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For PEFCs’ grand-scale commercialization, their performance 

should be further improved. The performance of PEFC is the 

results of the distribution of local current density and materials 

concentration, especially oxygen and water. In addition, the in-

plane transport of reactant gas in the gas diffusion layer (GDL), 

which is difficult to measure, affects the distribution of oxygen 

partial pressure and relative humidity (RH) by mixing the gas 

with different residence time. In this study, the distribution of 

local current density as well as oxygen partial pressure and RH 

was estimated by varying active area and gas flow rate. 

Furthermore, two kinds of different gas channels, parallel and 

serpentine, were utilized to estimate the effect of gas mixing in 

the GDL. The concept of space time was used to discuss the 

effects of gas mixing in the perspective of chemical engineering. 

The results may provide a theory basis for a cell design 

procedure. 

 

 

Introduction 

 

Polymer electrolyte fuel cells (PEFC) offer zero-emission energy conversion. However, 

for PEFCs’ grand-scale commercialization, their performance should be further 

improved. The performance of PEFC is determined by the local current density or the 

oxygen reduction reaction (ORR) rate. Extensive studies have been carried out on 

explorations of the effect of factors such as temperature (1), total pressure (2), oxygen 

partial pressure (3), relative humidity (RH) (4) on the ORR rate as well as mass transfer 

rate. However, these parameters have distributions even in a single cell, and they may 

be dependent on each other, so that the effects of a single factor in the cell are 

complicated and uneasy to be clarified. 

 

The ORR in PEFC is an exothermal reaction, so that the temperature profile exists 

in a cell in the through-plane and in-plane directions. The temperature at cathode 

catalyst layer surface is 1–2 oC higher than the temperature at gas channel, when the 

current density is 0.8 A/cm2 and the cell temperature is 80 oC (5,6). On the other hand, 

the temperature distribution in the in-plane direction is more ununiform than that in the 

through-plane direction. The difference of the highest and lowest temperature in the 

electrode was less than 10 oC at 0.8 A/cm2 in a cell with 50 mm × 50 mm active area 

observed by thermograph (7). 

 

The total pressure also has a distribution in a cell due to the pressure drop along the 

gas channel. The pressure drop of the cell with 14.4 cm2 active area and serpentine gas 

channel, whose depth, width, and total length are 1.0 mm, 1.0 mm and about 700.0 mm, 

is about 0.3 kPa, fed with 200 mL/min of N2 at room temperature under atmospheric 

pressure (8). 

 



The partial pressure profile of oxygen and water vapor affect the ORR rate 

distribution. On the other hand, the ORR can change the composition of the reactant 

gas, i.e. the molar fraction of oxygen and water vapor, so that the performance can also 

be affected by reactant conversion (9). Furthermore, gas flow pattern distributes the 

reactant gas in the in-plane direction, which also affect the cell performance (10). Since 

the pressure gradients and concentration gradients exist in the porous gas diffusion layer 

(GDL), the reactant gas can cross to the neighboring channels and the gas with different 

compositions are mixed, so that the gas composition distribution is also affected by the 

cross-flow phenomenon (11). 

 

The distributions of properties, especially gas composition inside the cell, are 

difficult to be measured precisely without expensive equipment and high experimental 

techniques. Technologies such as gas chromatograph and laser absorption spectroscopy 

can be used to analyze the gas composition inside the cell (12). However, these ex-situ 

characterizations only yield the effective properties of the whole layer and do not 

resolve the local impact of morphological heterogeneity (13). By inserting an oxygen 

sensor, such as optical fiber covered by oxygen-sensitive dye film (14), 

microelectrochemical cell (15), into a specific location in a cell, the oxygen partial 

pressure can be measured in-situ. Micro-gas-chromatograph and tunable diode laser 

absorption spectroscopy techniques can be utilized to measure the water vapor partial 

pressure in-situ (12). Additionally, liquid water distribution can be measured by neutron 

and X-ray imaging (16,17). 

 

The cell performance can be analyzed and predicted by numerical methods, which 

have been discussed extensively in the literature. Although many 3-dimensional, non-

isothermal, multi-phase models have been reported (18, 19), most of the models are 

complicated with heavy computation load, and difficult to separate the effects of fluid 

dynamic, heat transfer, proton/electron transfer and electrochemical phenomenon. A 

computationally inexpensive method to summarize and understand the distributions of 

properties in the cell is lack of reporting. To clarify the effects of gas composition inside 

the cell, the concept of gas mixing and residence time distribution (RTD) in the 

perspective of chemical reaction engineering can be helpful. 

 

The objective of this study is to demonstrate a method to evaluate the gas mixing 

property of gas channels, and to predict the cell performance. The RTD can be 

simulated by numerical method, so that the macromixing of gas with different space 

times can be evaluated. By regarding the PEFC as a reactor, the cell performance can 

also be predicted according to the reactor model which has similar RTD as the 

simulation results.  

 

In addition, the cell performance under different space time conditions can be 

measured experimentally by changing the active area and gas flow rate, so that the gas 

composition profile can also be evaluated. The results are expected to provide a 

methodology to understand the gas macromixing in different shape of gas channels, and 

may be helpful for the cell design. 

 

 

 

Numerical Calculation 

 

In this study, a 3-dimensional computational fluid dynamics (CFD) model was 

developed to simulate the velocity and pressure fields in the cathode gas channels and 

GDLs. To get the RTD of the gas channel, a kind of tracer which is a stepwise change 



in a special physical property, e.g., concentration, electrical conductivity, temperature, 

was supplied to the gas inlet continuously. Then the step responses at the gas channel 

outlet were simulated by solving time-dependent advection equations of the specific 

physical property. The calculation was achieved by finite volume method by using an 

open source toolbox OpenFOAM 8. 

 

Model geometry 

 

The geometries and meshes applied for parallel and serpentine channels in the 

calculation are shown in Figure 1. The gas flows from the inlets to the outlets, through 

the GDLs which were implemented as porous medias. The width and depth of gas 

channels are 1 mm, and the width of the ribs between the channels was 1 mm. The size 

of the GDLs were 22 mm in X direction, 21 mm in Y direction, and 0.190 mm in Z 

direction. The meshes of manifolds in parallel channels, bended part in serpentine 

channels, and GDLs were denser than that in other parts. The total number of cells 

applied in simulation was 383 000 for parallel gas channel and 373 000 for serpentine 

gas channels. 

 

 
Figure 1. Geometries (left) and meshes (right) of flow fields ((a) parallel, (b) 

serpentine) 

 

Assumptions 

 

Steady state was assumed. The gas flow was incompressible laminar due to low 

velocities. Isotropic and homogeneous ideal gas which has uniform temperature, 

density, and viscosity was assumed. The GDL was regarded as a uniform porous 

medium. No liquid water condensed in the gas channel.  

 

The tracer which has negligibly small diffusivity in the reactant gas was assumed. 

In another word, the convection of the tracer is great enough so that the diffusion of the 

tracer can be ignored. 

 

 

CFD simulation 

 

Governing equations applied to calculate the velocity and pressure fields are 

expressed by Eqs. [1] and [2] 

 



Mass conservation: 

 

 
𝛻 ∙ (𝜌𝑼) = 0 [1] 

 

Momentum conservation: 

 

 
𝛻 ∙ (𝜌𝑼𝑼) − 𝛻 ∙ (𝜇∇𝑼) = −𝛻𝑃 + 𝑺𝒎 [2] 

 

where 𝑼 represents the velocity vector, 𝜌 and 𝜇 represent the density and viscosity of 

the reactant gas respectively. 𝑃 is the total pressure, and 𝑺𝒎 is the momentum source 

term, which equals 0 in the gas channels and satisfies the Darcy’s law in the GDLs 

given by Eq. [3].  

 

 
𝑺𝒎 = −

𝜇

𝐾
𝑼 [3] 

 

The operating conditions and physical constants are listed in Table 1. The inlet Re 

number is 127 so that the gas flow can be regarded as laminar. 

 
Table 1. Operating conditions and physical constants (353 K) 

Variable Symbol Value 

Total pressure at gas channel outlet 𝑃𝐿  101325 Pa 

Cell temperature  𝑇 353 K 

Velocity at gas channel inlet |𝑼| 2.6658 m s-1 

Inlet molar fraction of O2 𝑦O0 0.7532 

Inlet molar fraction of H2O 𝑦S0 0.2468 

Density 𝜌 0.9850 kg m-3 

Viscosity 𝜇 2.0675 × 10-5 Pa s (20,21) 

Permeability of GDL (in-plane direction) 𝐾𝑥 , 𝐾𝑦 1.30× 10-11 m2 (22) 

Permeability of GDL (through-plane direction) 𝐾𝑧 8.99× 10-12 m2 (22) 

 

RTD simulation 

 

The transport equation of the tracer is given by Eq. [4]. 

 

 𝜕𝜑

𝜕𝑡
+ 𝛻 ∙ (𝜑𝑼) − 𝛻 ∙ (𝛤∇𝜑) = 𝑆𝜑 [4] 

 

where 𝜑  represents the specific physical property of the tracer, 𝛤  represents the 

diffusivity of property, and 𝑆𝜑  represents the source term. 𝑼  is the velocity field 

calculated by CFD simulation mentioned above. 

 

For example, when the 𝜑  represents the temperature, the 𝛤  represents the heat 

diffusivity. In this study, 𝛤 and 𝑆𝜑 equal 0, so that the Eq [4] can be simplified to a 

time-dependent advection equation, which means when the 𝜑  represents the 

temperature, the thermal conductivity is 0, and the heat can only be transferred by 

convection.  

 

When setting the 𝜑 equals 1 at the vessel inlet and 0 in the whole vessel from the 

start time, the tracer is carried in the flow field until it fulfills the whole vessel. Then 



by monitoring the 𝜑  at the vessel outlet, the time variation can be described as a 

cumulative RTD function, 𝐹(𝑡). 
 

 
𝐹(𝑡) = �̅�𝐿(𝑡)/�̅�0(0) [5] 

 

where �̅� represents the integrated average value at inlet or outlet face, the arguments 0 

and L represent the gas channel inlet and outlet, respectively. And the RTD function 

𝐸(𝑡) and the mean residence time 𝑡̅ can be obtained by Eqs. [6] and [7]. 

 

  
𝐸(𝑡) =

𝑑

𝑑𝑡
𝐹(𝑡) [6] 

  
𝑡̅ = ∫ 𝑡𝐸(𝑡)𝑑𝑡

∞

0

 [7] 

 

Reactor design equations 

 

The ORR kinetics can be expressed as Eq. [8]. 

 

 
−𝑟SO  =  𝑘gc𝑝O [8] 

 

where pO is the local oxygen partial pressure [Pa], and -rSO is the oxygen consumption 

rate per active area [mol/(m2s)], which was experimentally proved to be 1st-order to the 

oxygen partial pressure (23). kgc represents the partial-pressure-based apparent kinetics 

constant [mol/(Pa.m2.s)] which is the function of cathode electromotive force and RH 

at a fixed temperature (24). 

 

By assuming the kinetics constant kgc is linear to the activity of the water vapor aw 

which is equal to RH, and the water permeation flux through the membrane is 0, the 

oxygen partial pressure and the activity of the water vapor can be calculated from the 

oxygen conversion xO by Eqs. [9] and [10], according to the material balance. 

 

 
𝑝O  =

𝑃𝑦O0(1 − 𝑥O)

1 + 𝑦O0𝑥O
 [9] 

 
𝑎𝑤  =

𝑃

𝑝S
sat

𝑦S0 + 2𝑦O0𝑥O
1 + 𝑦O0𝑥O

 [10] 

 

where yS0 and yO0 represents the water vapor and oxygen molar fraction of the inlet gas, 

𝑝S
sat represents the saturated water vapor pressure at the cell temperature, P is the total 

pressure in the gas channel. 

 

When the GDL is thick enough, the continuous oxygen partial pressure and RH 

distribution on the CL surface can be assumed independent on the location under gas 

channels and ribs. Therefore, the PEFC can be regarded as a continuous reactor, which 

has the gas-mixing behavior between plug flow reactor (PFR) and perfectly mixed flow 

reactor (CSTR), whose design equations can be written as Eqs. [11] and [12]. 

 

 
−𝑟SO𝑑(𝐴/𝑣0) = 𝐶O0𝑑𝑥O [11] 

 
−𝑟SO(𝐴/𝑣0) = 𝐶O0𝑥O [12] 



 

where A is the active area from the gas inlet [m2], v0 is the inlet gas volumetric flow rate 

[m3/s], CO0 is the oxygen concentration in the inlet gas [mol/m3], and xO is the oxygen 

conversion. 𝐴/𝑣0 can be regarded as the space time of the reactant gas in the cell. By 

solving the Eqs. [8], [9], [10] and the design equation, the distributions of oxygen 

conversion, as well as the oxygen partial pressure and RH, can be estimated. 
 

 

Experimental 

 

A Japan Automobile Research Institute (JARI) type cell was used in the experiments. 

The active area was reduced to 2.0 cm×2.0 cm so that the temperature distribution is 

less ununiform in the in-plane direction. Two kinds of gas channels, i.e. parallel and 

serpentine, were used in the cell. The width and depth of gas channels are 1 mm, and 

the width of the ribs between the channels was 1 mm. The membrane electrode 

assembly (MEA) was consisted of the catalyst layers made of 50 wt% Pt/carbon black 

catalyst particles with ionomer and the membrane (Chemours NR-212).  

Ionomer/carbon weight ratio was 1.0, and the catalyst layers (CL) thicknesses of anode 

and cathode were 10 m. Carbon paper (Toray TGP-H-060) without microporous layer 

(MPL) was used as GDL. 

 

 
Figure 2. Experiment apparatus and cell structure 

 

The MEAs with the same thickness and catalyst of CL were used in the experiment. 

On the other hand, the gaskets made of PTFE, which can block the mass transfer and 

electron conduction, had different opening area to obtain different active areas. The 

sizes of the gaskets opening were 2.0 cm×2.0 cm, 2.0 cm×1.5 cm, 2.0 cm×1.0 cm, and 

the GDLs which had the same size of the gaskets opening were utilized in each 

experiment, as shown in Figure 3. Since the small active areas were applied, the 

distributions of the temperature and the total pressure in the gas channels were 

neglected. 

 

The cell was operated in a thermostatic chamber whose temperature was controlled 

to maintain the temperature at the center of the cathode gas channel at 80 °C. The 

pressure at the cell outlet was 1 atm. Pure H2 and O2 were humidified in bubblers at 65–

75 ˚C. H2 flow rate was 60–200 cm3/min (20 °C, 1 atm) on dry basis. The stoichiometry 

of H2/O2 was 2. 

 

Polarization curves and electrochemical impedance spectra were obtained using an 

electrochemical measurement system (Hokuto Denko Corp., HZ-7000). The 



polarization curves were obtained by measuring the current at each cell voltage 

(0.005 V – OCV). The impedance spectra were measured in a range of frequency from 

100 mHz to 100 kHz. A standard equivalent circuit model was employed to determine 

the high frequency resistance (HFR) (25). The cell voltage was corrected by the HFR 

results. 

 

 
Figure 3. Different active areas utilized in the experiments  

((a) 2.0 cm×2.0 cm, (b) 2.0 cm×1.5 cm, (c) 2.0 cm×1.0 cm) 

 

 

Results and Discussion 

 

Numerical calculation results 

 

The velocity and pressure distributions of parallel and serpentine gas channels 

simulated by OpenFOAM 8 are shown in Figure 4. As shown in the velocity field in 

the gas channels (z = 0.5 mm), since the gas flow is separated into several channels in 

case of parallel channels, the gas velocity in each channel is much lower than that in 1-

serpentine channel, and the pressure gradient of the serpentine channel is much higher 

than that of parallel channel. As a result, a large amount of gas flows across the rib to 

the neighbor channel in case of the serpentine channel, especially away from the bended 

parts where the neighbor gas channels are connected, and nearly no cross-flow gas was 

found in case of parallel channel as shown in the velocity field in the GDL (z = 1.095 

mm). 

 



 
Figure 4. Velocity and pressure field in the center sections of gas channels and GDLs 

(top left: velocity at z = 0.5 mm, top right: velocity at z = 1.095 mm, 

 bottom: gauge pressure at z = 1.0 mm) 

 

Figure 5 shows the distribution of the property of the tracer, changing over time after 

starting the continuous feed of the tracer to the inlet. In case of the parallel channel, the 

property convection rate in the channels near the inlet and outlet is 2–4 times higher 

than that in the medium channels, due to the nonuniform velocity distribution. Since a 

part of the gas flows to the outlet quickly, the tracer can be detected earlier than the case 

of serpentine. After 1 second from feeding the tracer, it nearly fulfilled the whole gas 

channel, and the concentration in the GDL of parallel channel is still much lower than 

that of the serpentine channel, which also indicates the cross-flow in GDL under the 

parallel channel is much weaker than that of the serpentine channel. 

 

 



 
Figure 5. Time variation of the property of the tracer in the center sections of gas 

channels and GDLs (left: z = 0.5 mm, right: z = 1.095 mm) 

 

By analyzing the time variation of integrated average property of the tracer in the 

outlet faces, the RTD can be obtained, as shown in Figure 6. The mean residence time, 

variance and skewness are also shown in Figure 6. The mean residence time of parallel 

is shorter than the serpentine channel, which indicates some dead volume may exist in 

the GDL in case of parallel channel. Some oscillation of RTD function of the parallel 

channels can be detected, due to the nonuniform distribution of the velocity. 

 

 
Figure 6. Residence time distribution of parallel and serpentine channels 

 

By normalizing the residence time by the mean residence time, the RTD functions 

of dimensionless residense time can be derived, as shown in Figure 7. The RTD 

functions of CSTR, PFR and laminar flow reactor (LFR) plotted in Figure 7 were 

calcutaled by equations listed in Table 2. 

 



 
Figure 7. Dimensionless-residence-time distributions of different channels and models 

 

Table 2. Dimensionless-residence-time-based RTD function of different model (𝜽 = 𝒕/�̅�) 

Model 𝑭(𝜽) 𝑬(𝜽) 

CSTR 1 − exp (−𝜃) exp (−𝜃) 

PFR 𝑈(𝜃 − 1) (Step function) 𝛿(𝜃 − 1) (Dirac delta function) 

LFR {
0    (0 ≤ 𝜃 < 0.5)

1 − 1/(4𝜃2)    (𝜃 ≥ 0.5)
 {

0    (0 ≤ 𝜃 < 0.5)

1/(2𝜃3)    (𝜃 ≥ 0.5)
 

 

The response of the parallel channels is similar to PFR for the short residence time 

components and CSTR for the long residence time components. The mixing of the gas 

near the inlet of the parallel gas channels is not obvious, since the pressure gradient 

between neigbor gas channels is gentle. On the other hand, the gas mixes near the outlet 

of the parallel gas channels. Consequently, the PFR followed by CSTR model can be 

considered to simulate the performance with parallel channels, shown as Figure 8. 

 

On the other hand, in case of serpentine channels, the gas near the inlet is mixed 

with the gas in the neigbor channels, and then flows like in PFR, since the cross-flow 

is remarkable near the gas inlet and weak near the bended parts. Therefore, the CSTR 

followed by PFR model can be considered to simulate the performance with serpentine 

channels. More accurrate model such as CSTR followed by PFR in several parallel line 

can also be considered. Both of the PFR followed by the CSTR and CSTR followed by 

PFR has the same RTD function which can be written as Eq. [13]. 

 

 
Figure 8. The RTD functions of parallel gas channels and compartment model 

 

 

𝐸(𝑡) =

{
 

 
0    (𝑡 < 𝜏p)

exp (−
𝑡 − 𝜏p
𝜏s

)

𝜏s
    (𝑡 ≥ 𝜏p)

 [13] 



 

where 𝑡̅ is the mean residence time, 𝜏p and 𝜏s are the space time of PFR and the space 

time of CSTR. The macromixing in the gas channel and GDL can be represented by 

these two space times, 𝜏p and 𝜏s. The serpentine channel exhibited 𝜏p/𝑡̅ = 0.56 which 

is closer to the plug flow than the parallel flow exhibiting 𝜏p/𝑡̅ = 0.22. 

 

Experimental results 

 

Figures 9 shows the experimental polarization curves of different active areas and 

inlet gas flow rates in case of parallel gas channels, where the cell voltages are corrected 

by experimental HFR results. In case of large active area, higher current density was 

observed under high cell voltage, which resulted from the relatively high average RH 

of gas due to humidification by the water produced in ORR, and the decrease of oxygen 

partial pressure is little which cannot overtake the effects of the humidification. It infers 

that the ORR has the similar behavior of the self-catalytic reaction. The humidification 

of the water increases the ORR rate at low oxygen conversion, on the other hand, the 

decreasing oxygen partial pressure reduces the ORR rate at high conversion. 

 

However, the limited current density is higher in case of the 2 cm×1 cm, and limited 

current densities in cases of the 2 cm×1.5 cm and 2 cm×2 cm are nearly equal. The 

reason may be the flooding occurs in case of the larger active area, so that the oxygen 

transfer resistance increases due to the presence of liquid water. On the other hand, the 

difference in limited current density between 2 cm×1 cm and other cases is smaller in 

case of gas flow rate of 2.69 mL/s, comparing to 1.35 mL/s, which infers that the 

humidification of the produced water is less effective in case of the high gas flow rate, 

so that the flooding is less remarkable. The results also indicate that the flooding occurs 

at the 1/2–3/4 length of the gas channel from the inlet. 

 

 
Figure 9. Polarization curves of different active areas (parallel gas channel) 

 

Figure 10 shows the polarization curves of different inlet gas flow rates in the fixed 

active area in case of the parallel gas channels. The performances are the same when 

the current density is lower than 0.6 A/cm2, which indicates that the effect of the water 

humidification compensated the effects of the oxygen consumption. However, the 

limited current density is lower in cases of low inlet gas flow rate. The oxygen 

conversion and oxygen partial pressure at the limited current density are about 0.66 and 

17.0 kPa in case of the gas flow rate of 0.81 mL/s, and 0.312 and 27.3 kPa in case of 

the gas flow rate of 2.69 mL/s, which indicated that the insufficient oxygen supply 



causes the low oxygen partial pressure so that the oxygen mass transfer resistance 

increases near the limited current density. 

 

 
Figure 10. Polarization curves of different inlet gas flow rates (parallel gas channel) 

 

 
Figure 11. Kinetics data measured by differential reactor 

(Gas channel: serpentine, humidified temperature: 75 °C, H2 flow rate: 600 cm3/min 

(20 °C, 1 atm), O2 flow rate: 300 cm3/min (20 °C, 1 atm)) 

 

To measure the kinetics data of the ORR, the polarization curve of MEA with the 

equal Pt-loading and catalyst layer thickness was measured under the high flow rate, 

where the oxygen conversion was 0.10 at 0.64 V of the IR-corrected cell voltage. Since 

the conversion is low, the cell can be regarded as a differential reactor, whose design 

equation can be written as Eq. [14], where k’gc represents the partial-pressure-based 

apparent kinetics constant [mol/(Pa.m2s)] at RH = 1, and �̅�𝑂  represent the average 

oxygen conversion throughout the gas channel. Consequently, the observed ORR 

kinetics which contain the effectiveness factors can be calculated simply, as shown in 

Figure 11. 

 

 𝑥O
𝐴/𝑣0

= 𝑘′gc
𝑅𝑇𝑃

𝑝S
sat

(1 − �̅�O)(𝑦S0 + 2𝑦O0�̅�𝑂)

(1 + 𝑦O0�̅�O)2
  [14] 

 



By applying the combined PFR followed by CSTR model to parallel gas channels, 

and the ORR kinetics measured by experiments, the performance of the cell voltage can 

be calculated by Eqs. [10] and [11]. Figure 12(a) and (b) shows the oxygen conversion 

under different ratios of active area to the inlet gas volume flow rate, which is regarded 

as the space time. Since the ORR has a similar behavior to the self-catalytic reaction, 

the oxygen conversion, which is proportional to the current density, of CSTR is higher 

than that of PFR at little space time, and lower than PFR at high space time. In case of 

low IR-corrected cell voltage, the critical space time, at which the CSTR and the PFR 

have the same performance, is longer than that in case of high IR-corrected cell voltage. 

However, the difference of the CSTR and PFR is not obvious at short space time. The 

compartment model has an intermediate performance between PFR and CSTR, and is 

close to the CSTR at long space time, which indicates the gas mixing in the parallel 

channel is more obvious at long space time. 

 

On the other hand, the CSTR followed by PFR model, which is considered to 

characterize the serpentine channel, is closer to the PFR model. The calculation results 

indicate that the serpentine has better performance than the parallel at high oxygen 

conversion, since the effect of oxygen consumption is greater than water humidification, 

so that the gas mixing is not beneficial here. 

 

 
Figure 12. Relationship of oxygen conversion and space time at constant IR-corrected 

cell voltage (points: experimental results of parallel channels,  

curves: calculated results (a) CSTR, PFR, compartment models, (b) PFR_CSTR 

model) 

 

Figure 12(b) shows the experimental data in case of parallel channel with calculated 

curve by the compartment model. The compartment model fits well with the experiment 

results at short space time. At long space time, the predicted oxygen conversion is 

higher than the experimental results. The reason may be that when calculating the ORR 

kinetics at high oxygen conversion, the reaction rate occurs near the outlet of the gas 

channel is higher due to the self-catalytic behavior, and the average conversion may be 

lower than the arithmetic mean of the conversion, so that the kinetics data may be 

overestimated. 

 

In addition, in this study, the RTD is simulated without the reaction. However, since 

the gas composition changes due to the reaction, the total molar flow rate cannot be 

considered as a constant, especially when the oxygen conversion is high, and the real 



RTD may diverge from the simulated results in this study. Furthermore, the temperature 

and total pressure distributions are also not negligible at high oxygen conversion. In a 

word, the compartment model needs to be modified at high conversion. 

 

 

Conclusions 

 

The method in the perspective of chemical engineering was applied to evaluate the 

PEFC, which can be regarded as a continuous reactor which has the gas mixing 

behavior between PFR and CSTR. To characterize the gas mixing behavior, the RTDs 

of parallel and serpentine gas channels were simulated by numerical method. The cross-

flow of the serpentine channels is much more remarkable than that of parallel channel, 

since the pressure gradient between the neighbor channels is steep in case of the 

serpentine. The ununiform velocity distribution in the parallel channels, that is the gas 

has high velocity in the channels near the inlet and outlets, was confirmed. As the results, 

some gas with long residence time mixes with the gas with short residence time near 

the gas outlet, so that the PFR followed with CSTR model can be considered. On the 

other hand, the serpentine has obvious cross-flow where the pressure gradient is steep, 

vice versa, the CSTR followed by PFR model can be considered.  

 

The polarization curves of different ratios of the active area to the gas inlet flow rate, 

which can be regarded as the space time, were measured experimentally with the 

parallel gas channel. Lower oxygen conversion obtained in the narrower active area and 

higher flow rate, i.e. shorter space time, at the identical IR-corrected cell voltage. The 

phenomenon indicates that the ORR has a similar behavior to the self-catalytic reaction, 

which is affected by the water humidification and oxygen consumption simultaneously. 

 

According to the calculation results, the serpentine channel has better performance 

than the parallel channels at long space time, when the IR-corrected cell voltages are 

fixed. The reason is that the serpentine has similar performance to the PFR, and the 

effect of oxygen consumption is greater than water humidification, which means the 

gas mixing is not beneficial at long space time. 

 

The compartment model of PFR followed by CSTR, which is expected to 

characterize the cell performance with the parallel channel, reproduces the experiment 

results well at short space time or low oxygen conversion. In the future, more accurate 

kinetics data and model should be used, and the effects of the ununiform distribution of 

temperature and total pressure should also be concerned to eliminate the deviation of 

the model from the experimental results. The method mentioned in this study can be 

applied to other shapes of gas channels to understand the gas macromixing, and may be 

helpful for the cell design. 
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