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T HREE -D IMENSIONAL C OMPUTATIONAL F LUID DYNAMICS
MODELLING OF A P ROTON E XCHANGE M EMBRANE F UEL
C ELL WITH A SERPENTINE MICRO - CHANNEL DESIGN
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The aim of this paper was to demonstrate the feasibility of using a Computational Fluid Dynamics tool
for the design of a novel Proton Exchange Membrane Fuel Cell and to investigate the performance of
serpentine micro-channel flow fields. A three-dimensional steady state model consisting of momentum, heat, species and charge conservation equations in combination with electrochemical equations
has been developed. The design of the PEMFC involved electrolyte membrane, anode and cathode
catalyst layers, anode and cathode gas diffusion layers, two collectors and serpentine micro-channels
of air and fuel. The distributions of mass fraction, temperature, pressure drop and gas flows through
the PEMFC were studied. The current density was predicted in a wide scope of voltage. The current density – voltage curve and power characteristic of the analysed PEMFC design were obtained.
A validation study showed that the developed model was able to assess the PEMFC performance.
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1. INTRODUCTION
Fuel cells are attractive and promising power generation devices due to their high power density and low
pollutant emissions. Compared to conventional chemical combustion systems which are currently most
common, a key benefit of fuel cell is theoretically high-energy efficiency (Li et al., 2010). From a few
kinds of fuel cells, Proton Exchange Membrane Fuel Cell (PEMFC) is characterised by low operating
temperature (less than 100 ◦ C) which makes it quick to start up and easy to handle (Kunusch et al., 2012).
The complexity of the phenomena that are involved inside a PEMFC, despite a huge number of performed
studies and experiments, results in still active areas of necessary research including reduction of cost,
weight and size of cells as well as increase of durability and performance. Fuel cells are sensitive to
changes of operation conditions and also susceptible to potential damage.
One of the crucial aspects is the level of oxygen in PEMFC (Vega-Leal et al., 2007). In the case of too low
amount of oxidizer, undesirable hot spots appear in the membrane and output power decreases, which is
called cathode/ oxygen starvation. On the other hand, too high oxygen flow affects its ionic resistance and
implies on higher power demand for supplying air, reducing the overall system performance. The application of a new design solution of a cathode parallel flow-field with a three sub-channel inlets allowed to
improve the fuel cell performance (Yue L. et al., 2017). As a result, the maximum power density increased
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by more than 13.2% compared to a conventional design. The opposite conclusion was formulated by Taymaz and Kahveci (2018), who claimed that increasing oxygen flow rate did not cause a significant change
in the performance, contrary to the humidification and cell temperature.
Another issue is proper membrane water content, which has critical impact on the protonic conductivity,
water transport properties, mechanical resistance and gas permeability (Kunusch et al., 2012). Several
mechanisms determine the amount of water present: water permeability as a result of pressure difference between anode and cathode channels, diffusion due to the water concentration gradient across the
membrane, water generation on the cathode side at a rate proportional to the electric current produced
and electro-osmotic drag induced by water molecules dragged by the proton flow from anode to cathode. Understanding water transport mechanism is crucial for estimating the performance and durability
of fuel cells. Moreover, the results of study conducted by Taner (2018) indicated that control over water
production affected significantly the fuel cell life-time. It was concluded that a small-scale PEMFC could
be modelled for enhancement of fuel cells. PEMFC performance could be improved by optimising the
parameters like pressure, flow rate and voltage.
Numerical modelling can improve fundamental understanding of the mechanisms and reactions that take
place within fuel cells. Distribution of reactants over the surface of electrodes is vital for an optimal operation of PEMFC. One of the first models of PEMFC was based on empirical relationships that do not
consider gas dynamics (Springer et al., 1991). It was a one-dimensional and steady-state model. Moreover, a three-dimensional, single-phase, isothermal model was applied with fully humidified gas feed and
validated against the current distribution data (Ju and Wang, 2004). A comparison of simulations and
experiments pointed out a lack of agreement in the current distribution despite the average polarisation
curves which matched nearly perfectly. Water behaviour in the air-water flow inside a U-shaped microchannel for PEMFC was studied (Quan et al., 2005). It has been proved that the bend area of a serpentine
flow channel has significant effects on the flow field and water flooding could occur in the “after-bend”
section. This may block the reactant supply to reaction sites which decreases fuel cell performance. Furthermore, the sub-rib convection, which was affected by the serpentine flow field, significantly influenced
the cell performance when the oxygen supply or membrane moisture content was limited (Wang et al.,
2009). It was shown that changing channel aspect ratio had a slight effect on cell performance but the
oxygen supply was sufficient for a single serpentine flow field. The gas-liquid flow in micro-channels and
transport layer of PEMFC was analysed numerically with a VOF model by Lafmejani et al. (2017). Due
to the complexity of phenomena, the effect of electrochemistry has to be considered as negligible. It was
observed that the wall film thickness changes due to the difference in phase superficial velocities from the
bottom to the top of the outgoing channel from 0 to 200 µ m. The electrochemical reactions were taken into
consideration in order to obtain liquid water saturation in PEMFC and to simulate the air-water two-phase
flow in the cathode gas channel by Ferreira et al. (2017).
The presented work describes the results of numerical performance investigation for a PEMFC novel
design distinguished by serpentine micro-channel flow fields. In order to obtain voltage-current characteristics of the PEMFC, a three-dimensional model was developed in the Computational Fluid Dynamics
(CFD) commercial software ANSYS Fluent 15.0 with an additional Fuel Cell Tools module (ANSYS Inc.,
2015). The steady-state simulations considered momentum, species, mass and heat transfer as well as the
transport of electric current driven by electric potential in combination with electrochemical reactions.

2. PHYSICAL AND NUMERICAL MODEL
Fuel cell converts chemical energy of fuels into electric energy. The process can be described by the
fundamental reaction (1), which usually happens in three steps enabled by catalysts (2)–(4). Ions are
transported from one reaction site to the other inside the fuel cell. In the meantime, electrons have to
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pass through the external electrical circuit because of a semipermeable membrane. This generates usable
voltage (power).
1
H2 + O2 → H2 O
2

(1)

H2 → 2H+ + 2e−

(2)

1
O2 + 2e− → O2−
2

(3)

2H+ + O2− → H2 O

(4)

Fuel cell consists of the anode, cathode and membrane. In the case of a Proton Exchange Membrane Fuel
Cell (PEMFC), the membrane is a proton conducting polymer material. Catalyst layers on both sides of
the membrane and touching it, also called electrodes, are porous mediums which allow diffusive flow
of gases (fuel on anode side and air on cathode one) and electron transport. Gas diffusion layers (GDL)
are also porous environments which permit diffusive flow (in void regions) and electron transport (in
solid regions). Gas channels supply fuel and oxidiser on the anode and cathode sides, respectively, and
exhaust reaction products and untapped substrates. Current collectors are solid materials used to conduct
electrons to the external electrical circuit and provide structural stability. All functional regions are shown
in Fig. 2.
During modelling of the PEMFC fluid flow with reacting species, heat and mass transfer, electrochemical
heterogeneous reactions, transport of electric current driven by electric potential and phase change in the
case of occurrence of liquid water were considered. Therefore, fuel cell operation was governed by the
mass, momentum, species and energy conservation Eqs. (5)–(8), respectively:
∇ · (ρ v) = 0

(5)

∇ · (ρ vv) = −∇p + ∇(µ ∇v) + SM

(6)

∇ · (ρ vy j ) = ∇ · (ρ D j ∇y j ) + S j
(

)

∇ · (ρ c p T v) = ∇ · (ε k f + (1 − ε )ks ) ∇T − ∑ c p T J j + Sh

(7)
(8)

j

The momentum source term, SM , was defined by Eq. (9) in the gas diffusion layers and the catalyst layers.
In other zones it was equal to zero.
µ
(9)
SM = − ε v
K
The volumetric energy source term, Sh , was described by Eq. (10), where I 2 Rohm was the ohmic heating
term and η R was the electric work term.
Sh = I 2 Rohm + hreaction + η Ran,cat + hphase

(10)

The heterogeneous reactions that take place on the catalyst surfaces were accompanied by the rate of
species production as described in Eq. (11).
Mw, j
ρD j
(y j,surf· f − y j,cent ) · r =
Ran,cat
δ
nF

(11)

The gas phase species diffusivity was calculated according to Eq. (12).
(
Dj = ε
http://journals.pan.pl/dlibra/journal/98834
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p
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T
T0
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The species source terms of Eq. (7), S j , were defined in Eq. (13)–(15) for fluid zones and were zero for
others.
Mw,H2
Ran
2F
Mw,O2
SO2 = −
Rcat
4F
Mw,H2 O
SH2 O =
Ran
2F
SH2 = −

(13)
(14)
(15)

Electron transport through the solid conducting regions including the catalyst layer, the porous electrode
(GDL) and the current collectors as well as proton conductivity through the electrolyte were calculated
with Eqs. (16) and (17), respectively.
∇ · (σs ∇φs ) + Rs = 0

(16)

∇ · (σm ∇φm ) + Rm = 0

(17)

The membrane electrical conductivity was calculated by an empirical formula (18). The volumetric transfer current was defined according to the Butler-Volmer equation as shown in Eqs. (19)–(20).

σm = β ε (0.514λ − 0.26)ϖ e1268( 303 − T )
(
)γan
(
)
ref XH2
αan F ηan /RT
−αcat F ηan /RT
e
Ran = jan
−
e
XHref2
(
)γcat
(
)
XO2
ref
αan F ηcat /RT
−αan F ηcat /RT
−e
+
e
Rcat = jcat
XOref2
1

1

(18)
(19)

(20)

The activation loss, η , was calculated as the difference between the solid and membrane potentials as
shown in Eqs. (21)–(22), where VOC was the open circuit voltage.

ηan = φs − φm

(21)

ηcat = φs − φm −VOC

(22)

In this study a novel design of Proton Exchange Membrane Fuel Cell with a serpentine micro-channels
flow fields was used in CFD calculations. The PEMFC geometry with gas distribution and dimensions
is presented in Fig. 1, while functional regions with boundary conditions for the electric and protonic
a)

b)

Fig. 1. PEMFC geometry: a) gas distribution, b) dimensions [mm]
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Fig. 2. Boundary conditions and regions of the PEMFC

Table 1. Material properties

Component

Current collector

Catalyst layer/
Gas diffusion layer

Electrolyte

Property

Value

Unit

Density

2719

kg/m3

Specific heat capacity

871

J/(kg·K)

Thermal conductivity

100

W/(m·K)

Electrical conductivity

1 × 106

1/(Ohm·m)

Density

2719

kg/m3

Specific heat capacity

871

J/(kg·K)

Thermal conductivity

10

W/(m·K)

Electrical conductivity

5000

1/(Ohm·m)

Density

1980

kg/m3

Specific heat capacity

2000

J/(kg·K)

Thermal conductivity

2

W/(m·K)

Electrical conductivity

1 × 10−16

1/(Ohm·m)

potential fields are shown in Fig. 2. Material properties and operating parameters are summarised in Table 1 and Table 2, respectively.
In Fig. 3, the applied mesh consisting of 51 thousand hexahedral cells is presented. During simulations the
current density was obtained in a wide scope of voltage from 1.05 V to 0.3 V with a step of 0.15 V. In adhttp://journals.pan.pl/dlibra/journal/98834
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dition, the following assumptions were used in the developed approach: steady-state operating conditions,
incompressible and laminar flow since the velocity of the gases was low, ideal gas mixtures, all material
parameters were isotropic and homogenous, all electrochemical reactions were gaseous phase reactions,
isothermal operation.
Table 2. Physical and operating parameters used in the model

Model parameter

Value

Unit

Thickness of current collector

0.6

mm

Depth of flow channels in collectors

0.3

mm

Thickness of anode/ cathode gas diffusion layer

0.3

mm

Thickness of anode/ cathode catalyst layer

0.03

mm

Thickness of electrolyte

0.06

mm

Operating temperature

80 (353)

◦C

(K)

Inlet/outlet fuel/air temperature

80 (353)

◦C

(K)

Inlet mass flow rate of fuel

6 × 10−7

kg/s

0.8:0.2

–

5 × 10−6

kg/s

0.2:0.1:0.7

–

200000

Pa

0

V

0.3–1.05

V

1.1

V

Anode ref. current density

10000

A·m2

Anode ref. concentration

1

kmol/m3

0.5

–

Anode exchange coefficient

2

–

Cathode ref. current density

20

A·m2

Cathode ref. concentration

1

kmol/m3

Cathode concentration exponent

1

–

Cathode exchange coefficient

2

–

3 × 10−5

–

1E12

1/m2

0.5

–

1100

kg/kmol

Electrolyte protonic conduction coefficient

1

–

Electrolyte protonic conduction exponent

1

–

Inlet species of fuel (mass ratio) H2 :H2 O
Inlet mass flow rate of air
Inlet species of air (mass ratio) O2 :H2 O:N2
Outlet fuel/air pressure
Voltage at anode terminal surface
Voltage at cathode terminal surface
Open Circuit Voltage (OCV)

Anode concentration exponent

Reference diffusivity
Viscous resistance of porous zone
Catalyst layer, anode & cathode porosity
Electrolyte equivalent weight
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Fig. 3. PEMFC mesh

3. RESULTS AND DISCUSSION
The calculated polarisation curve and power density characteristic in a wide scope of voltage from 1.05 V
to 0.3 V are presented in Fig. 4 for a novel design of Proton Exchange Membrane Fuel Cell with a serpentine micro-channel flow fields. For the design of the PEMFC the greatest power was observed in the
voltage range between 0.6 and 0.45 V. The CFD current-voltage characteristic has not been compared with
measurement data as the literature lacks results for the new conceptual geometry design of the planar fuel
cell in smaller scale. The current scope of this work was to carry out only numerical calculations without
building a prototype.

Fig. 4. PEMFC polarisation curve and power characteristic

Understanding water transport mechanism is crucial for prediction of PEMFC performance. Distributions
of vapour mass fraction and liquid water at anode and cathode sides are shown in Fig. 5. It was confirmed that the vapour water content increased along the flow direction both at anode and cathode sides.
http://journals.pan.pl/dlibra/journal/98834
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Furthermore, the greater operating voltage (i.e. the lower current), the bigger growth of water amount
(0.37 kg/kg at 0.3 V and 0.46 kg/kg at 0.9 V at the outlet). The same trend existed in the case of liquid
water. Moreover, the hydrogen and oxygen mass fractions and pressure, temperature distributions are displayed in Fig. 6. It was found that the mass fractions of oxygen and hydrogen were reduced along their
flow direction. Additionally, the maximum utilisation of hydrogen was observed at the greatest voltage
but the maximum utilisation of oxygen occurred at the lowest voltage. It was also noticed that the highest
temperature occurred at the lowest voltage (and the greatest current).

0.3 V

0.6 V

0.9 V

a)

b)

c)

d)

Fig. 5. Mass fraction [kg/kg] distributions of: a) vapour in anode, b) vapour in cathode, c) liquid water in anode,
d) liquid water in cathode
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0.3 V

0.6 V

0.9 V

a)

b)

c)

d)

Fig. 6. Distributions of: a) mass fraction [kg/kg] of hydrogen, b) mass fraction [kg/kg] of oxygen, c) pressure [Pa],
d) temperature [◦ C]

Finally, the current density distributions at membrane and terminal surface are indicated in Fig. 7. Different
distributions of current density for various voltages at membrane surface can be seen. This was due to the
fact that the PEMFC performance strongly depends on the mass, heat and charge transport. The region of
the greatest current was noticeable at the outlet.
http://journals.pan.pl/dlibra/journal/98834

151

T. Zinko, P. Pianko-Oprych, Z. Jaworski, Chem. Process Eng., 2018, 39 (2), 143–154

0.3 V

a)

0.6 V

0.9 V

b)

Fig. 7. Current density [A/m2 ] distributions: (a) at membrane surface, (b) at terminal surface

4. CONCLUSIONS
In this study the calculated current – voltage curve and power characteristic in a wide scope of voltage for
a novel design of Proton Exchange Membrane Fuel Cell with a serpentine micro-channel flow fields were
obtained. This modelling allowed to reveal the extensive influence of flow fields and phenomena inside the
fuel cell on the PEMFC performance. The effect of operating voltage on gas species, liquid water content
and flow was studied. It was noticed that the current distribution was not uniform and depended on the
flow design. The anode side of membrane was more susceptible to drying than the cathode one. It has been
demonstrated that a proper water management plays a crucial role in the overall PEMFC performance as
proton conductivity is directly proportional to the water content.

SYMBOLS
cp
Dj
F
hphase
hreaction
I
jref
J
K
k
Mw, j
n
p
R
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heat capacity, J/(kg·K)
diffusivity coefficient of species, m2 /s
Faraday constant, C/mol
the latent heat of water term, J
the heat of formation of water term, J
current, A
reference exchange current density, C/(m2 ·s)
diffusive flux, 1/m2 s
permeability of layer, m2
thermal conductivity, W/(m·K)
molecular mass of the respective species, kg/mol
number of electrons released in a reaction
pressure, Pa
gas constant, J/(K·mol)
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ROhm
Rs/m
r
rs
s
S
t
T
VOC
X
y

electric resistance, Ohm
volumetric transfer current, C/(m2 ·s)
ratio of the specific reactive surface area to volume
exponent of pore blockage
volume fraction of liquid water (water saturation)
source term, mol/(m3 ·s)
time, s
temperature, K
open circuit voltage, V
local species concentration, mol/m3
mass fraction of species, kg/kg

Greek symbols

α
β, ϖ
δ
ε
λ
µ
η
ρ
v
σs
σm
φ

transfer coefficient
membrane conductivity coefficients
average distance between the reaction surface and cell center, m
porosity
stoichiometry coefficient
dynamic viscosity, Pa·s
activation loss, V
density, kg/m3
velocity vector, m/s
electrical conductivity of solid zone, 1/(Ohm·m)
membrane electrical conductivity, 1/(Ohm·m)
electric potential, V

Subscripts
j
s
f
an/cat
mem

chemical species
solid phase
fluid phase
anode/cathode
membrane
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