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With the in-depth research of solid oxide fuel cell (SOFC), the advantages of the protonic ceramic fuel 

cell (PCFC) have been paid more and more attentions. In this paper, three-dimensional calculated fluid 

dynamics model was built to investigate the fluidity within a typical PCFC stack. The result shown that 

for a typical PCFC stack, the air mass flow rate fed to the piled layers would keep decreasing with the 

increasing cell number index, while the inlet and outlet manifolds had similar cross section areas. 

Extending the length of the membrane electrode assemblies (MEA) would slightly improve the air flow 

distribution uniformity. The air flow and species distributions among the rib channels would be 

determined by the sites of the entrances and exits of the manifolds. and the solid rib configuration over 

porous cathodes. The vapor mole fraction distribution over the dense electrolyte surface had apparently 

oppositely with the rib channel configuration, because two mole vapors were generated while one mole 

oxygen is consumed. Different from the O-SOFC stack, the vapor removing capacity would be an 

important factor for evaluating the quality of the cathode side flow path structure. 

 

 

Keywords: Protonic ceramic fuel cell stack; Rib channels, 3D calculated fluid dynamics model, Vapor 

removing capacity. 

 

 

1. INTRODUCTION 

 

With energy conservation and emission reduction becoming a focus of today's society, the 

efficient and clean use of natural resources has been paid more and more attentions by researchers all 

over the world. Solid oxide fuel cell (SOFC) has the advantages of high efficiency, wide range of fuel 

selection and environmental protection, which has been widely concerned because of suitable for the 

current industrial power generation [1]. SOFC can be divided into oxygen-ion conduction type (O-

SOFC) and proton conduction type (H-SOFC) according to the ion transferred by the ceramic electrolyte 

[2]. Among them, H-SOFC with protonic ceramic conductor as electrolyte is a very promising power 
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generation device [3, 4]. Electrolyte of O-SOFC is based on oxide that can conduct oxygen ion (such as 

YSZ), and its application in medium temperatures is restricted because of the high migration activation 

energy of oxygen-ions [5, 6]. Different from O-SOFC, which generates vapor in anode, H-SOFC 

generates vapor in cathode side without diluting the fuel at the anode side, which improves fuel 

efficiency [7]. At present, research about H-SOFC mainly focuses on protonic ceramic fuel cell (PCFC). 

The properties of the proton-conducting ceramic electrolyte enable the PCFC to operate at intermediate 

temperatures (350-650°C) [8]. In addition, PCFC provides a higher operating voltage than the 

conventional O-SOFC because it does not dilute the fuel in the anode [9]. Compared with other type fuel 

cells, these advantages give PCFC a certain concern [10, 11]. 

The research on PCFC has never stopped since people pay attention to it. At present, the research 

on PCFC mainly focuses on the preparation of electrolyte, cathode, and anode grade materials. Duan 

[12-14] found in their study that the poor performance of most PCFCs were partly due to the cathodes 

materials. Thus, a perovskite-type cathode combination specifically designed for PCFC was developed 

and tested by five different PCFC button cells. Duan also reported a total of 11 different fuels, including 

hydrogen and methane, to conduct long-term tests and obtain performance data on PCFCs. Most of them 

were proved to had both excellent performance and excellent durability. Recently, experimental results 

on the effect of gas humidification on PCFC performance were reviewed in Ref. [15]. In additional to 

the novel material exploring, three-dimensional (3D) calculating fluid dynamic (CFD) modeling was 

also very important to a identify the working processes within PCFC stack and improve the stack 

performance. The modeling of O-SOFC and protonic exchanger membrane fuel cell (PEMFC) stacks 

had been widely reported [16, 17]. General problems and the latest PCFC modeling are reviewed in [18, 

19]. PCFC models can be distinguished based on the following aspects: operation mode, fuel cell 

geometry, equipment complexity, fuel, and so on. 

At present, most theoretical studies focus on fluid mass transfer [20], porous electrode [21] and 

electrolyte properties [22], heat transfer and electrode polarization mechanism [23]. J. Milewski [24] 

created a PCFC model with Aspen Hysys software with only 0.01 V error from the actual work. In the 

past decades, most 3D CFD models were established for the O-SOFC stack, there were a few simulations 

about the flow structure of PCFC stacks. Chen [25] established a set of 3D large-scale 3D CFD models, 

which were built to optimize the flow paths of air/fuel in the O-SOFC stacks. They calculated the 

minimum flow rate, pressure drop and standard mass flow rate per cell to characterize the distribution 

effect of air and fuel within the flow paths of O-SOFC stacks. Recently, the 3D CFD model of the typical 

PCFC stacks was developed to investigate the effects of the manifold cross section areas [26] and rib 

channel configurations [27] on the flow distributing qualities. 

In this paper, 3D models for three PCFC stacks with similar structures are built in order to study 

the effect of the length to width ratios of membrane electrode assembly on the fluidity of PCFC stacks. 

At the same time, the air flow distribution of several characteristic cells in PCFC stack and the influence 

of length of feed/exhaust header on the air flow in cell gas channel over the cathode are investigated. 

The research results will provide great experience for the simulation of subsequent multi-physical fields 

of PCFC stacks. 
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2. STACK STRUCTURE AND CFD MODEL  

In Fig. 1, a typical planar stack with three inlets and outlets [28] is adopted to establish and 

discuss the working process within a typica 25-cells PCFC stack. The complete stack consists of several 

repeating units connected in series. Each unit is mainly composed of metal frames, bipolar plates, 

membrane electrode assemblies (MEA) and seals [29, 30]. The bipolar plate acts for connecting the fuel 

cells in series, collecting the produced electric current, and uniformly distributing the flows. The solid 

ribs are connected on both sides of the bipolar plate to evenly collect electric currents from the cathode 

and anode surfaces, respectively. The rib channels constructed by the solid ribs will spread the air flow 

over the cathode surface uniformly and collect the cathodic producing vapor. Membrane electrode 

assembly (MEA) includes the anode support layer, anode function layer, electrolyte, cathode support 

layer, and cathode function layer. Seals are applied between the interconnect and the electrodes in order 

to insulate fluid domain. Inside the solid structure of the stack, there are fluid areas for air and fuel 

transfer as shown. 

 

  
Figure 1. The structure of a typical fuel cell stack structure with three inlets and outlets [28]. 

 

Fig. 2 further displays the complete fluid domain structure refereeing to the cathode side of the 

25-PCFCs stack corresponding to the design in Fig. 1. The entire cathode side stack model includes, 

three inlet and outlet manifolds, flow channels over cathode surface, cathode collecting layers, and 

cathode functional layers. The flow field over each cathode collecting layer surface consists of three 

parts: three entrances, three exits and 17 gas rib channels connected in parallel. Three entrances for each 

cell are part of the stack inlet manifolds, which lead the air into the PCFC unit and transport the excess 

to the next cell. Outlet manifold is responsible for collecting the excess air and products and transferring 

them to the outlet. The cell gas channels are attached to the cathode collecting layer. Gas is evenly 

distributed on surface of the electrode through rib channels. Air is piped from the bottom of the inlet 

manifold into each layer cell gas channel, which is distributed in each unit of the cathode surface 

afterwards. Then, the excess gas enters the outlet manifold with the generated water and is discharged 

from the outlet. The entrances of the inlet manifolds are on the same side as the exits of the outlet 
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manifolds, which lead to the flow path configuring in a U-shape. The rib channels over the cathode 

surface are perpendicular to each other. 

  
Figure 2. 3D CFD model for the cathode side gas path within a 25-PCFCs stack. 

 

Table 1. Geometry parameters for the 25-cells PCFC stack. 

 
Component Air side Fuel side 

Channel dimension (width × height): 4 × 1.5 mm2 4 × 1.5 mm2 

Rib dimension (width × height): 2 × 1.5 mm2 2 × 1.5 mm2 

Feeding header (length × width): 5 × 100 mm2 5 × 100 mm2 

Combining header (length × width): 5 × 100 mm2 5 × 100 mm2 

MEA area (Stack A) (length × width × height) 100 × 100 × 0.6 mm3 100 × 100 × 0.6 mm3 

MEA area (Stack B) (length × width × height) 150 × 100 × 0.6 mm3 150 × 100 × 0.6 mm3 

MEA area (Stack C) (length × width × height) 100 × 150 × 0.6 mm3 100 × 150 × 0.6 mm3 

Height of a single cell 4.5 mm 4.5 mm 

Inlet manifold (length ×width): 10.0 × 10.0 mm2 10.0 × 10.0 mm2 

Outlet manifold (length × width): 10.0 × 10.0 mm2 10.0 × 10.0 mm2 

 

We can take advantage of the Navier-Stokes equation combined with the continuity equation to 

simulate momentum transfer within the gas path of PCFC stack as: 

                              
1

( )
3

uu f p u u            (1) 

                                   ( ) 0u   (2) 

where  is the density of the fluid, u  is the vector of the velocity, p is the pressure of the fluid, 

f  is the mass force per unit mass,   is the dynamic viscosity that based on the ideal gas mixing law. 

Species conservation equation can is shown as follow: 

 

                                   ,effY u D Y S         (3) 

where,  is the porosity of the porous electrode, ,effD  is the effective gas diffusion coefficient, 

Y is the mass fraction of species  . S  is the source item that exists in the cathode functional layers. 
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For the other dominations except for the cathode functional layers, S =0. For the cathode functional 

layers, however, they can be expressed by the following formulas: 

 

                          2 2

2 2 2

O H O

O H O N, , 0
4 2

M M
S i S i S

Fl Fl
     (4) 

where i is the average current density. M  is the molar mass. F is Faraday constant. 𝑙 is the 

thickness of the cathode functional layer. 

The air inlet velocity can be derived by the following formula： 

 

                      

2 2

in

air
4

air

O O air air

NiAM
u

A  
  (5) 

where N is the layer number of the PCFC stack, A is the effective reaction area of a single cell, 

airM  is the molar mass of air, 
2O  is the utilization rate of air flow on stack level, 

2O is the mole fraction 

of oxygen within the input air flow, 
air  is the density of the air flow, and 

airA  is the total cross sectional 

area of the stack entrances. 

The K-Epsilon turbulence model is built for our calculations. Velocity inlet and pressure outlet 

are set up for boundary conditions while the rest of the boundaries are adiabatic. In order to ensure the 

appropriate utilization rate of oxygen, the inlet velocity is determined by the number of PCFC units 

within the stack, the average current density, and the area of the MEA [31]. The parameter Settings for 

the remaining boundary conditions are listed in table 2.  

 

Table 2. Parameters and conditions for the 3D CFD model 

 

Parameters Values 

Pressure 101325 Pa 

Air inlet temperature 823 K 

Oxidizer mole fraction at inlet 21% O2, 79% N2 

Velocity at the oxidizer inlet 14.46, 21.69 (m s-1) 

Number of main inlet pipes 3 

Average current density 5000 (Am-2) 

𝑆𝑂2 -41.5 (kg/m3s) 

𝑆𝐻2𝑂 46.6 (kg/m3s) 

 

In order to compare the qualities of the flow distribution among the piled PCFCs, over each 

PCFC unit and within the porous cathodes in an more convenient way, here we use two evaluation 

indexes: the minimum air flow rate and the normalized air mass flow rate. 

We use 
L  index for the minimum flow rate obtained by the piled PCFC units to indicate the air 

flow distributing qualities among the piled PCFC units [25]. High value of 
L  indicates that the 

uniformity of flow distribution in PCFC stack is better, otherwise the flow distribution in the stack is 

poor.  

 

                                 
,1 ,min( : )L L L Nm m    (6) 
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where �̇�L,i represents the normalized air mass flow rate of a PCFC unit in the i-layer of the stack, 

which can be calculated by the following formula： 

 

                             
,

,

,1 ,( : )

L i

L i

L L N

m
m

ave m m
  (7) 

In the formula above, ,L im  represents the mass flow rate fed to the PCFC layer i. 

 

3. RESULT AND DISCUSSION 

Fig. 3 shows three 25-cells stacks with different ratios of length to width of the MEA area. Stack 

A has a ratio of length to width 1:1. Stacks B and C have the same MEA areas but different ratios of 

length to width, 1.5:1 and 1:1.5, respectively. Different proportions of MEA areas change the proportions 

of corresponding cell gas channels. Among them. for the width of stack C changes from 100 mm to 150 

mm, the number of air rib channels increases from 17 to 25. While the three stacks have similar structure, 

there are no different with the sizes of each air channel of them. 

 
Figure 3. a) Ratio of length to width of stack A 1:1; b) Ratio of length to width of stack B 1.5:1; c) Ratio 

of length to width of stack C 1:1.5. 

 

Fig. 4 compares the distributions of the corresponding normalized air mass flow rate of PCFC 

units among the three different stacks. The cell nearest the stack entrance is defined as 1-st. The number 

index is increased as the distance between cell unit and stack entrance increased. Firstly, for stacks A, B 

and C, the normalized air mass flow rate of each layer gradually decreases, while the PCFC unit index 
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is increased. These results are similar with that of the traditional O-SOFC stacks [32] and PEMFC stacks 

[16]. We can get that for both the PCFC and O-SOFC stacks, the air mass flow rate of the piled layer 

will keep decreasing with the increasing cell number, while the inlet and outlet manifolds adopt the same 

cross section areas.  

It can be inferred that the stack B has the best stack uniformity with a minimum flow rate index  

L 0.68  , while the stack C has the worst air flow feeding quality 
L 0.54  . It means that increasing 

the flow resistance over the electrode surface will increasing the flow distributing uniformity among the 

piled layers. Thus, changing the structure parameters of a PCFC stack will affect the air flow 

distributions. Extending the length of the MEA will slightly improve the air flow distribution uniformity 

among the piled PCFC units. Extending the width of the MEA, however, will decreases the air flow 

distribution uniformity among the piled PCFC units, which may lead to inadequate electrochemical 

reaction in some regions. This conclusion is consists with the result obtained by [26] basing on the 

different PCFC stack design.  

 

  

 

Figure 4. Corresponding distributions of the normalized air mass flow rate fed to the piled PCFC units 

of stacks A, B and C, respectively. 

 

Taking the 1-st and 25-th PCFC units as examples, Fig. 5a and 5b further compares the 

normalized air mass flow rate distributions among the rib channels of stacks A, B and C. The stack A 

and stack B both have 17 rib channels, while the stack C has 25 rib channels. As shown in Fig. 5a, the 

rib channels near the three entrances (or three exits) of the inlet manifold will receive most of the air 

flow. The distribution of the normalized flow rate among the rib channels has three peaks. Thus, we can 

get that the position of the entrance and exit will be the key factor to lead the air flowing. This conclusion 

can be further supported by the calculated result in our previous paper [27], which is a 3D CFD model 

basing on the different structure design of PCFC stack. Compared the air flow distributions over the 

cathode surfaces of 1-st and 25-the PCFC units in Figs. 5a and b, we can get that the rib channels of 

stack B has the best normalized flow rate distributing quality. stack C has the worst normalized flow rate 

distribution quality among the rib channels, compared with the other two stacks. While the feed/exhaust 
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header length is increased from 100 to 150 mm, the number of rib channels is increased and the slop of 

the air flow distribution line is increased. 

 

a)    

b)   

 

Figure 5. Normalized flow rate distributions over: a) the 1-st PCFC unit.; b) the 25-th PCFC unit. 

 

 

 

Figure. 6. The static pressure distribution within the PCFC stack. 

 

Obviously, from Fig. 4 we can get that the uniformity of the air flow rate of PCFC stack is relative 

smaller than that of O-SOFC stack [28]. Because two moles vapor are generated within the cathode 
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functional layer of PCFC stack, instead of the anode functional layer of the O-SOFC stack, while one 

mole of oxygen is consumed within the cathode side. Taking stack A as an example, the static pressure 

distribution within the PCFC stack is displayed in Fig. 6. Similar with the O-SOFC stack [28], for the 

inlet manifold of PCFC stack, the pressure will increase gradually as the distance between position and 

stack entrances is increased. On the outlet manifold side, however, the pressure will decrease gradually 

as the distance between position and exit is decreased. The decreasing slope is bigger than that of O-

SOFC with the same structure [28], because the vapor is generated in the cathode side of PCFC stack 

instead of the anode side of O-SOFC stack. 

Fig. 7a further shows the mole fraction distribution of oxygen within the PCFC stack and over 

the dense electrolyte surface of 1-st PCFC unit. Obviously, the species distributions are greatly affected 

by the solid rib geometric configuration. Firstly, the air flow and oxygen are concentrated to those rib 

channels near the three entrances of the inlet manifold. Secondly, the oxygen mole fraction distribution 

over the dense electrolyte has similar configuration with the rib channel configuration constructed by 

the solid ribs. Obviously, although the air flow is mostly fed to the 1-st PCFC unit, the oxygen diffusion 

from the rib channels to those areas covered by the solid ribs is still difficult.  

 

a)  

b)  

 

Figure 7. The species mole fraction distribution within the PCFC stack and over the dense electrolyte 

surface of 1k-st PCFC unit: a) Oxygen, b) Vapor. 

 

Nitrogen is not consumed or generated during the PCFC working processes. The vapor mole 

fraction distribution within the PCFC sack and over the dense electrolyte surface have apparently 

oppositely with that of oxygen distributions. Two moles vapor will be generated, while one mole of 
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oxygen is consumed over the electrolyte surface. The regions covered by the rib channels have smaller 

vapor mole fraction than those zones covered by the solid ribs, because of the high water removing 

capacity. Those areas covered by the solid ribs, however, have very low vapor removing capacities and 

should be further improved by structure optimization. 

In Fig. 8, the normalized distributions of the air mass flow rates among the piled PCFC units of 

stack A are compared, while the cross section areas of the manifolds are extended from 10 mm×10 mm 

to 10 mm×20 mm. The uniformity of the air flow feeding rates among the piled PCFC units will be 

greatly improved, while the cross section area of the manifold is enlarged. The corresponding stack 

uniformity index of the stack A will be raised from 0.64 to 0.77. This result is consistent with the that 

obtained from O-SOFC stacks [28]. 

 

    
 

Figure 8. Dependence of the distributions of the normalized air mass flow rate fed to the piled PCFC 

units on the cross-sectional area of manifolds. 

 

 

4. CONCLUSION 

3D CFD models for 25-PCFCs stack have been established to study the effect of different 

geometric parameters on the air flow and species distributions characteristics within a PCFC stack and 

the following conclusions are obtained: 

i) Similar with the traditional O-SOFC stack, the air mass flow rate of the piled layer of a typical 

PCFC stack will keep decreasing with the increasing cell number, while the inlet and outlet manifolds 

adopt the same cross section areas. 

ii) Extending the length of the MEA will slightly improve the uniformity of air flow distribution 

among the PCFC cells. Extending the width of the MEA, however, will decrease the air flow distribution 

uniformity among the piled PCFC cells. 

iii) The distribution of the flow rate among the rib channels has three peaks in current PCFC 

stack design. The position of the entrance and exit will be the key factor to lead the air flowing 

distribution over the porous cathode surface. 
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iv) The uniformity of the air flow rate of PCFC stack is relative smaller than that of O-SOFC 

stack with the same structures. Because two moles vapor are generated within the cathode functional 

layer of PCFC stack, instead of the anode functional layer of the O-SOFC stack, while one mole of 

oxygen is consumed within the cathode side. 

v) Those areas covered by the solid ribs have low vapor removing capacities and should be 

further improved by optimizing the configuration of the solid ribs of the PCFC stack. 
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