubble velocity becomes 262.7 pum/s,
which is much smaller than the previous two cases. With a
positive gradient of hydrophilicity, the advancing contact
angle of the moving bubble is invariably smaller than the
receding contact angle (Fig. 5a). The backward pressure
drop acting on the front of the bubble is then larger than the
forward pressure acting on the rear of the bubble, causing
the bubble velocity to decrease. In addition, when the
contact angle is varied from 10.0° to 51.0° (G° = -
0.007 — 0.007), the hydrophilicity decreases along the
wall; the average bubble velocity is 274.3 um/s. Figure 5b
shows that the difference between the advancing and
receding contact angles of the bubble is imperceptible in
this case. The effect of the pressure drop is insignificant
compared with the effect of the hydrophobic nature of the

(a)

(b)

Fig. 5 Density field diagram of the bubble flow at each instant in a
microchannel with varied hydrophilicity: a contact angle 6, varied
from 51.0° to 10.0° along the flow direction and 0,4, < 6ycc; b contact
angle varied from 10.0° to 51.0° and 6,4, > 0. (inflow velocity is
fixed at 250 pm/s)

fRL0D0000 0=
“nusboNDO
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microchannel. The bubble velocity is hence smaller than in
the case of a hydrophilic microchannel (contact angle =
10.0°). A comparison of bubble transport velocity among
the above four cases is illustrated in Fig. 6. The bubble
clearly moves most rapidly in the hydrophilic microchan-
nel with a contact angle fixed at 10.0° (case 1). When the
contact angle is decreased from 51.0° to 10.0° along the
flow direction, it is most unfavorable for the bubble
transport (case 4).

4.2 Thermal effect

The temperature field in a microchannel plays an important
role in the bubble dynamics of the uDMFC. This is due to

290 - Contact Angle
: B fixedat10.0°

285 | I varied from 10.0°to 51.0°
= | B fixed at51.0°
E 20k I varied from 51.0° t0 10.0°
2! 5
z |
S5k
> [
= -
@ i
=] -
2 270}
> i
@ 2

265 |- I

260 L - .

case 2 case 3 case 4

Varied Hydrophilicity

case 1

Fig. 6 Bubble transport velocity of four cases with varied hydrophi-
licity at the microchannel wall (case 1 contact angle fixed at 10.0°;
case 2 contact angle varied from 10.0° to 51.0° linearly from inlet to
exit; case 3 contact angle fixed at 51.0°; case 4 contact angle varied
from 51.0° to 10.0° linearly from inlet to exit)
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Table 2 Experimental result of surface tension of a 2 M methanol— 0.057 ~ a Surface Tension &
water solution versus the solution temperature; the higher the tem- = Lineacki 7382
perature, the smaller the surface tension v Interaction Strength ]
— 0056 Linear Fit 1
Temperature (K) 298 303 308 313 318 323 E - 138
2 £ i -
. — 0.055 | ] L4
Surface tension 5516 54.62 5406 5329 5266 5201 £ : Jas S
3 o - : =
(X107 N/m) ‘B N 1 "
& 0054 | ] z
2 - 1376 =
. 2 : N XU
the fact that the surface tension of the methanol-water © 0053 [ 1 0]
solution varies with temperature (Table 2) such that the s - -3.74
surface tension decreases from the magnitude of 55,000 to ? g0s2 £ \E\ |
52,000 N/m when the solution temperature increases from - 4372
298 to 323 K. The surface tension in our simulation is 0059 e v o by v 0 v b0y 0y o
290 300 310 320 330 340

controlled by the parameter for the interaction strength
between two species, G’ in Eq. (7). It is necessary to
ascertain the relation between the surface tension of the
methanol-water solution and its corresponding value of
G° at varied temperature. Figure 7 shows that the
parameter G’ at a particular temperature, required in the
simulation, is readily obtained through a linear relationship
with respect to the surface tension and the solution tem-
perature. The surface tension is also inversely linear to the
temperature as indicated in Table 2. Table 3 shows those
input parameters in the simulation with solution tempera-
ture variation. The fluid—solid interaction strength is here
set to be —0.004, i.e. contact angle = 18.0° as the base
case. The temperature range used in the simulation is from
298 to 333 K according to the operation range of the
uUDMFC. The thermal effects on the bubble dynamics are
shown in Fig. 8. The temperature field of the microchannel
is assumed to be uniform in the beginning cases. With the
preset temperature of the flow field increasing from 298 to
333 K, the surface tension of the methanol-water solution
decreases. The bubble volume in the microchannel that the
surface tension can support is thus reduced. The length of
the plug bubble is decreased from 76.4 to 67.4 um, which
is defined as the distance between the front and the rear of
the slug. The water—methanol solution flows into the mi-
crochannel with a constant velocity (250 pm/s). The
bubble velocity is affected also by the temperature of the

Temperature (K)

Fig. 7 Surface tension of methanol-water solution (2 M) and its
corresponding G’ value at varied temperature; they are curve fitted
linearly in our simulation

flow field. As shown in Fig. 8, the bubble velocity
increases from 270.1 to 280.2 pm/s when the preset
temperature of the flow field varies from 298 to 333 K,
because the mobility of a bubble is increased with a
decreased size of the slug. A second conclusion is thus that
a higher temperature is favorable for bubble transport.

As mentioned previously, the bubble moves from a
region of low temperature to that of high temperature
spontaneously due to the Marangoni effect. Figure 9
reveals the bubble velocity in a microchannel under various
velocities of inlet flow. The temperature is 298 K at the
inlet and 333 K at the outlet. A linear gradient from 298 to
333 K is imposed along both channel walls. The figure
illustrates that, when the inlet flow velocity is zero, the
bubble transports with a velocity 50.0 um/s rather than
remaining at its original position. The reason is that the
temperature gradient around the gas bubble causes a tan-
gential force opposite to the temperature gradient, dragging
the fluid around the bubble surface from a region of high
temperature to that of low temperature. The reaction force
makes the bubble move in the opposite direction even

Table 3 Input parameter

. . . . Parameter Variable Value
variation for the simulation with
varied temperature distribution e herapure T (K) 298, 303, 308, 313, 318, 323, 328,
of a microchannel; the 333
interaction strength between
fluid species, G° , varies with Channel length L (pm) 15.9
solution temperature inversely Channel height H (um) 1.5
Inflow velocity U (um/s) 250
Fluid-solid interaction G’ -0.004

strength

Interaction strength
between fluid species

G (cm®/g.5) 3.80, 3.79, 3.78, 3.77, 3.76, 3.74,
3.73, 3.72 corresponding to the

above temperatures
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Fig. 8 Bubble length and bubble velocity at varied flow temperature
(inlet flow velocity 250 um/s)
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Fig. 9 Bubble transport velocity versus inlet velocity and the wall
temperature difference. The square symbols show bubble velocity
versus varied inlet velocity from O to 250 pm/s (wall temperature
difference AT is fixed at 35 K, from 298 K at the inlet to 333 K at the
exit); the triangular symbols show the relation between the bubble
velocity and the wall temperature difference (inlet velocity is fixed at
250 pum/s)

without an inlet flow velocity. Figure 9 shows that the
bubble velocity increases linearly with inlet flow velocity
because of increased inlet flow momentum. The driving
force for bubble transport through the Marangoni effect
also increases with the temperature gradient. Hence a
bubble moves more rapidly in a flow field with a large
temperature gradient. Other simulations are conducted by
altering the wall temperature of the outlet from 298 to

@ Springer

Fig. 10 a Density field diagram at each instant of the bubble flow in
the microchannel (0.1 — 1.0 g/em®); b corresponding temperature
distribution diagram (simulation conditions are set at inlet velocity:
250 pum/s; inlet temperature 298 K; outlet temperature 333 K; the
wall temperature varies from 298 to 333 K linearly from the inlet to
the exit); ¢ an enlarged view of the velocity vectors superimposed on
the bubble density diagram

333 K, while the temperature and velocity of the inlet are
fixed at 298 K and 250 pm/s. Varied linear wall tempera-
ture gradients are imposed on the walls along the flow
direction according to the temperature at the outlet. The
relation between bubble velocity and the temperature gra-
dient is illustrated in Fig. 9. An increased temperature
gradient is clearly responsible for an increasing mobility of
the bubble.

The density and temperature distribution of the bubble
flow in the microchannel with elapsed time are presented in
Fig. 10a and b, respectively. In the figure, the inlet velocity
and temperature is maintained at 250 pm/s and 298 K; the
temperature at the outlet is 333 K, so that the wall tem-
perature distribution is imposed as AT = 35 K in the flow
direction. The length of the bubble gradually decreases as it
transports along the microchannel (Fig. 10a). When the
bubble moves from a region of low temperature to that of
high temperature, the surface tension decreases with
increasing temperature. The length of the bubble slightly
decreases through the variation of surface tension with
temperature. The temperature distribution of the flow field
in the microchannel is shown in Fig. 10b. The flow tem-
perature is evenly distributed and increases along the
direction of an imposed wall temperature gradient, mainly
because the effect of conduction is dominant relative to
convection for micro-scale heat transfer. Only a small
temperature difference exists near the bubble surface as the
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density is discontinuous across the surface. Figure 10c
shows an enlarged view of the velocity vector diagram
superimposed on the density field. The illustration indicates
that the velocity fields inside the bubble and outside the
bubble have their own flow patterns. There are two vor-
texes inside the CO, bubble, one clockwise, and the other
counter-clockwise. The methanol fluid flow directions
outside the bubble are mainly forward, although some
reversed flow may happen near the bubble surface. The
bubble velocity in this case (AT = 35 K) is 323.9 um/s. If a
negative wall temperature gradient (from 333 to 298 K) is
applied, the bubble velocity is greatly decreased to
221.8 pm/s. The driving force of the bubble movement
through the Marangoni effect is in the opposite direction of
the inlet flow, causing the decrease of the bubble velocity.
Figure 11 compares the bubble velocity in four cases of
wall temperature at 298, 333, AT =35 K (from 298 to
333 K) and AT = -35 K (from 333 to 298 K). The positive
wall temperature gradient is obviously favorable for bubble
transport because of the assistance of the Marangoni effect.

4.3 Geometric effect

The bubble transport is affected also by the shape of a
microchannel. The geometric effect is investigated with
designs of three kinds—convergent, straight and divergent
microchannels. The flow temperature is first fixed at 333 K

v I

AT=35K (298 Kto 333 K)

- A T=0 K (333 K)
o [l ATe0K(@esK
-.E - A T= -35 K (333 K to 298 K)
R
= )
2 i
u -
8 300 |
2 ;
> 5
2 oo
2 J
g ;
@ j
240
210 L

case 1 case2 case3 case 4
Varied Temperature Distributions

Fig. 11 Bubble transport velocity of four cases with varied wall
temperature distributions of the microchannel (case 1 temperature
varied from 298 to 333 K linearly from inlet to exit; case 2
temperature kept at 333 K; case 3 temperature kept at 298 K; case 4
temperature varied from 333 to 298 K linearly from inlet to exit)

for those three cases. In further analysis, wall temperature
distributions of four cases discussed in the preceding sec-
tion are imposed on the microchannels to observe the
variation of the bubble flow in each case. The parametric
variables are explicitly listed in Table 4. Figure 12a and b
compare the bubble flow phenomenon between a conver-
gent and a divergent microchannel with the same flow
temperature (333 K). When the bubble travels in a con-
vergent channel, the bubble is gradually compressed as it
moves toward the outlet and the bubble length is increased
(Fig. 12a). The capillary force also increases along the flow
direction as the height of the convergent microchannel
decreases. The bubble flow is thus obstructed because of an
increasing capillary force, and the bubble tends to block a
convergent microchannel. The bubble flow in a divergent
microchannel is shown in Fig. 12b. The bubble length is
decreasing because the height of the channel is gradually
increasing. The capillary force is decreasing along the flow
direction of a divergent microchannel, making the bubble
move more rapidly than in a convergent microchannel. The
calculated bubble velocities are 267.9 and 281.3 pm/s in
convergent and divergent microchannels, respectively.
When the flow temperature is set to be 298 K, the bubble
velocity is decreased to 262.0 pm/s in a convergent mi-
crochannel whereas it is 2769 um/s in a divergent
microchannel.

As described previously, a positive temperature gradient
is helpful for bubble transport. The Marangoni effect

Table 4 Parameter variation for the simulation with varied geometry
and temperature distribution of a microchannel

Parameter Variable Value
Temperature T (K) 298, 333
Channel length L (um) 159
Channel height® Convergent H;, (um) 2.0
How (pm) 1.0
Divergent H;, (pm) 1.0
How (m) 2.0
Straight H (um) 1.5
Inflow velocity” Convergent U (um/s) 187.5
Divergent U (pm/s) 375
Straight U (pm/s) 250
Fluid-solid G’ -0.004
interaction
strength

Interaction strength G’ (cm?/gs)
between fluid

species

(333 K)

* Hi, and H,,, are the heights of the inlet and outlet, respectively, of
the non-straight channel

° TInlet velocities are varied for convergent, divergent and straight
channels to ensure that the inlet volume flow rate is a constant
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3.80 (298 K), 3.72



128

Microfluid Nanofluid (2008) 5:119-129

(a)

25.00 ms
37.50 ms
41.75 ms

(b)
1.75 ms

12.50 ms

25.00 ms

Fig. 12 Bubble flow in a (a) convergent microchannel and (b)
divergent microchannel (inlet flow rate is fixed at 375 pm?®/s; both
flow and wall temperatures are kept at 333 K)

makes a bubble move more rapidly with a positive tem-
perature gradient than with a uniform temperature
distribution. The bubble velocities are 319.6 and 335.3 pm/
s in convergent and divergent channels, respectively, with a
wall temperature gradient from 298 to 333 K. Besides, if
the wall temperature gradient is from 333 to 298 K, the
bubble velocity decreases greatly —207.6 um/s in a con-
vergent microchannel and 225.1 um/s in a divergent
microchannel. The bubble velocities in microchannels with
varied geometries and temperature distributions are com-
pared in Fig. 13. The divergent microchannel is favorable
for the movement of a bubble because of the decreasing
capillary force. The bubble velocity also greatly increases
if a positive wall temperature gradient is imposed on a
channel. A divergent channel with a positive wall tem-
perature gradient is hence most favorable for bubble
transport in the microchannel.

5 Conclusions
Using thermal lattice-Boltzmann approach, we investigated
the hydrophilicity, thermal and geometric effects on bubble

dynamics in a microchannel. The simulation results show
that a hydrophilic microchannel is preferable for bubble
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Fig. 13 Bubble transport velocity in convergent, straight and diver-
gent microchannels with varied wall temperature distribution (square
symbols temperature varied from 298 to 333 K linearly from inlet to
exit; circular symbols temperature kept at 333 K; triangular symbols
temperature kept at 298 K; diamond symbols temperature varied from
333 to 298 K linearly from inlet to exit)

transport over a hydrophobic microchannel. The bubble
velocity increases with increasing hydrophilicity of a mi-
crochannel, mainly because a hydrophilic wall provides an
attractive force on the liquid, making the bubble move
easily in the hydrophilic microchannel. The pressure drop
across a gas—liquid interface is also increased with hydro-
philicity. A bubble hence travels more readily in a more
hydrophilic microchannel than in a less hydrophilic mi-
crochannel. If a linear gradient of hydrophilicity is imposed
on a channel wall, the bubble velocity is then decreased; it
is most disadvantageous for bubble transport when a bub-
ble moves in a microchannel from a less hydrophilic to a
more hydrophilic region. The bubble velocity is affected
also by the temperature of the flow field. The surface
tension of the methanol-water solution decreases with
increasing temperature. The size of a bubble slug in a
microchannel is decreased at higher temperature and the
mobility of a bubble is increased. We proved also that the
Marangoni effect is helpful for bubble transport in a mi-
crochannel. Regarding the effect of channel geometry on
bubble dynamics, in a convergent microchannel the bubble
length is increased as the bubble is gradually compressed
on moving toward the outlet of the channel. As the capil-
lary force also increases in a convergent microchannel, the
bubble movement is obstructed. If a positive wall tem-
perature gradient (298 K at the inlet to 333 K at the outlet)
is imposed, the velocity of bubble transport is significantly
increased due to the Marangoni effect. A hydrophilic,
divergent channel with a positive wall temperature gradient
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is thus favorable for bubble removal in the anode micro-
channel of a uDMFC.

The thermal lattice-Boltzmann model developed herein
is useful for the understanding of the phenomenon of
bubble flow in a microchannel. The results also provide
important information for the design of the diffusion layer
and the flow channel of a yuDMFC to avoid blockage by
CO, bubbles at the anode.
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