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A novel method is proposed to estimate the tortuosity of the pore phase in solid oxide fuel cells (SOFC) 

electrode fabricated by the conventional powder-processed technique. The electrode microstructure is 

reconstructed by a 3D cube packing model. Based on the reconstructed structure and the numerical 

simulation approach, the tortuosity of the pore phase is obtained. This approach not only overcomes 

the complexity, expensiveness and time consumption of the experimental method, but also is more 

accurate and efficient compared to 3D sphere packing model. The validity of this approach has been 

demonstrated by the good agreement with experiment data. The results conclusively justify that the 

tortuosity strongly depend on the porosity, which should not be treated as an adjustable or empirical 

parameter. This study provides an accurate and efficient approach for the prediction of the tortuosity. 
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1. INTRODUCTION 

Traditional thermal power, which is based on the combustion of fossil fuels, only provides a 

limited efficiency of Carnot cycle and gives rise to the gaseous pollutants. Thus, there is an urgent 

need for a completely new way of electricity generation. Due to the high conversion efficiency and low 

pollutants emission, SOFCs are considered as one of the most ideal electricity generation devices [1-

4].  

The typical SOFC consist of a three layers sandwich structure of anode, electrolyte and 

cathode, wherein the anode and cathode are both porous, while the electrolyte is dense. Duo to the very 

thin electrolyte layer and the accompanying lower operating temperature, the electrode-supported 

SOFC has been considered as the most promising type of SOFC[5, 6]. However, a thick electrode 
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blocks the transportation of reactant gas and product gas, which causes great polarization on the 

electrode side of electrode-supported SOFC[6-9]. Therefore, an in-depth study about the effective gas 

diffusion coefficient effD  in the porous electrode is of great significance to reduce this kind of 

polarization, and improve the cell performance. 

In some literatures, the parallel-capillary model, which takes the pore phase as parallel-

capillary bundle, is widely adopted to evaluate the effective gas diffusion coefficient 
effD , which can 

be written as[10, 11]: 

2

0






effD

D
                                 (1) 

where 0D  is the intrinsic diffusion coefficient,   represents the electrode porosity,   denotes 

the tortuosity used to describe the tortuous gas transport paths, which is the ratio of the length along 

the average effective path ( effL ) to the shortest straight distance along the diffusion direction ( 0L ), as 

described in Fig. 1. 
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0

L

L
                                   (2) 

  

 
 

Figure 1. The definition of the tortuosity. 

 

Obviously, the effective gas diffusion coefficient effD  strongly relies on the tortuosity. As a 

result, the accurate evaluation of the tortuosity is of great significance. However, although the parallel-

capillary model is widely employed, how to calculate tortuosity is not given in the parallel-capillary 

model. 

For 2 0.5   , Eq. (1) becomes the well-known Bruggeman equation: 
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Although the Bruggeman model is valid for 0.6  , which has been experimentally proved, 

the tortuosity estimated by Bruggeman model is much lower than the experimental data for 0.5  , as 

shown in Fig.2. Because the SOFC electrode porosity is generally lower than 0.5, it is not appropriate 

to use Bruggeman model in the prediction of the tortuosity of the pore phase in SOFC electrode.  

There are two main approaches to investigate the tortuosity of the pore phase in SOFC 

electrode. For the experimental method, focused ion beam combined scanning electron microscopy 

(FIB-SEM) method and the X-ray tomography technique have been widely employed to acquire the 

real microstructure of the electrode[12-14]. Combined the reconstructed electrode microstructure with 

some algorithms, such as random walk approach, Monte Carlo method and finite element method, the 

tortuosity can be obtained. Although experimental method can obtain reliable data and provide 

valuable information, it relies on specific practical electrode and high-tech equipment which is time-

consuming and expensive for the systematic and serial study[15].  

 
Figure 2. The tortuosity estimated by different approaches. The open circle symbols denotes 

experiment results [21-27]; Line + solid triangle symbols denotes the results calculated by the 

Bruggeman model; Line + solid square symbols denotes the results calculated by the random 

packing sphere model [16]. 

 

Therefore, the tortuosity is given for one to three different porosities in a specific experiment 

mostly. For numerical method, the 3D sphere packing model[16-18] is widely adopted to simulate the 

microstructure of the electrode, which is a validated approach to predict the properties of electrode 

such as three phase boundaries, effective conductivity, hydraulic radius and so on. However, compared 
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with the experimental data, the 3D sphere packing model significantly underestimates the tortuosity 

value, as shown in Fig. 2. This may be explained by comparing the real electrode microstructure with 

the 3D sphere packing model. Because the contact angle between spheres in the 3D sphere packing 

model is often set as 30°, there is much more room around the surface of sphere for gas to transport, 

which leads to that transport path is not as tortuous as the real situation. Furthermore, the discretization 

of the geometry structure reconstructed by these two methods is a vast challenge because of the many 

irregular curved surfaces existing in the geometry structure [19, 20].  

In the SOFC studies, due to the lack of the accurate approach, the tortuosity is usually used as 

an adjustable parameter to matching with the cell performance or an empirical parameter [28, 29], 

which is certainly not appropriate. What’s more, the tortuosity values used in the literatures vary 

significantly from each other. He et al.[30] used a tortuosity of 4.7 to account for the experimental 

data. While based on the measure of the saturation current densities, the tortuosity factor on the anode 

side is estimated to be 1.55 [10]. Therefore, the appropriate method must be developed to accurately 

calculate the tortuosity.  

Owing to the different preparation techniques of electrode, the pore morphologies vary 

dramatically. For example, the vertical pores are generated in electrode by using the pulsed laser 

deposition technique[31]. It is evident that the tortuosity is uniform. However, the random distribution 

of pores in electrode can be realized via the conventional powder-processed technique [32-35] . For 

this case, the prediction of the tortuosity of pore phase is a challenge work. So in this paper, the main 

efforts are devoted to develop a novel methodology to estimate the tortuosity of the pore phase in 

electrode fabricated by the conventional powder-processed technique. 

Within this paper, Sec. 2 proposes the novel numerical method to calculate the tortuosity. In 

Sec. 3 the grid independence and the computational domain size are verified and the tortuosity for 

different porosity is obtained. The general conclusions are included in Sec. 4.  

 

2. THE CALCULATION OF THE TORTUOSITY 

The calculation of the tortuosity is carried out by two steps.  

The first step is to reconstruct the geometric microstructure of the SOFC electrode. Due to the 

pores random distribution in electrode, the packing of particles may be an effective method to 

reconstruct the microstructure of electrode. However, it is difficult to predetermine what particle shape 

is appropriate. Because, On the one hand, the real pores in the electrode are irregular and complex. On 

the other hand, the shape of the particle definitely has a significant influence on the pore phase 

tortuosity. Fig. 2 shows that the 3D sphere packing model significantly underestimates the tortuosity 

value, which implies the sphere is an unreasonable approximation. Instead of spheres, cubes are 

employed in this study to reconstruct the electrode microstructure, which can be defined as the 3D 

cube packing model. The excellent agreement between the 3D cube packing model result and the 

experimental data in Sec.3 will testify that the cube is an appropriate choice. Furthermore, using cubes 

will significantly simplify the model and improve the calculation efficiency, which is benefit to handle 

the large computational domain.  
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The second step is to numerically model the diffusion progress in the reconstructed electrode 

and obtain the tortuosity [21, 23, 25, 26]. 

 

2.1 The 3D cube packing model 

 
Figure 3. Schematic of SOFC electrode microstructure reconstructed by the 3D cube packing model; 

blue denotes the pore phase, gray denotes the solid phase. 

 
 

Figure 4. The discretization of the electrode microstructure by the hexahedron mesh. 
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With the use of the cubes, the close packing of the cubes is firstly built. Owing to the pores 

random distribution in electrode, each cube maybe denote as the pore phase or the solid phase. In order 

to separate the pore from the solid, according to the porosity , some cubes are specified as the pore 

phase randomly by setting them with the properties of pore such as the intrinsic diffusion coefficient 

0D . While the rest cubes are specified as the solid phase, which is insulated to fluid. For example, there 

are 1000 cubes, for the porosity 0.3  , there are 300 cubes specified as the pore phase randomly, the 

rest 700 are the solid phase, as shown in Fig. 3. In this way, the porous electrode is easily built. 

Moreover, the 3D cube packing model can easily be discretized by the hexahedron mesh as can be 

seen in Fig .4. It is noteworthy that the edge length of the cube and the number of cube in each 

direction can be modified easily. 

 

2.2 The numerical model of the diffusion 

After reconstructed the electrode, the seconded step is to model the diffusion process in the 

reconstructed electrode. Although gases diffusion process in SOFC electrode is complex and usually 

consists of three different mechanisms: molecular diffusion, Knudsen diffusion and viscous flow, 

considering that the tortuosity is a geometric parameter of the electrode which is independent of the 

gaseous species and diffusion mechanisms [16, 36, 37]. Thus, to simplify calculations, the simplest 

Fick's model is utilized to describe the gas transport in electrode, just like in [33, 34, 38].    

 0 0   D c                                 (4) 

where D0 is the intrinsic diffusion coefficient, c is the gas concentration.  

Fig. 5 shows the configuration of boundary conditions. For the sake of simplicity, the 

concentration difference c  is predefined as 31mol m  by applying concentration 3

1= 1 mol mc  on 

the top face and 3

0 =0 mol mc  on the bottom face. For the other boundaries, no-flux condition is 

applied. The finite element software COMSOL MULTIPHYSICS is employed here to solve Eq. (4) in 

the computational domain. The computational domain is also cubic. L and l are the length of the 

computational domain and each cube respectively, as can be seen in Fig.5. The l is given as 1 μm, 

while L is an integral multiple of the l. 

From the solution of Eq. (4), the effD  can be obtained, which can be determined from the 

following equation: 

 




eff

eff

N L
D

A c
                             (5) 

 

where effN is the total diffusion flux, A is the cross section of computational domain.  

Combined with equation (1), the tortuosity   can be written as: 

 

 0

eff

A cD

N L
 


                           (6) 
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Figure 5. The schematic of boundary conditions.  

 

 

 

3. RESULTS AND ANALYSIS  

3.1. The analysis of mesh independency 

Because finite element method is adopted to solve the diffusion equation, it’s essential to verify 

the grid independence to guarantee the accuracy of the results. The hexahedron mesh is employed in 

this model, the size of which can be changed easily increasing the number of mesh element in each 

cube. A careful check for the grid independence is performed by building the models with different 

mesh size. Fig. 6 illustrates the relationship  between the tortuosity and the number of mesh element in 

each cube. The result shows that the relative deviation of the tortuosity between the each cube of 3375 

and 4096 mesh elements is lower than 1%. In order to save computing resource, the former mesh is 

adopted in this study. 
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Figure 6. The validation of mesh independency. One-percent error bars are added. 

 

3.2. Effect of the domain size 

 
Figure 7. The domain size as a function of the tortuosity.  One-percent error bars are added. 

 

Before calculating the tortuosity of the pore phase in electrode, the computational domain size 

must be determined. Because the tortuosity should be independent of the computational domain size, 
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which means the computational domain must be so large that can be as a representative volume 

element. To investigate the influence of the computational domain on the tortuosity, this study has 

built seven models with different computational domain size. Fig. 7 provides the relationship between 

the computational domain size and the tortuosity. The horizontal axis is the ratio between the length of 

computational domain (L) and cube (l). It is found that /L l of 15 is large enough and adopted in 

following calculation, since the relative deviation of the tortuosity between /L l of 15 and 17 is lower 

than 1%. This conclusion is also in accordance with the conclusion reported in references [16, 34]. 

 

3.3. Effect of the porosity  

In the literatures, there are many different correlations to calculate the tortuosity for different 

porous media, as listed in Table 1. From those correlations, two conclusions can be obtained. The first 

conclusion is that different porous medias have different correlations between tortuosity  and the 

porosity  . The second conclusion is that the tortuosity   is mainly determined by the porosity  . 

Therefore, the influence of porosity on the tortuosity is studied in the following. 

As described above, due to the pores random distribution in electrode, the tortuosity is almost 

constant for a given porosity. Furthermore, to take the slight fluctuation caused by random into 

consideration, for a given porosity, five models are computed and the average value is used in the 

following. 

 

Table 1. Tortuosity correlation 

 

No. Tortuosity correlation 

1 1 0.77ln( )   [39] 

2 4/3

3 2

1 1
1.23

 

 
  

 
[40] 

3 0.4
1 0.15

0.15




 
  

 
[41] 

4 log 0.151 0.5333log    [42] 

 

The practical possible electrode porosity is often in the range from 0.2 to 0.5. Thus, the 

tortuosity is calculated from ε=0.2 to ε=0.5. Fig. 8 illustrates the dependence of the tortuosity on the 

porosity and the comparison with the experimental data. Those experimental data are all measured 

based on the electrode fabricated by the conventional powder-processed technique, which indicates the 

pores randomly distributed in electrode. Thus it is reasonable to using these experimental data to 

testify the present model. Obviously, the tortuosity calculated by the present model matches very well 

with experiment data, which suggests that the present method is capable to estimate the electrode 

tortuosity. As can be seen in Fig. 8, the typical tortuosity values are in the limits of 1.3-4 for the 

practical electrode porosity, which is much lower than the values used in some references[30, 43]. 
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Moreover, it is significant that the tortuosity strongly depends on porosity, which should not be treated 

as an adjustable parameter or an empirical parameter. e.g., the tortuosity for porosity of 0.4 is 24.3% 

less than its values for porosity of 0.3. However, the tortuosity does not depend on porosity linearly. 

With the increase of the porosity, the tortuosity declines more and more slowly, as depicted in Fig. 8. 

For porosity of 0.3, the tortuosity is 43.7% less than its values for porosity of 0.2. While for porosity 

increasing from 0.4 to 0.5, the tortuosity only decreases 15.2%.  

 
Figure 8. Effect of the porosity on the tortuosity. Line + solid triangle symbols denotes the results of 

present model, the open circle symbols denotes experiment results [21-27]. 

 

 

 

4. CONCLUSIONS 

In this study, a novel method is designed to predict the tortuosity of pore phase in SOFC 

electrode fabricated by the conventional powder-processed technique, which combined the electrode 

microstructure reconstructed by a 3D cube packing model with a mature numerical molding method. 

Thus, it is of the characteristics of straightforward and easily implemented. The validity and accuracy 

of this method is verified by the well match with experimental data. The results indicate that the ratio 

between the length of computational domain (L) and cube (l) of 15 is necessary for the calculation of 

the tortuosity. It is also found that the typical tortuosity values are in the limits of 1.3-4 for the practical 

electrode porosity. Furthermore, the tortuosity strongly depends on porosity, which should not be 

treated as an adjustable or empirical parameter.  
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