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Lattice Boltzmann Method Simulation of 3D Fluid Flow in Serpentine
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Abstract: Conventional proton exchange
membrane fuel cells (PEMFCs) have a straight
gas flow serpentine channel, and hence the
reactant gases are transferred to the catalyst
layers as a result of diffusion alone. Since
the diffusion process is inherently slow, the
electrical performance of such PEMFCs is
inevitably limited. In an attempt to improve
the PEMFC performance, this study replaces
the straight channel with containing different
type of obstacles and conducts a series of lattice
Boltzmann method simulations to investigate
the flow field phenomena induced in a viscous
liquid as it flows along the serpentine channel
at Reynolds numbers ranging from Re=5~25.
The simulations consider three different channel
configurations, namely an empty channel with
planar walls, a channel containing 10 rectangular
obstacles, and a channel containing 10 semi-
circular obstacles. The numerical results show
that the obstacles enhance the vertical velocity
component of the flow and prompt the formation
of recirculation regions immediately downstream
of each obstacle. Both phenomena are beneficial
in improving the performance of the PEMFC.
Specifically, the velocity perturbations in the
vertical direction increase the flow of the reactant
gas into the gas diffusion layer and therefore
improve the catalytic reaction performance, while
the recirculation flow structures assist in the
removal of the water byproduct from the cathode
channel and therefore reduce the accumulation of
water within the cathode channel.

Keyword: Lattice Boltzmann method, proton

! Department of Mechanical Engineering, National Cheng
Kung University, Tainan, Taiwan

2 Corresponding author. Tel.: +886-6-2757575 ext. 62140;
Fax: +886-6-2342081 E-mail: ckchen @mail.ncku.edu.tw

exchange membrane fuel cell (PEMC), serpentine
channel

Nomenclature

AR aspect ratio

c lattice streaming speed f friction factor
Cs speed of sound
C shape factor
Dy, hydrodynamic diameter function for f,
fo density distribution function
o equilibrium distribution
p pressure
Re Reynolds number
U inlet velocity
1% velocity vector
Greek symbols
Ty relaxation time for f
p density
v kinematic viscosity
ox lattice spacing
ot time step
Subscripts
m mean

1 Introduction

Two dimentions (2D) incompressible viscous
flow is a typical topic in the research of fluid flow
[Nicolas and Bermudez (2004)] and is studied by
the lattice Boltzmann method (LBM) in the re-
cent years. The LBM has emerged as a power-
ful technique for the simulation of fluid flows and
the modeling of general fluid physics [Chen and
Doolen (1998)]. In the LBM approach, the flow
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system is modeled by tracking the time-dependent
evolution of individual particle distributions using
a discretized single-particle phase space distribu-
tion function similar to that described by the tradi-
tional Boltzmann BGK (Bhatnagar-Gross-Krook)
kinetic equation. The LBM technique is com-
putationally straightforward, amenable to paral-
lel processing and provides reliable results for
a variety of complex fluid flow problems in the
scientific and engineering domains [He, Chen,
and Doolen (1998), Wolf-Gladrow (2000), Succi
(2001)]. Chen, Chang, and Sun (2007) inves-
tigate the flow and heat transfer phenomena of
the 2D channel flow by the LBM simulation.
Qian, d’Humieres, and Lallemand (1992) applied
D3Q15 and D3Q19 LBM models to solve the 3-
D Navier-Stokes equation and in the following
the more velocity set D3Q21 and D3Q25 model
also recommended. By the coupled LBM and
the discrete element method (DEM), Han, Feng,
and Owen (2007) investigated the irregular par-
ticle transport in turbulent flows. Wang and Af-
sharpoya (2006) used the LBM approach to model
the 3-D flow characteristics of a viscous fluid
in the serpentine channel of a proton exchange
membrane fuel cell (PEMFC). In their approach,
the pressure difference between the inlet and the
outlet of the PEMFC was modeled using a forc-
ing term such that a periodic boundary condition
could still be applied to the density distribution
function.

Recent decades have witnessed growing interna-
tional concern regarding a wide range of environ-
mental issues, including global warming, pollu-
tion, the destruction of the rain forests, the ac-
cumulation of greenhouse gases, the depletion of
non-renewable resources such as oil and gas, and
so forth. PEMFCs have emerged as a viable green
power source for a range of mobile applications of
varying size. Using hydrogen and oxygen as input
fuels and producing only water as a byproduct,
PEMEFCs are widely regarded as an ideal long-
term replacement for the gasoline and diesel com-
bustion engines used in today’s vehicles. How-
ever, to satisfy the requirements for compactness,
low cost, high power density, an efficient elec-
trical performance, and stability, it is essential
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that the design of the PEMFC is fully optimized.
Many researchers [Srinivasan, Mankoo, Koch,
and Enayetullah (1988), Bernardi and Verbrugge
(1992), Wang, Wang, and Chen (2001), Um and
Wang (2004)] have used mathematical models to
examine the correlation between the PEMFC cell
voltage and the current density under various op-
erating conditions. In general, the results have
shown that the electrical performance of the fuel
cell is dependent upon the velocity characteris-
tics of the reactant gases in the flow channel and
gas diffusion layer (GDL). Li (2005), Li and Sabir
(2005) reviewed various gas flow channel config-
urations, including the conventional straight chan-
nel, pin-type channels, serpentine channels, inter-
digitated channels, and so forth. The serpen-
tine flow channel is the most popular design for
PEMEFC and it can remove the water effectively
from the cell. Park and Li (2007) conducted
a numerical and experimental investigation into
the cross flow through the GDL of a PEMFC
with a serpentine flow channel and showed that
the total pressure drop between the channel in-
let and the channel outlet reduced significantly
when the GDL was removed. Hontanon, Escud-
ero, Bautista, Garcia-Ybarra, and Daza (2000)
performed computational fluid dynamics (CFD)
simulations to investigate the flow field character-
istics within gas flow channels with rectangular,
trapezoidal, triangular and semi-circular cross-
sections.

The present study utilizes a D3Q15 LBM model
to simulate the 3-D steady-state flow of a viscous
fluid through the serpentine gas flow channel of a
PEMEFC. The simulations model the velocity dis-
tributions within the channel at Reynolds num-
bers of Re=5, 15 and 25, respectively, and con-
sider three different serpentine channel configura-
tions, namely an empty channel with planar walls,
a channel containing a periodic arrangement of
10 rectangular obstacles, and a channel contain-
ing a periodic arrangement of 10 semicircular ob-
stacles.
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2 Simulation methodology

2.1 Three-dimensional lattice model and equi-
librium distribution function

The simulations performed in this study are
based on the three-dimensional, fifteen-velocity
(D3Q15) LBM model shown in Figure 1. In this
model, the lattice streaming speed is given by
¢ = 0x/d8t = 86y/dt, where dx and Jy are the grid
spacings in the x- and y-directions, respectively,
and correspond to the distances moved by each
particle in the x- and y-directions during each time
step. The discrete velocities in the D3Q15 model
are defined as follows:
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Figure 1: Schematic representation of D3Q15
LBM model.

Of these 15 velocity components, one component
has a velocity of 0, six components have a velocity
of 1 and eight components have a velocity of v/3.
The evolution of the density distribution function

is computed by
fo(X+€y0t,t+6t) — fo(X,1)

1 - o
= _ [fa(xvt) - (;q(xvt)] , ()
Ty
where T, is the viscosity-based dimensionless re-
laxation time. Meanwhile, the local equilibrium
density distribution is given by

2 3
aq(x’[):gp |:1—§V2:| , o=1 (3)
o (X,1) =

1 R 9/, -\2 3.
§p |:1+3<€1V>+5<6’1V> —5 2:|,

a=2,3,4,56,7 (4)

1 oo\ L 9/L =N\ 3.,
7—2p[1—|—3<ei-v>+§<el-v> —5 ],

o =8,9,10,11,12,13,14,15 (5)

In accordance with the kinetic theory of gases, the
density p and flow velocity V within the chan-
nel are defined in terms of the density distribution
function as follows:

P:Zfaa Pvzzgafa- (6)

The pressure within the channel is related to the
density by p = ¢2p , derived from the equation
of state for an ideal gas, where ¢, = ¢/+/3 is the
speed of sound. Meanwhile, the kinematic viscos-
ity of the fluid is related to the relaxation time, Ty,
and the lattice spacing, dx, via

v T, 7

6

In the current simulations, the density distribution
function given in Eq. (2) is solved using a two-
step procedure, i.e. a collision step followed by a
streaming step. The streaming step requires little
computational effort since it simply advances the
data from the neighboring lattice points, while the
collision step is completely localized.
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2.2 Simulation procedure

Figure 2 present a schematic illustration of the
serpentine channel considered in the current sim-
ulations. As shown, the channel has a width and
height of W and an inlet/outlet channel length of
9W. The simulations are performed using a rect-
angular mesh (201*21%61) and are terminated in
accordance with the following convergence crite-
rion:

2ij Hv(xi”"ﬂr&) _ Wxi’j’t)H <1.0x107°

%o |7 6o

®)

Figure 2: Geometry of conventional 3-D serpen-
tine channel with no obstacles.

The fluid at the inlet (ABCD) is assumed to have
a constant velocity of 0.05. Note that the veloc-
ity is specifically assigned a value of less than
10% of the speed of sound in order to avoid gen-
erating significant compressibility effects within
the fluid. Using the bounce-back rule incorpo-
rated in the non-equilibrium distribution function
proposed by Zou and He (1997), the equilibrium
density distribution function is computed from the
pressure and given velocity and is then imposed at
the first lattice column within the computational
model. At the channel outlet(QRST), a fixed
pressure boundary condition is imposed in terms
of the equilibrium distribution function, and the
velocity components are extrapolated in the up-
stream direction. The bounce-back rule [Zou and
He (1997)] is also used to establish no-slip bound-
ary conditions at the channel walls. The density
distribution function at the boundary must satisfy
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the following condition:

wi= 1, ©)

where e, and eg act in opposite directions.

As described in the introduction, the current simu-
lations consider three different channel configura-
tions, namely an empty channel with planar wall
surfaces, a channel containing rectangular obsta-
cles, and a channel containing semicircular obsta-
cles. In the case of the latter configuration, the
non-rectangular boundary is modeled using the
second-order accuracy scheme proposed by Guo,
Zheng, and Shi (2002).

3 Validation

Prior to the simulations, the validity of the D3Q15
model was evaluated using the 3-D channel con-
figuration shown in Figure 2. In the validation
trials, the aspect ratio of the rectangular chan-
nel was defined as AR = a/b and the Reynolds
number (Re) was given asRe = U,,D/v, where
U,, denotes the average inlet velocity and Dy, the
hydraulic diameter, defined as D;, = 2ab/(a+D).
Finally, the friction factor was defined as

_ 2Dy (dp
1= (i) w

It can be shown experimentally that the friction
factor for laminar flow is f = 64/Re and is valid
for engineering calculations involving fluid flows
in both smooth and rough circular pipes for values
of Re up to approximately 2000. Various analyt-
ical methods have been proposed for determining
the correlation between the friction factor and the
Reynolds number in noncircular ducts. In the cur-
rent validation trials, the friction factor was de-
rived from the pressure drop along the channel,
as evaluated using the D3Q15 LBM model. The
product of the friction factor and the Reynolds
number (f X Re) was then computed as a func-
tion of the aspect ratio. Figure 3 plots the corre-
sponding results for the inlet and outlet sections
of the serpentine channel. The results obtained
by Olson (1990) are also provided for compari-
son purposes. The maximum deviation between
the present results and those presented in Olson
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(1990) occurs at an aspect ratio ofAR = 0.25 and
is found to be less than 1.25 %. Thus, the validity
of the current computational model is confirmed.

76 —
Average fRe
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Figure 3: Variation of fRe in inlet and outlet sec-
tion of channel with aspect ratio. (Note that re-
sults presented by Olson R.M. (1980) are also

shown for verification purposes.)

4 Results and discussion

4.1 Case I - serpentine channel with no obsta-
cles

Figures 4(a)~(c) illustrate the velocity distribu-
tions at cross-section A-A of the conventional ser-
pentine channel (see Figure 2) in the x-, y- and z-
directions, respectively. Note that the Reynolds
number is assigned a value of Re=25 in every
case. The results show that the maximum velocity
in the x-direction occurs in the central region of
the inlet channel. However, due to the symmetry
of the channel geometry, there is no distribution
of the vertical velocity component in the vertical
(y) distribution. Finally, the maximum velocity in
the z-direction occurs in the U-bend region of the
channel as a result of the circuitous effect.

In conventional PEMFCs with straight gas flow
channels, the reactant gases are transported
through the GDL to the catalyst layer via the ef-
fects of diffusion alone. However, diffusion is

i
00866401
-0.128835

(a) velocity in x direction

(c) velocity in z direction
Figure 4: Velocity distribution in cross-section A-
A of serpentine channel with no obstacles (Re =
25).

an inherently slow process, and hence the perfor-
mance of the fuel cell is inevitably limited. In
practice, the electrical performance of a PEMFC
can be improved by increasing the y-direction ve-
locity component of the gas flow such that the rate
of transfer of the reactant gas through the GDL is
increased. In an attempt to improve the PEMFC
performance, the following simulations consider
the case where obstacles are introduced within the
serpentine channel in order to enhance the veloc-
ity of the reactant gas in the vertical direction.
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4.2 Case II - serpentine channel with rectan-
gular obstacles

Figure 5 illustrates the case in which 10 rectan-
gular obstacles are placed within the serpentine
channel. As shown, each block has a length and
width of W and a height of 0.5W. The first block
is positioned such that it is located at a distance
1.5W downstream of the inlet. The remaining
blocks are arranged such that they are symmet-
rical to one in the inlet and outlet sections of the
channel, respectively, and are separated by a dis-
tance of W/2. Figures 6(a)~(c) present various
views of the corresponding streak lines in the inlet
section of the channel under a Reynolds number
of Re = 25. The streak line chosen for drawing
is the one closes the lower wall and due to the in-
ertial force, the fluid behind the square block can
not continue the original path to move forward.
It results in the separation of boundary layer and
the recirculation zone forming behind the block.
To prevent the mess of streak line drawing, only
the recirculation zone between the first and sec-
ond obstacle are presented on the Figure 6. It
is observed that recirculation zones are formed
behind each obstacle. These recirculation struc-
tures are a result of the pressure drag effect in-
duced by the acceleration of the main fluid flow
stream as it passes through the constricted region
of the channel above each of the obstacles. There
is also a difference between 2-D and 3-D veloc-
ity field phenomenon. In 2-D simulations, it is
found that such recirculation structures are closed,
i.e. the fluid remains trapped within the recircu-
lation feature and continues to rotate within the
local region. However, in the current 3-D simu-
lations, the fluid rotates around the recirculation
zone several times and then rejoins the main fluid
flow in the upper region of the channel. Figures
7 and 8 illustrate the streak lines in the U-turn re-
gion and outlet section of the serpentine channel,
respectively. When the fluid passes through the
U-turn channel and enters the outlet section, it en-
counters the first rectangular obstacle almost im-
mediately. As in the inlet channel, the faster ve-
locity in the central region of the channel forces
most of the fluid toward the side walls (see Figure
8(a)). Furthermore, recirculation zones are again
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formed between the obstacles as a result of the
pressure drag effect.

Figure 5: Geometry of serpentine channel con-
taining 10 rectangular obstacles.

(c) Frontal view

Figure 6: Streak lines in inlet section of serpentine
channel containing 5 rectangular obstacles (Re =
25).

Figures 9(a) and 9(b) illustrate the variation of
the average y-direction velocity component along
the length of the inlet channel and outlet channel,
respectively, as a function of the Reynolds num-
ber. As shown, the introduction of the rectangu-
lar obstacles causes a significant enhancement in
the local vertical velocity component. As a re-
sult, the rate of transfer of the reactant gas to the
GDL is increased, and hence the efficiency of the
catalytic reaction is improved. As would be ex-
pected, the magnitude of the velocity enhance-
ment increases as the Reynolds number decreases.
Note that whilst the obstacles improve the veloc-
ity field characteristics of the reactant gases, they
also result in a significant pressure loss along the
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Figure 7: Streak lines in U-turn area of serpentine
channel containing 10 rectangular obstacles (Re =
25).

(c) Frontal view

Figure 8: Streak lines in outlet section of serpen-
tine channel containing 5 rectangular obstacles
(Re =25).

channel. Accordingly, a further series of simula-
tions was performed in which the rectangular ob-
stacles were replaced by blocks with a semicircu-
lar profile in an attempt to reduce the drag force.

4.3 Case III — serpentine channel with semi-
circular obstacles

Figure 10 shows the arrangement of the 10 semi-
circular obstacles within the serpentine channel.
As shown, each obstacle has a radius of 0.5W

ViUm
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(a) Inlet channel

1.2 4

——— Re5
- —@— Rels
— 4 Re=25

ViUm

-1 T T LI 1 T — 1
XN
(b) Outlet channel

Figure 9: Variation of average y-direction velocity
component in inlet and outlet sections of serpen-
tine channel with 10 rectangular obstacles (Note
Re=5, 15 and 25).

and the first obstacle is located at a distance 1.5W
downstream from the inlet. Figures 11 and 12
present the streak lines in the inlet and outlet sec-
tions of the channel, respectively, for the case of
Re=25. Comparing the streak lines in these fig-
ures with those presented in Figures 6 and 8 for
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the channel containing rectangular obstacles, it is
clear that the lower drag force of the semicircu-
lar obstacles allows most of the fluid to flow over
the first obstacle relatively unimpeded, i.e. the
fluid is pushed toward the side walls of the chan-
nel only at the second obstacle and beyond. The
recirculation zone generating in the square block
channel is also appearing in circle shape type. As
in the channel containing rectangular blocks, Fig-
ures 11 and 12 reveal that the semicircular obsta-
cles induce a pressure drag effect, which results
in the formation of open recirculation structures
between neighboring obstacles.

Figure 10: Geometry of serpentine channel con-
taining 10 semicircular obstacles.

I

(a) Vertical view

(c) Frontal view

Figure 11: Streak lines in inlet section of serpen-
tine channel containing 5 semicircular obstacles
(Re =25).

Figure 13 shows the influence of Reynolds num-
ber on average y-direction velocity component
along the height of 0.75 W serpentine channel
with 10 semicircle block obstacles. Figures 13(a)
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(c) Frontal view

Figure 12: Streak lines in outlet section of serpen-
tine channel containing 5 semicircular obstacles
(Re =25).

and 13(b) present the variation of the average y-
direction velocity component along the inlet and
outlet sections of the channel, respectively, as a
function of the Reynolds number. It can be seen
that the semicircular obstacles yield a significant
increase in the local vertical velocity component
and are therefore beneficial in improving the cat-
alytic performance of the fuel cell. Furthermore,
comparing Figure 13 with Figure 9, it is apparent
that the semicircular obstacles induce a smoother
variation in the vertical flow velocity than the rect-
angular obstacles as a result of their lower drag
force.

Finally the friction factor is discussed here. In
order to increase the velocity in y-direction and
therefore increase the obstacles in the channel.
The following side effect needs to be considered.
The friction drag force imposed on the reactant
gases by the obstacles within the serpentine chan-
nel can be quantified via the product f x Re. Fig-
ures 14(a) and 14(b) illustrate the variation of
f X Re along the inlet and outlet sections of the
three serpentine channels considered in the cur-
rent simulations. From inspection, the average
value of f X Re over the entire length of the empty
serpentine channel is found to be 56.81, while that
of the channels with rectangular and semicircu-
lar obstacles is found to be 236.42 and 164.05,
respectively. In other words the rectangular and
semicircular obstacles increase the drag force by
around 3.16 and 1.89 times. Then, the augmen-
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(b) Outlet channel Figure 14: Variation of drag force along inlet and
Figure 13: Variation of average y-direction ve- outlet sections of three serpentine channel config-
locity component in inlet and outlet sections of urations (Re=25).

serpentine channel with 10 semicircular obstacles
(Note Re=5, 15 and 25).

tation of the dispersion due to obstacles would be cate that while we set the obstacles will increase
assessed versus the product f x Re. We defined the drag force, but it will augment y-direction flow
the V’/S| and V'/S, as y-direction flow rate per rate. Clearly, the lower drag forces of the semi-
length in the inlet and outlet channel. Although circular obstacles result the more y-direction flow
the channel without the obstacles produces the rate. It renders them a more appropriate choice
lowest friction drag force, it also creates the low- for improving the catalytic performance of the

est y-direction flow rate. Tables 1 (Re=25) indi- PEMEC than the rectangular blocks.
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Table 1: Y-direction flow rate versus the friction drag force at Re=25

Inlet channel 5 blocks 5 waves No obstacles
V'/S; 0.0912026 0.1242584 0.0000458
fXxXRe 233.4940110 | 162.8023922 | 56.8022903
(V'/S1)/(f xRe) | 0.0003906 0.0007632 0.0000008
Outlet channel 5 blocks 5 waves No obstacles
V'S, 0.0966133 0.1309626 0.0000059
fxRe 239.3636064 | 165.2958513 | 56.8105594
(V'/S2)/(f xRe) | 0.0004036 0.0007923 0.0000001

5 Conclusions

In this study, the LBM was applied to simulate 3-
D incompressible steady flow under low Reynolds
number in serpentine channel and analyze the lo-
cal influence on flow field caused by inserting two
types of obstacles (square block and semicircle
block). The most concern in this paper is us-
ing the new computation tool LBM to solve 3-D
flow field. Using the D3Q15 LBM model, this
study has performed a series of LBM simulations
to investigate the 3-D velocity field characteris-
tics of a viscous fluid flowing along the serpentine
channel of a PEMFC at Reynolds number rang-
ing from Re=5~25. The simulations have con-
sidered three specific serpentine channel configu-
rations, namely a conventional channel with pla-
nar upper and lower walls, a channel containing
a periodic arrangement of rectangular obstacles
and a channel containing a periodic arrangement
of semicircular obstacles. In general, the results
have shown that the obstacles induce a local en-
hancement of the vertical velocity component of
the gas flow. This improves the performance of
the PEMFC since it increases the supply of the
reactant gases to the catalyst layers and therefore
improves the efficiency of the catalytic reaction. It
has been shown that the obstacles induce the for-
mation of recirculation structures within the fluid
flow as a result of a pressure drag effect. These
recirculations are open-type structures and there-
fore assist in the removal of water vapor from the
cathode side of the PEMFC, thereby reducing the
membrane drowning effect. While both types of
obstacle increase the friction drag acting on the
fluid within the channel, the semicircular obsta-
cles generate a lower drag force and more flow

rate. Therefore, semicircular obstacles represent
a more appropriate choice for enhancing the gas
flow rate through the GDL. On one hand, this
study verifies the capability of the method to solve
the fluid with complex geometry. On the other
hand, this study gives the first step for further ex-
ploration of PEMFC’s problem.
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