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Abstract 

Development of Efficient Computational Fluid 
Dynamics Model for Solid Oxide Fuel Cell Systems 

based on Effectiveness Factor Sub-model for 
Chemical and Electrochemical Reactions 

 
                                             Areum Jeong 

School of Mechanical and Aerospace Engineering 
                The Graduate School 

Seoul National University 
 

Solid Oxide Fuel Cell (SOFC), one of the promising future energy conversion 

system, allows the conversion of chemical energy into electrical energy and heat 

through the electrochemical reaction. SOFC operates with high efficiency and can 

be regarded as an environmentally friendly system as it discharges only water when 

using hydrogen fuel. Also, hydrogen is also seen as the fuel that plays a propitious 

future energy source. In Europe and Japan, there are many efforts to develop energy 

technology using the hydrogen fuel. In order to overcome the disadvantage of the 

high expense of purified hydrogen, there are researches actively carried out on the 

small-scale reformer system that enables acquisition of hydrogen fuel using 

methane fuel which can be easily obtained. 

This dissertation utilizes FLUENT, commercial software, to calculate the 

chemical reaction and heat/gas transfer inside the small-scale reformer. Base on the 

catalyst effectiveness correlation for the analysis of nickel catalyst in the reformer 

developed by Nam (2015), a CFD model is developed to obtain the accurate results 

even with a small number of grids. Since the modified catalyst effectiveness 

correlation uses the properties on the surface of the catalyst, it is not necessary to 

dispose many grids inside the catalyst layer. The modified catalyst effectiveness 

correlation includes geometric information of monolith type reformer and operating 
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condition information. A parametric study is conducted after confirming the 

reliability by comparing with the models that has not applied the catalyst 

effectiveness model.  

Also, this dissertation develops an integrated CFD model for the SOFC system. 

When fuel and air are injected into the SOFC, an electrochemical reaction occurs 

inside the electrode, and a heat transfer/ gas flow/ mass transfer process are 

performed at the same time. This study proposes CFD model which integrates an 

electrochemical calculation inside of electrodes in micro scale and accurate 

consideration of heat and fluid flow in macro scale. For the efficient calculation, 

this study introduces electrochemical effectiveness model, developed by Shin and 

Nam (2015), which may accurately predict current generation in the active layer of 

SOFC without complicated calculations in electrodes. The electrochemical 

effectiveness model is integrated with the commercial software, FLUENT, and 

calculate current generation using the User-Defined Function (UDF), User-Defined 

Scalar (UDS), and User-Defined Memory (UDM). At the same time, heat/mass 

transfer and gas flow are calculated by utilizing the embedded code of FLUENT. 

The study extensively proceeded as the reliability is proven by comparing with the 

existing models which used simplified the external flow into the calculation. 

 

Keywords : Solid Oxide Fuel Cells (SOFC); Electrochemical Effectiveness; 

Catalyst Effectiveness; Small-scale methane-steam reformer; Monolith-type 

washcoat catalyst; FLUENT UDF/UDS/UDM; SOFC micro/macro model; Direct 

Internal Reforming (DIR) 
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k    thermal conductivity, W m-1K-1 or reaction rate constant 
L   thickness or length 
M   molecular mass, kg mol-1 

iM      molecular mass of species i , kg mol-1 

4,wc CHM  nominal methane diffusion rate, mol s-1 

n    molar flux vector, mol m-1s-1 
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CHAPTER 1 
INTRODUCTION 

1.1 Solid Oxide Fuel Cell 
Fuel cell is the promising energy convert system that enables the conversion of 

chemical energy into electrical energy and heat (Minh, 1993; Larminie and Dicks, 

2000). Generally, the fuel cell can be classified according to the type of the electrolyte 

used, and it is classified into a high-temperature type or a low-temperature type 

according to operating temperature. Currently, polymer electrolyte membrane fuel 

cells (PEMFCs) and direct methanol fuel cells (DMFCs) and ionic conductive 

ceramic and using high temperature fuel cells (SOFCs) are the most actively studied 

fuel cell technologies (Book, 2003). Solid oxide fuel cells (SOFCs) using ceramic 

electrolyte are one of the promising fuel cell types because of high efficiency and 

eco-friendly fuel cell. SOFCs operate with not only hydrogen but also with various 

fuel such as methane (natural gas), gasoline, diesel, and coal (Achenbach and 

Riensche, 1994; Su et al., 2011; Liu et al., 2008; Ma et al., 2006). When hydrogen is 

used as a fuel, water is discharged as a by-product. When hydrocarbon such as 

methane are fed as fuel, reforming reactions occur inside the porous anode and 

convert hydrocarbon into hydrogen fuel (DIR, direct internal reforming). The basic 

  
Fig.1.1 The operating principle of SOFCs 
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operating principles of SOFCs are shown in the Fig. 1.1. 

1.2 Structure of Solid Oxide Fuel Cell 
The basic structure of SOFC is shown in the Fig.1.2. The SOFC is based on a 

ceramic solid electrolyte with conductivity for oxygen ion (O2-) at high temperature 

above 600°C. The most critical part of the SOFC is the PEN (Anode 

electrode/Electrolyte/Cathode electrode) structure shown in the Fig.1.2. PEN is a 

structure in which a porous electrode of 10~20µm is bonded to both sides of a solid 

electrolyte of 10 µm. 

Planer anode-supported two-layer SOFC consist of two anodes, an electrolyte 

(ELEC), and two cathodes. The two anode layers are composed of an active layer 

(AFL) having fine particles and a substrate layer (ASL) having coarse particles. In 

the anode-supported SOFC, the anode substrate layer (ASL) is thick (~1 mm). The 

two cathode layers are also composed of an active layer (CFL) having fine particles 

and a current collector layer having coarse particles (CCCL). Their role is to 

efficiently transport gases and electrons. The five layers are referred to as PEN 

structure and are disposed between interconnectors and gas channels through which 

fuel gas and air flows.  

 
Fig.1.2 Basic structure of planer anode supported SOFCs 
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1.3 Materials of Solid Oxide Fuel Cell  
The standard material presently used for the electrolyte of SOFC is YSZ (yittria-

stabilized zirconia, Y2O3-ZrO2), which has an oxygen ion conductivity of about 0.1 

S/cm at 1000°C. The YSZ material has excellent chemical and mechanical stability. 

Electrolyte in SOFCs is generally made thin to reduce ohmic loss. 

The electrode of the SOFC is made by mixing an electron-conducting substance and 

an ion-conducting substance in order to improve the activity of the electrochemical 

reaction. In the case of the anode, Ni/YSZ cermet and YSZ/LSM (strontium-doped 

lanthanum manganite, La1-xSrxMnO3) composite is the most standard material (Book, 

2003). The anode substrate layer (ASL) is the thick layer, which means the 

mechanical support layer of the PEN structure. The ASL region is made of a binary 

mixture of nickel particles and YSZ. The YSZ plays a supporting role, and Ni 

particles help electron conduction. When methane is used as fuel, Ni also provides an 

abundant catalyst surface area for reforming reaction. The anode functional layer 

(AFL) is an active reaction layer where hydrogen oxidation takes place and is 

produced by sintering a binary mixture of fine Ni and YSZ. The fine particles increase 

the tpb (three-phase boundary) area for the reaction. On the other hand, the thickness 

of the AFL must be small, due to low material transport capacity. The cathode 

functional layer (CFL) is an active reaction layer in which oxygen reduction occurs, 

and is produced by sintering a binary mixture of YSZ and LSM micro-particles. The 

cathode current collector layer (CCCL) consists of rough LSM, as it helps oxygen 

diffusion. The interconnector uses relatively inexpensive metal such as stainless steel 

(SUS 430) which has good machinability and oxidation resistance. LSM coating is 

applied to increase corrosion resistance. The used materials are shown in Fig. 2.2. 

1.4 Performance of Solid Oxide Fuel Cell  
In the SOFC, fuel gas containing hydrogen (H2) and air containing oxygen (O2) are 

flowed along the anode and the cathode of SOFC. In this region, oxygen reduction 

reaction (ORR) and hydrogen oxidation reaction (HOR) occurs intensively. At this 

time, the flow of oxygen ions that are transferred from the cathode to the anode is 
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produced. The Eqn. (1.1)-(1.3) show the overall electrochemical reaction in SOFC. 

In the fuel electrode, hydrogen and oxygen ions react with each other. In this process, 

the separated electrons are transferred to the air electrode through an external circuit. 

This electron flow is electricity. The electrons transferred to the cathode participate 

in the ionization reaction of oxygen and are transferred to the anode according to the 

flow of oxygen ions through the electrolyte. This is the entire reaction path in SOFC.  

Cathode reaction (ORR): -- ®+ 2
2 O2O

2
1 e        (1.1) 

Anode reaction (HOR): -- +®+ e2OHOH 2
2

2      (1.2) 

Overall reaction: )Heat()Power(OHO
2
1H 222 ++®+     (1.3) 

The reaction of SOFC eventually generates heat due to exothermic reaction. When 

the SOFC is operated at a limited current density, additional voltage loss occurs and 

the reaction heat is increased. This is consumed by the gas flow in the channel region. 

The methane-fueled SOFC system operates on the basis of the hydrogen-fueled 

SOFC system. It includes additional chemical reactions and additional gas transport. 

Since hydrogen is currently very expensive fuel, the studies of direct internal 

reforming system in SOFC is very significant. The gases injected in the reformer are 

methane (CH4), water vapor (H2O), hydrogen (H2), carbon monoxide (CO), and 

carbon dioxide (CO2). The internal reforming occurs in the anode substrate layer 

(ASL), and the reforming reaction is described by the intrinsic reaction rate (Xu and 

Froment, 1989a). Even though the reforming reaction is an endothermic reaction, the 

SOFC which operate at high temperature has advantage of providing sufficient heat 

for the reforming reaction. 

1.5 Steam-methane reformer 
Residential fuel cells can be efficiently operated using city gas infrastructures. The 

steam-methane reforming system of hydrocarbon is an important system for 
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producing hydrogen fuel (Larminie J. and Dick A., 2003; Okada O. and Yokoyama 

K., 2001; Gencoglu M.T. and Ural Z., 2009). There are various types of small-scale 

reformer such as packed-bed reformer, coated wall (monolith) reformer (Zanfir M. et 

al., 2003; Roh H.S. et al., 2010; Yang J.I. et al., 2011; de Miguel N. et al., 2012; Palma 

V. et al., 2012). The reformer type sued in the calculation is monolithic type. The 

hydrogen is produced using nickel catalyst reformer. The reforming reaction takes 

place at the catalyst surface, which requires an appropriate heat treatment around the 

endothermic reaction (Xu and Froment, 1989a). 

1.6 Catalyst effectiveness concept 
Catalyst is a substance that improves the rate of a chemical reaction without 

changing itself. Most catalytic reactions are heterogeneous. Therefore, it is necessary 

to increase the surface area of the catalyst material, and most of the catalyst pellets 

are made by dispersing very fine catalyst particles on a porous substance. The 

chemical reactions taking place inside the catalyst are complicated reaction/diffusion 

problems. Generally chemical reactors are filled with a large number of porous 

catalyst pellets. When the reactant is injected into the reactor, the protectant is 

discharged through catalytic reactions. It is impossible to solve the complex 

reaction/diffusion problems that occur within each porous catalyst for the analysis of 

chemical reactions. Catalyst effectiveness concept is introduced for efficient 

calculation. Catalyst effectiveness is a quantitative measure of how efficiently the 

overall catalytic reaction surface area of the catalyst pellet is represented (Fogler H.S., 

2006; Rawlings J.B. et al., 2011). If the catalyst effectiveness is known, the overall 

reaction rate can be calculated without complicated calculations of concentration 

profiles and reaction rates within the catalyst.  

1.7 Motivation and object 
In this dissertation, calculations are performed to evaluate the effectiveness of the 

nickel catalyst based on the intrinsic kinetics of the steam reforming process in the 

residential small steam methane reformer. The catalyst effectiveness concept is 



  Ch. 1. Introduction 

- 6 - 

significant for correcting the reforming process and for effective reformer design. 

With the commercial program ANSYS FLUENT as the computational platform, mass 

transfer, heat and fluid flow of gases in reformer are calculated, and the reforming 

reaction rates based on the catalyst effectiveness are input as a user defined functions 

(UDFs). Using the catalyst effectiveness factor, it is to possible to calculate reforming 

reactions with only small number of grids. By introducing the Thiele modulus 

coefficient, the effectiveness factor is described as simple correlation. Modified 

Thiele modulus include various operating condition changes.  

Also, in this dissertation, micro/CFD model in SOFC system is proposed. For the 

overall analysis of SOFCs, detailed electrochemical reactions of micro scale inside 

porous electrode, and external effects such as temperature change, gas flow, and mass 

transfer are considered simultaneously. Macroscopic models such as heat/flow/mass 

transfer are coupled to microscale models for detailed electrode processing. Applying 

simply previous micro models to CFD cannot be done efficiently because a very large 

number of grids is needed to accurately analysis electrochemical processes occurring 

in a very thin layer. This leads to long computation time and low convergence stability. 

The concept of electrochemical effectiveness (Shin and Nam, 2015) is introduced to 

solve this problem. With this concept, the microstructure parameter based on the 

percolation theory and the number theory of electron and ion particles is numerically 

defined, and the micro model calculation is simplified using the concept. In the 

effectiveness model based microscale simulation method, current generation is 

calculated over the active functional thickness. Using the electrochemical 

effectiveness model, even with a small number of grids, the results show good 

accuracy, which also offers a great advantage in combining with macro calculations. 

In this dissertation, using FLUENT analysis platform that can handle complex shapes, 

the computation is performed by combining the user-defined function (UDF), user-

defined scalar (UDS), and user-defined memory (UDM) with CFD model. It is 

expected that the analyses of various types of interconnector will be possible in the 

future.  

Further, as described above, the SOFCs have an advantage that various fuels such 
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as methane, methanol, and gasoline can be used (Meusinger et al., 1998; Brett et al, 

2005). Using hydrogen fueled SOFC micro/macro model, analyses are performed 

considering the internal reforming of SOFCs. The additional gases are injected into 

ASL region and the reforming reaction processes in the ASL region where the catalyst 

surface area is relatively large. This takes into account availability in that relatively 

expensive hydrogen fuel can be obtained using cheap methane fuel. SOFCs operate 

advantageously in that they provide sufficient heat.  

1.8 Outline 
This dissertation consist of 7 chapters as shown in the Fig. 1.4. Chapter 2 explains 

the concepts of heat/flow and chemical reactions inside the small scale reformer. The 

characteristics of the catalyst used in the reformer are described. The chemical 

reactions and the material reactions taking place inside the catalyst are explained. The 

catalyst effectiveness concept is included to efficiently calculate the reaction inside 

the catalyst. This allow curate analyses without using a large number of grids. In 

chapter 3, the reforming reaction described in the Chapter 2 is applied to CFD. The 

calculation for the washcoat catalyst layer proceeds using UFDs in the FLUENT. The 

reliability is proved by comparing with the results obtained by the catalyst 

effectiveness concept and the conventional method using many number of grids. In 

chapter 4, hydrogen fueled SOFCs micro/macro integrated model is introduced with 

electrochemical effectiveness model. Mass transfer inside the porous electrode is 

calculated by the dusty gas model considering binary diffusion, Knudsen diffusion 

and viscous flow. Properties using the diffusion model are input using FLUENT 

UDFs. The heat transfer model is computed by solving the energy conservation 

equation in the entire computational domain. Heat transfer by conduction occurs in 

the ceramic electrolyte and interconnector, and heat transfer by convection is 

considered in electrodes and channels. Electrochemical reactions in the electrode 

active layer are characterized by current-voltage relationships based on the symmetric 

Butler-Volmer equation. The electrochemical effectiveness model is applied in this 

section. The electrochemical effectiveness is determined by the ratio of the actual 
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current generation to the maximum current generation at the electrode boundary and 

is described by simple correlations. The effectiveness model obtained by the 

correlation can calculate the current generation value in the active layer without 

requiring a large number of grids. Chapter 5 contains a micro/macro model of 

methane fueled SOFCs. Calculation proceeds by expanding the hydrogen fueled 

SOFCs. The global three step kinetics of steam methane reforming is calculated at 

the ASL. With the calculation platform, FLUENT, mass transfer and heat transfer and 

multicomponent diffusion is described. In Chapter 6, a simple three-dimensional 

calculation of the SOFC using hydrogen as fuel described in Chapter 4 is carried out. 

The operating and boundary conditions follow the calculation in Chapter 4. 

 

 
Fig.1.3 the outline of this dissertation 
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CHAPTER 2  
EFFECTIVENESS FACTORS FOR 
STEAM METHANE REFORMING 

REACTIONS 
 

2.1. Introduction  
Fuel cells that operate by hydrogen fuel have recently received the spotlight as 

environmentally friendly renewable energy conversion devices (Larminie J, Dick A. 

2003; O’hayre RP et al., 2006). However, demand for the small-scale on-site 

hydrogen production is increasing due to the high expense of purified hydrogen fuel. 

Development of small capacity hydrogen steam reformer system may become an 

appropriate alternative to obtain the hydrogen. The Fig. 2.1 shows an overview of 

reformer principle in SOFCs system. 

In the hydrocarbon (methane) steam reformer system, methane and water vapor 

flow into the pipe containing the reformer catalyst, and reforming reaction occurs in 

the catalyst (mainly nickel) inside of the pipe. Then, hydrogen is finally produced 

with the by-products through the process. Nickel is a catalyst commonly used in the 

steam methane reformer system (Van Hook JP, 1980; Rostrup-Nielsen JR. 1993). The 

 
Fig. 2.1 An overview of reformer principle in SOFCs system 

 

Current
Generation

Heat
Apply

Small-scale Reformer

SOFC

Fuel

Heat
Apply

Methane
/Steam



 Ch. 2. Effectiveness factors for steam methane reforming reactions 

- 10 - 

particles of nickel are uniformly distributed on Al2O3 alumina supporting structure. 

The reforming reaction generally consist of three step reaction (Xu and Froment, 

1989a). The mixture of hydrocarbon and steam is converted to carbon monoxide and 

hydrogen in a reformer system with nickel catalyst (steam reforming). The converted 

carbon monoxide reacts with the water vapor and produces carbon dioxide and 

hydrogen (water gas conversion and reverse-methanation reaction). It is important to 

supply heat from the outside due to the strong endothermic reaction throughout the 

overall process. 

A catalyst effectiveness factor is the quantitative ratio between the actual reaction 

rate and the maximum reaction rate where all the catalyst surfaces are exposed to the 

bulk flow. In previous studies, effectiveness factors are studied as a function of 

methane conversion (Beck et al, 2014) and also as a function of Thiele modulus which 

is defined as a ratio of reaction rates to the diffusion rate of catalysts (Rawlings JB et 

al, 2011). As the effectiveness factor is an essential element for the efficient reformer 

system design, previous studies suggest a tendency for the effectiveness factor. There 

is, however, limitation on suggesting the effective effectiveness factors that 

correspond to the change of catalyst structural parameters and operating conditions 

(Xu and Forment 1989a; Elnashaie and Abashar, 1993; Alberton et al., 2009; 

Pantoleontos et al., 2012). In this chapter, reaction kinetics theory in the small-scale 

on-site reformer is described, and the modified Thiele moduli used to apply the 

effectiveness factors to the single correlation curve under various reformer conditions 

and geometric parameters is introduced. This study is extended in chapter 3 to 

integrate into CFD calculations in FLUENT as an analysis platform. 

 

2.2 Reaction kinetics  
The global three-step chemical reactions mechanism (steam-methane reaction, 

SMR process) occurring inside the nickel catalyst reformer is described as fallows 

(Xu and Forment, 1989a) 

 
I. Steam reforming (SR): 
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1
4 2 2 298.15KCH H O CO 3H , 206 kJ molh -+ « + D = +%    (2.1) 

II. Water-gas shift (WGS): 

1
2 2 2 298.15KCO H O CO H , 41 kJ molh -+ « + D = -%     (2.2) 

III. Reverse methanation (RM): 

1
4 2 2 2 298.15KCH 2H O CO 4H , 165 kJ molh -+ « + D = +%    (2.3) 

There are five types of gases species in the reaction; methane (species 0: CH4), 

water vapor (species 1: H2O), hydrogen (species 2: H2), carbon monoxide (species 3: 

CO), and carbon dioxide (species 4: CO2) 

The first reaction (SR) is the main reaction of the reforming reaction, in which 

methane and water vapor are converted of carbon monoxide and hydrogen on the 

nickel catalyst surface, and this reaction is endothermic. In the second reaction 

(WGS), carbon monoxide and water vapor are converted to carbon dioxide and 

hydrogen. Although this reaction is an exothermic reaction, the reaction heat is small 

and the reaction enthalpy is relatively small. The second reaction is considered to be 

near-equilibrium because the reaction rate is very fast and the mole fractions of main 

species CO and CO2 are very small. Even when the catalyst effectiveness is 

calculated later, the second reaction effectiveness factor is input as a constant 

(0.5~1.0). In the third reaction (RM), methane and water vapor are converted to 

carbon dioxide and hydrogen, which can be considered to be a total reaction formula 

combining the two reactions described above. The entire reaction takes place with a 

string endothermic reaction, and appropriate heat must be applied around the reformer. 

In the case of direct internal reforming (DIR) in the solid oxide fuel cell, the fuel cell 

operating at a high temperature, there is no need to supply heat around fuel cell 

systems. The finally produced hydrogen end water vapor are used as the fuel of the 

SOFCs. 

The intrinsic kinetics for the global three-step reaction mechanism is explained by 

the reaction rate when the reforming reaction proceeds inside the reformer (Xu and 

Forment, 1989a). The reaction rate (kmol kgcat-1 h-1) for the reactions Ir , IIr  and IIIr  
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are as follows 

2

4 2

2

3
H CO 2I

I CH H O2.5
H eq,I

/ DEN
p pkr p p

p K
æ ö

= -ç ÷ç ÷
è ø

       (2.4) 

2 2

2

2

H CO 2II
II CO H O

H eq,II

/ DEN
p pkr p p

p K
æ ö

= -ç ÷ç ÷
è ø

       (2.5) 

2 2

4 2

2

4
H CO2 2III

III CH H O3.5
H eq,III

/ DEN
p pkr p p

p K
æ ö

= -ç ÷ç ÷
è ø

       (2.6) 

where DEN is defined as 

2 2

2 2 4 4

2

H O H O
CO CO H H CH CH

H
DEN 1

K p
K p K p K p

p
= + + + +     (2.7) 

where jp  ( j  = gas species) represents the partial pressure (bar) at the catalyst 

surface in the case of the catalyst effectiveness model and the partial pressure inside 

the catalyst (Ni) in the base model described in the next section (chapter 3). 

In equation (2.4)-(2.6), Ik , IIk , and IIIk  are the reaction constants as follows 

0.5
15

I
g cat

240,100 kmol bar4.225 10 exp
kg h

k
R T

é ù ×
= ´ -ê ú

×ê úë û
      (2.8) 

6
II

g cat

67,130 kmol1.955 10 exp
bar kg h

k
R T

é ù
= ´ -ê ú

× ×ê úë û
      (2.9) 

6
II

g cat

67,130 kmol1.955 10 exp
bar kg h

k
R T

é ù
= ´ -ê ú

× ×ê úë û
      (2.10) 

The adsorption coefficient of jK  (j = gas species) is given as 

4

4 1
CH

g

38,2806.65 10 exp barK
R T

- -
é ù

= ´ ê ú
ê úë û

       (2.11) 
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2

5
H O

g

88,6801.77 10 expK
R T

é ù
= ´ -ê ú

ê úë û
         (2.12) 

2

9 1
H

g

82,9006.12 10 exp barK
R T

- -
é ù

= ´ ê ú
ê úë û

       (2.13) 

5 1
CO

g

70,6508.23 10 exp barK
R T

- -
é ù

= ´ ê ú
ê úë û

       (2.14) 

The equilibrium constants eq,IK , eq,IIK and eq,IIIK  are expressed as 

2
eq,I

26,830exp 30.114 barK
T

é ù= - +ê úë û
       (2.15) 

eq,II
4,400exp 4.036K
T

é ù= -ê úë û
         (2.16) 

2
eq,III eq,I eq,II

22,430exp 26.078 barK K K
T

é ù= = - +ê úë û
     (2.17) 

where gR  means universal gas constant (8.314 Jmol-1K-1), and T means 

temperature (K). 

 

2.3 Effectiveness factors of catalyst  
Once the methane-steam gas is injected into the reformer, diffusion and penetration 

of gas species occur in the coated-wall catalyst through the channel as shown in Fig. 

2.2. The reaction occurs in the inner surface of the catalyst layer, and the reactants are 

reduced and the products are increased in the catalyst. Simultaneously, the 

endothermic reaction occur, so that the temperature in the catalyst layer decreases. 

The effectiveness factor is defined as the ratio of the actual reaction rate to the 

maximum reaction rate. Therefore, it is a parameter that can measure how effectively 

the catalyst is utilized. The catalyst effectiveness is also defined as the apparent 

reaction rate versus the intrinsic reaction rate. The apparent reaction rate means the 
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reaction rate at the catalyst surface and the intrinsic reaction means the reaction rate 

inside the catalyst. The effectiveness factor for Reaction II (WGS) is input as constant 

(0.5~1.0) assuming that the reaction is near-equilibrium reaction as described above. 

The calculations of the catalyst effectiveness for Reaction I (SR) and Reaction III 

(RM) is expressed as 

cat

cat I 1 50
I

cat cat I , 1 5

( , )

( , )

L

i i

i i

r p T dz

L r p T

r
h

r
¥=

¥ ¥=

= ò L

L

         (2.18) 

cat

cat III 1 50
III

cat cat III , 1 5

( , )

( , )

L

i i

i i

r p T dz

L r p T

r
h

r
¥=

¥ ¥=

= ò L

L

         (2.19) 

where catr  means apparent density, and catL  means catalyst thickness. The 

terms I 1 5
( , )i ir p T¥= L  and III 1 5

( , )i ir p T¥= L  means the actual reaction rate. However, 

the terms I , 1 5
( , )i i
r p T¥ ¥= L

 and III , 1 5
( , )i i

r p T¥ ¥= L
 mean ideal reaction rate under 

conditions of the bulk flow stream. 

The catalyst effectiveness factor coefficient can also be defined as a function of the 

methane conversion ratio (Beak et al, 2014). 

4

4

4

01 CH
CH

CH

N
N

b = -             (2.20) 

where 
4

0
CHN  means initial molar flow rate of methane (mol s-1). If the methane 

conversion ratio is 1, the injected methane gas is consumed. 

The steam –to-carbon ratio (S/C ratio) is defined as 

2

4

0

0
H O

CH

N
SC

N
=              (2.21) 

where 
2

0
H ON  means initial molar flow rate of water-vapor (mol s-1). 

The catalyst effectiveness factor tends to increase as the methane conversion ratio 

increase. Conversely, the reaction rate tends to decrease with increasing reaction rate. 
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Therefore, it can be inferred that the effectiveness factor will tend to be small when 

the reaction rate is high (Beak et al., 2014). 

The previous Thiele modulus model to describe the correlation of the effectiveness 

factor is as follows. This is a first-order model (Rawlings et al., 2011). 

2 (reaction rate):
(diffusion rate)

ka
D

f =           (2.22) 

where a  is the characteristic length of catalyst, k  is the rate constant, and D  

is the diffusion coefficient. The effectiveness factor for first-order reaction (Rawlings 

et al., 2011). 

1 1 1
tanh3 3

h
f f f
é ù

= -ê ú
ë û

           (2.23) 

In equation (2.23), the effectiveness factor can simply be determined by the 

 
Fig. 2.2 (a) Coated wall catalyst reformer (b) SMR process in reformer (A. Jeong, 

2018) 
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reciprocal of the Thiele modulus ( 1/h f» ). As an extended form of equation (2.22), 

the Thiele modulus can be expressed as 

4 4

I III

CH CH
,  I III

R R
M M

f f= =          (2.24) 

where IR  and IIIR  are the nominal reaction rate, which means the reaction rate 

in the catalyst surface. 

I cat cat I , 1 5
( , )i i

R L r p Tr ¥ ¥=
=

L
, III cat cat III , 1 5

( , )i i
R L r p Tr ¥ ¥=

=
L

   (2.25) 

The methane diffusion rate 
4CHM  is expressed as 

( )4

4 4 4

CH t, eq
CH CH . CH

cat g

D p
M x x

L R T
¥

¥
¥

= -         (2.26) 

where 
4

eq
CHx  means equilibrium methane mole fraction of the steam-methane 

reaction (SMR) process and is a function of pressure, temperature, and steam to 

carbon ratio (S/C ratio). 
4CHD is methane diffusivities at the catalyst layer (Mason et 

al., 1983). 

4 4 4

eff eff
CH m,CH CH K

1 1 1
D D D -

= +           (2.27) 

where 
4

eff
m,CHD is effective ordinary diffusivity defined as 

4 2 2 2

4 4 2 4 2 4 4 2

CH , H O, H , CO ,CO,
eff eff eff eff eff
m,CH CH H O CH H CH CO CH CO

1 x x x xx
D D D D D

¥ ¥ ¥ ¥¥

- - - -

-
= + + +     (2.28) 

( )4

4 4

1.75
eff
CH ,j 1/2 1/3 1/3

CH ,j CH j

0.0143

t

TD
p M V V

e
t

=
+

 (j=gas species)     (2.29) 

where 
4CH ,jM  means molar mass, defined as ( )

4

1

CH ,j i j2 1/ 1 /M M M
-

= +  and V

is the diffusion volume (25.14 for CH4, 13.1 for H2O, 6.12 for H2, 18.0 for CO, 26.7 

for CO2, 16.3 for O2). tp  means total pressure. 
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4

eff
CH KD -  is effective Knudsen diffusivity 

4

4

eff
CH K p

CH

97
2

TD d
M

e
t- =           (2.30) 

where pd  is the mean pore diameter 

( )p el io
2 min ,
3 1-

d d de
e

=           (2.31) 

The process for obtaining equilibrium methane constants is as follows 

2 2

4 2 4 2

3 3
H CO H CO2 2 2

eq,I t t2
CH H O CH H O t

26,830exp 30.114 bar
x x n n

K p p
x x n n n T

é ù= = = -ê úë û
  (2.32) 

2 2 2 2

2 2

H CO H CO
eq,II

CO H O CO H O

4,400exp 4.036
x x n n

K
x x n n T

é ù= = = - +ê úë û
     (2.33) 

Assuming that the mole number of initial methane and water vapor are 1 and S/C, 

the reaction and final mole number of the gas species represent on the Table 2.1. The 

composition of the final gas species can be obtained by satisfying the Eqns. (2.32) 

and (2.33). 

Table 2.1 Reaction and final mole number of the gas species in reforming reaction 

Gas Species Initial Change Final 

CH4 1 -r1 1-r1 

H2O SC -r1-r2 SC-r1-r2 

H2 0 3r1+r2 3r1+r2 

CO 0 r1-r2 r1-r2 

CO2 0 r2 r2 

Total Moles 1+SC 2r1 1+SC+2r1 
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1 1 2
2 2 3

eq,I 1 1 2 1 t 1 2 1 2

( , ) 0 :

(1 )( )(1 2 ) (3 ) ( ) 0

f r r
K r SC r r SC r p r r r r

=

- - - + + - + - =
    (2.34) 

2 1 2

eq,II 1 2 1 2 1 2 2

( , ) 0 :
( )( ) (3 )( ) 0

f r r
K r r SC r r r r r

=
- - - - + =        (2.35) 

The 1r  and 2r  can be obtained using the newton-Raphson method. (Initial value 
0

1r =0.7 and 0
2r =0.4.) The equilibrium methane conversion ratio and mole fraction of 

methane are expressed as 

4

eq
CH 1rb =              (2.36) 

4

eq 1
CH

1

1
1 2

rx
SC r
-

=
+ +

            (2.37) 

2.4 Modified modulus according to various factors 
The catalyst effectiveness can be describes as a function of methane conversion ratio 

(Beak, et. al., 2014). Fig. 2.3 represents variation in the effectiveness factors with 

respect to the methane conversion ratio (A Jeong, 2018). In the Fig. 2.3 (a) and (c), 

the effectiveness factors are proportional to the methane conversion ratio. This means 

that the higher reaction rate, the greater the effectiveness factors. However, the 

relationship between the effectiveness factor II and methane conversion ratio tends to 

be the opposite. Because carbon monoxide, the main gas species of reaction II, is 

small when the methane conversion ratio is small. Since the mole fraction of gas 

species for reaction II is very small, the effectiveness factor II is assumed to be a 

constant (0.5-1.0). Considering the effect of temperature in the Fig. 2.3, it can be seen 

that the lower the operating temperature, the lower the methane conversion ratio. This 

is because the reforming reaction is an endothermic reaction.  
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Fig.2.3 Variation in the effectiveness factors (a) Ih , (b) IIh  and (c) IIIh  with 
respect to the methane conversion ratio
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The catalyst effectiveness also can be described as a function of effective Thiele 

modulus (Baek et al., 2014). The effective Thiele moduli can also be expressed as a 

function of various variables. Predicting the value of Thiele modulus is essential 

because the modulus affects the effective value directly (Nam, 2015). Fig. 2.4 shows 

the effectiveness factors according to the Thiele moduli. Even though this Figure 

shows the relativeness between moduli and effectiveness factors, it is unreasonable 

to express it as a single correlation curve. Thus, modified Thiele moduli *
If and *

IIIf  

are introduced. Correlation of effectiveness factor is defined using modified Thiele 

modulus affected various factors. Factors affecting the modified Thiele modulus 

include operating condition (temperature, pressure) and geometric parameters 

(thickness of catalyst, catalyst diameter et al.). 

The catalyst effectiveness value for the modified modulus is as follows (A Jeong, 

2018) 

Table 2.2 Basic reforming operating conditions and catalyst layer properties. 

Parameters Values 

Reforming conditions  
Temperature, T¥  700°C 
Pressure, t,p ¥  1 bar 
Steam-to-carbon ratio, SC  3 

Washcoat layer properties  
Catalyst density, catr  2,355b kg/m3 
Volume-specific catalyst surface area, catA  2.2 m2/m3 
Layer thickness, catL  50 mm 
Porosity, e  0.5 
Tortuosity, t  4.0 
Mean pore diameter, pored  25 nm 
Viscous permeability, vK  1´10–18 m2 

a The underline values are the base-case conditions and washcoat properties. 
b The volume-specific catalyst surface area, catA  of 2.2´107 m2/m3 correspond to the 

apparent catalyst density, catr  of 2,355 kg/m3 Xu and Froment (2002) 
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( ) ( )1.88 1.03* *
I III

1.5 1.5( 1)  and  ( 1)
1 0.41 1 4.14

h h h h
f f

= £ = £
+ +

Ⅰ Ⅰ Ⅲ Ⅲ   (2.38) 

where *
If  and *

IIIf  are the modified Thiele moduli with respect to temperature 

and steam-to-carbon (S/C) ratio. 

 
Fig.2.4 Variation in the effectiveness factors with respect to the effective 
Thiele moduli (a) steam reforming reaction hⅠ and (b) reverse methanation 
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A relationship between the effectiveness factors and the modified moduli applied 

for various temperatures and S/C ratio is shown in Fig.2.5. The graph of the 

effectiveness factor for the modified modulus can be plotted as a single correlation 

curve (eqn. (2.38)). 

 
Fig.2.5 Variation in the effectiveness factors with respect to the effective 
Thiele moduli (a) steam reforming reaction hⅠand (b) reverse methanation 
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Note that the modified Thiele moduli are not from a theoretical basis. They are just 

numerical variables to describe the effective correlation with respect to the catalyst 

effectiveness factors. Effectiveness data are obtained for the basic operating 

conditions, and then the correlation and modified modulus values are numerically 

obtained based on the data. The basic operating conditions used represent in Table2.2. 

Thus, other parameters can be involved for the modified modulus in given 

 
Fig.2.6 Variation in the effectiveness factors with respect to the effective 
Thiele moduli (a) steam reforming reaction hⅠ and (b) reverse methanation 
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correlation. The correlation equation that takes into account the effect of the 

reforming pressure is as defined (A Jeong, 2018) 

0.18 0.21.3 0.90.07 0.6
t , t ,* *p pT TSC SCand 

700 C 3 1bar 700 C 3 1bar
f f f f

-- -
¥ ¥¥ ¥

° °

æ ö æ öæ ö æ öæ ö æ ö= =ç ÷ ç ÷ç ÷ ç ÷ç ÷ ç ÷
è ø è øè ø è øè ø è ø

Ⅰ Ⅰ Ⅲ Ⅲ
 

(2.40) 

The Fig. 2.6 represents the effectiveness factors according to temperature and 

 
Fig.2.7 Variation in the effectiveness factors with respect to the effective 
Thiele moduli (a) steam reforming reaction hⅠ and (b) reverse methanation 
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pressure variables. It is suggested that the operating condition variables can be 

represented as an effectiveness factor correlation with modified Thiele modulus. 

 The catalyst geometric condition as well as the operating condition variables can 

be included in the modified moduli and effectiveness factors. The Fig. 2.7 shows the 

modified moduli and effectiveness factors according to catalyst thickness and 

temperature. 

 
Fig.2.8 Variation in the effectiveness factors with respect to the effective 
Thiele moduli (a) steam reforming reaction hⅠ and (b) reverse methanation 
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(2.41) 

The Fig. 2.8 shows the modified moduli and effectiveness factors according to mean 

pore diameter and temperature. 

 
Fig.2.9 Variation in the effectiveness factors with respect to the effective 
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The Fig. 2.9 shows the modified moduli and effectiveness factors according to 

higher volume specific catalyst area and temperature 
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Combining all the variables that apply to the modified modulus is defined as 
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2.5 Conclusion 
The catalyst effectiveness concept is introduced for the design and calculation of 

small-scale on-site reformers to produce hydrogen fuel. The intrinsic reaction rate 

which represents the reforming reactions is explained (Xu and Froment, 1998a) and 

the effectiveness concept is used to calculate it efficiently. The concepts of 

effectiveness factors, Thiele modulus, and related properties are described. The 

correlation with Thiele modulus which is directly related with effectiveness factors is 

introduced, and single curve correlation is adopted from the modified Thiele modulus. 

Various variables that constitute the modified modulus are introduced. 
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CHAPTER 3. 
CFD MODEL FOR MICROCHANNEL 

STEAM METHANE REFORMER 
 

For the efficient design of the reformer system, it is essential to analyze the exact 

chemical reactions and heat and mass transfer, and fuel gas flow inside of the 

reformer. Since the particles of catalyst inside of the reformer are extremely small, a 

large number of grids are required for the accurate calculations. This lead to results 

in high calculation costs and convergence stability.  

In this chapter, a method to obtain relatively accurate analysis results even with 

only a small number of grids is proposed using the concept of catalyst effectiveness 

correlation. The catalyst effectiveness can be defined as the ratio between the reaction 

rate on the catalyst surface and the reaction rate within the catalyst, allowing for 

highly accurate predictions of the actual reaction rate within the catalyst from the 

catalyst surface reaction rate. It is possible to derive the value of the catalyst 

effectiveness according to the specific operating conditions and catalyst geometric 

parameters by using the Thiele modulus correlation (Nam, 2015). The research is 

conducted by modeling a small-scale reformer of monolith type which has a layer 

that uniformly coated with catalyst (washcoat layer) on the 2-dimensional Al2O3 

supporting structure. Nickel is used as the main catalyst due to its high cost efficiency 

(van Hook JP., 1980; Rostrup-Nielsen JR., 1993). Fig. 3.1 shows a brief explanation 

of the monolith type reformer.  

The commercial software FLUENT is used for the analysis platform. The codes 

available in FLUENT are used for the heat/flow analysis and the material transfer 

analysis. The reaction option is used to input the total reformer reaction equation, and 

the user-defined function (UDFs) is used to input the gas types, material properties, 

and reformer reaction rate function. 
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3.1 Model description 

For the calculations, the basic analysis model that performed the intrinsic reaction 

rate calculation within the catalyst and the analysis that applied the catalyst 

effectiveness model are carried out, and the two values are compared to determine 

the reliability of the calculations and then proceed with the parametric study.  

In the basic analysis model, 50 grids in the washcoat layer is arranged by applying 

a ratio of 1.05, and only one grid is arranged in the washcoat layer for the analysis 

with the catalyst effectiveness. The washcoat layer is thinly distributed on the channel 

wall surface, and most of the reaction takes place on the washcoat surface. The two-

dimensional model largely consist of a channel, a washcoat layer, and a substrate 

(solid) region as shown in the Fig. 3.2. The half-analysis is conducted considering the 

symmetry plane of the flow center. Five types of gases, methane, steam, hydrogen, 

carbon monoxide, and carbon dioxide flow through the channel. When injecting the 

methane and water vapor, an internal reaction occurs within the catalyst layer to 

finally produce hydrogen fuel. 

A turbulence model is used for the flow analysis. In the channel, only the binary 

diffusivity between the gases is taken into the consideration. In the catalyst 

(washcoat) layer, the Knudsen diffusivity is also considered for the diffusion 

occurring in the washcoat layer. In the basic analysis, the catalyst layer consist of 

 
Fig. 3.1 Micro channel steam/methane reformer (Murphy et al., 2013)  
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porous media and has permeability in the range of 1×10-18 ~ 10-20 m2, so in reality 

there is almost no flow. However, catalyst effectiveness model exhibited a flow 

phenomenon to some degree because the mass diffusivity value in catalyst layer is 

multiplied by 100~1000 times in order to determine the internal Thiele modulus 

values. It turns out that this had little effect on the results. Reforming reactions are 

generally endothermic and therefore require adequate heat provision. In the substrate 

(solid) layer composed of Al2O3, heat transfer is ensured. The calculation is 

conducted with the assumption that convection occurs outside the solid zone.  

3.2 Governing equations 

3.2.1 Reaction kinetics 

As describe chapter 2, the global three-step chemical reactions mechanism occurring 

inside the nickel catalyst reformer is expressed as 

 
I. Steam reforming (SR): 

1
4 2 2 298.15KCH H O CO 3H , 206 kJ molh -+ « + D = +%    (3.1) 

II. Water-gas shift (WGS): 

1
2 2 2 298.15KCO H O CO H , 41 kJ molh -+ « + D = -%    (3.2) 

 
Fig. 3.2 two-dimensional small-scale reformer calculation model (a) base model 

(b) effectiveness model) 
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III. Reverse methanation (RM): 

1
4 2 2 2 298.15KCH 2H O CO 4H , 165 kJ molh -+ « + D = +%    (3.3) 

Again, there are five types of gases species in the reaction; methane (species 0: 

CH4), water vapor (species 1: H2O), hydrogen (species 2: H2), carbon monoxide 

(species 3: CO), and carbon dioxide (species 4: CO2) 

2

4 2

2

3
H CO 2I

I CH H O2.5
H eq,I
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p pkr p p

p K
æ ö

= -ç ÷ç ÷
è ø

       (3.4) 
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where DEN is defined as 

2 2

2 2 4 4

2

H O H O
CO CO H H CH CH

H
DEN 1

K p
K p K p K p

p
= + + + +     (3.7) 

The volume sources iS  (mol m-3s-1) for species i , from the given reaction rate is 

expressed as 

0 cat I III( ) / 3.6s r rr= - -            (3.8) 

1 cat I II III( 2 ) / 3.6s r r rr= - - -           (3.9) 

2 cat I II III( 3 4 ) / 3.6s r r rr= + + +           (3.10) 

3 cat I II( ) / 3.6s r rr= + -            (3.11) 

4 cat II III( ) / 3.6s r rr= + +            (3.12) 
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where the number 3.6 is the constant for the unit conversion. 

The reaction rates describe above are entered as a User-Defined Function (UDF) in 

analysis platform software FLUENT via unit conversion. When the Reaction option 

selected, the source terms are automatically entered in FLUENT. 

In this dissertation, the study is performed by entering UDF for reforming reactions 

in FLUENT as an analysis platform. Heat and mass transfer and gases flow 

computation uses FLUENT internal codes. 

The equations for effectiveness model are described as 

cat
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i i

i i
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         (3.14) 

A more detailed description about effectiveness model and correlation is given in 

Chapter 2. To obtain correlation with effectiveness factor, the Thiele modulus can be 

defined as (Beak et al., 2014, Nam, 2015) 

4 4

wc,I wc,III

wc,CH wc,CH
,  I III

R R
M M

f f= =          (3.15) 

The subscript wc  represents the value of washcoat layer. The catalyst 

effectiveness value for the modified modulus is as follows (A Jeong, 2018) 
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The modified Thiele moduli according to various parameters are defined as 
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These eqns. (3.16) and (3.17) aren’t derived from theoretical basis instead, these 

equations provide relatively accurate correlations on the conditions of 1bar, 600-

800°C , and 2-4 S/C ratio (A Jeong, 2018). 

3.2.2 Mass transfer model 

Mass conservation equation in FLUENT is expressed as (FLUENT 6.3 User’s 

Guide) 

( ) mv S
t
r r¶

+Ñ × =
¶

           (3.18) 

The term ( )3 1
m  S kg m s- -  is mass source. Since the Reaction option is used, the 

mass source is calculated and entered internally as a result of reforming reaction. The 

UDF is not need to be entered. However, it is necessary to input the internal diffusion 

properties. The mass transfer governing equation on the FLUENT is defined as 

( ) ( ) ii i i iY vY J R S
t
r r r¶

+Ñ × = -Ñ + +
¶

        (3.19) 

where iY  is the local mass fraction of each species through the solution of the 

convection – diffusion equation for the species i . iR  is the net reaction rate of 

species i  by chemical reaction. iS  is the source that entered as UDF. iJ  is the 

coefficient of diffusion of the gas species i . 

To obtain an effective diffusion coefficient, the Bosanquet approximation is used 

(Mason, E.A, 1983) 

eff
i

eff eff
m,i ik

1
1 1D

D D

=
+

           (3.20) 

where eff
im,D  is the effective ordinary diffusivity and eff

ikD  is the effective 

Knudsen diffusivity. At the channel region, only the binary diffusivity is considered 

and at the washcoat catalyst layer, the binary and Knudsen diffusion considered 

simultaneously. 

In order to calculate the modulus value, the catalyst effectiveness model is 
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determined by multiplying the effective diffusivity value by 100 to 1000 times to 

make it similar to the diffusivity value of the channel region. Since the mass 

diffusivity is increased, the flow seems to occur in the washcoat region of catalyst 

effectiveness model. In the base model gas flow hardly occur in the washcoat region 

due to the permeability value. It doesn’t seem to have a significant effect for the 

results.  

Because the Reaction option (Volumetric reaction) is used on the FLUENT, the 

production sources of species aren’t input. The reaction rate (kgmol m-3s-1) entered 

as the net production rate of species by chemical reaction in the formula above is as 

determined as (FLUENT incorporation) 

, ,
1

ˆ
RN

i w i i r
r

R M R
=

= å             (3.21) 

where iR  is the Arrhenius reaction source for the RN reactions of species i . ,w iM
is the molecular weight and ,

ˆ
i rR is the Arrhenius molar rate of creation/destruction in 

reaction r . 

 

The general expression for the reaction is as follows (including reversible and 

irreversible) 

,

, , ,
1 1

k f rN N

i r i b r i r i
i i
v k v

= =

¢ ¢¢M Må å
ˆˆˆ †̂‡ˆˆˆ̂

          (3.22) 

where N means number of chemical species ,i rv¢  is stoichiometric coefficient for 

reactant i , ,i rv¢¢ means stoichiometric coefficient for product i , iM  is symbol 

denoting species i , ,f rk is forward rate constant, and ,b rk  is the backward rate 

constant. In the reversible reaction coefficient in FLUENT software for the rate 

exponent of the production is shown in Fig. 3.3. 

The Arrhenius molar rate is determined as 
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( ) , ,
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where rN  is the number of chemical species is, ,j rC is the molar concentration of 

each reactant and product (kgmol m3), ,j rh¢ is forward rate exponent for each reactant 

and product, and ,j rh¢¢  is the backward rate exponent for each reactant and product. 

The net effect or third bodies on the reaction rate is 

,

rN

j r j
j

CgG =å              (3.24) 

where ,j rg  is the third-body efficiency of the j th species of r th reaction. 

The forward rate constant, ,f rk  is  

/
,

rE RTr
f r rk A T eb -=            (3.25) 

where rA (consistent units) is pre-exponential factor, rb (dimensionless) is the 

temperature exponent, rE (j kgmol-1) is the activation energy for the reaction, and 

R  (J kgmol-1K-1) is the universal gas constant. 

When the reaction is reversible, the backward rate constant is 

 
Fig. 3.3 Reaction option setting window in FLUENT  
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,
,

f r
b r

r

k
k

K
=              (3.26) 

where rK is the equilibrium constant defined as 
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where atmp  is the atmospheric pressure (101325 Pa).  
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where 0
iS and 0

ih  is the standard-state entropy and standard-state enthalpy.  

3.2.3 Viscous model 
The k-ε viscous model option is chosen to set the flow as close to the actual gas 

flow. 
The governing equations for the k-ε viscous model provided by the FLUENT are 

(FLUENT 6.3 User’s Guide) 

( ) ( )

( ) ( ) ( )

t
i k b M k

i j k j

2
t

i 1 k 3 b 2
i j j

kk ku G G Y S
t x x x

u C G C G C S
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e

m
r r m re
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m e e ere re m r
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é ùæ ö¶ ¶ ¶ ¶
+ = + + + - - +ê úç ÷¶ ¶ ¶ ¶ê úè øë û

é ùæ ö¶ ¶ ¶ ¶
+ = + + + - +ê úç ÷¶ ¶ ¶ ¶ê úè øë û

(3.30) 

where kG  means the generation of turbulence kinetic energy due to the mean 

velocity gradients, bG is the generation of turbulence kinetic energy due to buoyancy, 

MY  is the contribution of fluctuating dilatation in compressible turbulence to the 

overall dissipation rate. 1C e , 2C e , and 3C e are constants. ks , es are the turbulent 

Prandtl number for k and e . kS and Se are user-defined sources. 
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3.2.4 Heat transfer model 

The energy conservation equation involving the porous material used in the 

calculation on the FLUENT is determined as 

( )( ) ( )( ) ( ) h
efff f s s f f eff j j f

j
1E E v E p T h T v S

t
gr g r r k t

æ ö¶
+ - +Ñ × + = Ñ × Ñ - + - +ç ÷

¶ è ø
å  

(3.31) 

where effk  is thermal conductivity and hS  is the volumetric heat source (Fluent, 

A., 12.0 User's Guide, 2009). where fE  is the total fluid energy, sE  is the total 

solid medium energy, g  is the porosity of the media, effk  is the effective thermal 

conductivity of the medium, and  h
fS  is the fluid enthalpy source term. The molar 

enthalpy  jh  is obtained by the molar specific heat p,jc  (J mol-1K-1) as 

( ) ( )* *
,

ref

T

j p jT
h T c T dT= ò           (3.32) 

where *T  is the reference temperature and jp,c  is the specific heat expressed as a 

function of temperature. Similarly, the function for thermal conductivity can also be 

described as a function of temperature. 

( )eff f s1k gk g k= + -            (3.33) 

where g  is the porosity, fk  is the fluid phase thermal conductivity, sk  is the 

solid media conductivity. The values of molar specific heat, jp,c and thermal 

conductivity of gas mixture, fk  are obtained by choosing the mixing law in 

FLUENT. The entered coefficients for the values are shown in Table 3.1 and Table 

3.2. Table 3.1 shows the polynomial correlation coefficients for the specific heat by 

Todd and Young (2002). Table 3.2 also shows the polynomial correlation coefficients 

for the thermal conductivity by Todd and Young (2002).  
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The solid media thermal conductivities are shown in Table 3.3. 

Table 3.1 Molar heat capacity coefficients for reformate gas species valid in the 
range 273-1473K (Todd and Young (2002)) 

Species 0a  1a  2a  3a  4a  5a  6a  

CH4 47.964 -178.59 712.55 -1068.7 856.93 -358.75 61.321

H2O 37.373 -41.205 146.01 -217.08 181.54 -79.409 14.015

H2 21.157 56.036 -150.55 199.29 -136.15 46.903 -6.4725

CO 30.429 -8.1781 5.2062 41.974 -66.346 37.756 -7.6538

CO2 4.3669 204.60 -471.33 657.88 -519.90 214.58 -35.992

( )
6

k
p k

k=0
kJ/kmolLc a t=å , where ( ) / 1000T Kt =  

Table 3.2 Thermal conductivity coefficients for reformate gas species valid in the 
range 273-1473K (Todd and Young (2002)) 

Species 0c  1c  2c  3c  4c  5c  6c  

CH4 0.4796 1.8732 37.413 -47.440 38.251 -17.283 3.2774 

H2O 2.0103 -7.9139 35.922 -41.390 35.993 -18.974 4.1531 

H2 1.5040 62.892 -47.190 47.763 -31.939 11.972 -1.8954

CO -0.2815 13.999 -23.186 36.018 -30.818 13.379 -2.3224

CO2 2.8888 -27.018 129.65 -233.29 216.83 -101.12 18.698 

( )
6

k
k

k=0
W/m K 0.01 cl t= å , where ( ) / 1000T Kt =  

Table 3.3 Effective thermal conductivity sk  for porous and solid domains. 

Material Thermal conductivity [W/m-K] 

Catalyst (Ni) 2 
Substrate (Al2O3) 20 
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3.3 Operating and boundary conditions 
The operating conditions and catalyst layer parameters used in the computation 

shows in the Table 3.4. The operating conditions are entered on the FLUENT and 

washcoat layer geometry characteristics are entered in the header file and used in the 

UDF files. 

As describe above, the symmetric boundary condition is set in the channel region, 

and half side computation proceeds. Thermal convection condition apply outside the 

substrate (solid) area. The underlined values in the Table 3.4, are the same as the 

values of the basic operating conditions mentioned in chapter 2.  

The inlet velocity is set from values of the methane conversion ratio shown in Table 

3.4. Parametric studies are carried out with varying inlet velocity. 

 
3.4 Result and conclusion 

Table 3.4 The reforming conditions and washcoat layer properties. 

Parameters Values 

Reforming conditions  
Temperature, T¥  600, 700a, 800°C 
Pressure, t,p ¥  1, 2, 3 bar 
Convection coefficient, h  100, 200, 300 W/m2K 
Steam-to-carbon ratio, SC  2, 3, 4 

washcoat layer properties  
Catalyst density, catr  2,355b kg/m3 
Volume-specific catalyst surface area, catA  1.1, 2.2b, 3.3´107 m2/m3 
Layer thickness, catL  20, 50, 80 mm 
Porosity, e  0.5 
Tortuosity, t  4.0 
Mean pore diameter, pored  10, 25, 40 nm 
Viscous permeability, vK  1´10–18 m2 

a The underline values are the base-case conditions and washcoat properties. 
b The volume-specific catalyst surface area, catA  of 2.2´107 m2/m3 correspond to the 
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The validation test is conducted to compare the base model for directly calculating 

the intrinsic reaction rate and the effectiveness model for calculating the catalyst 

effectiveness model. In Fig. 3.4, it can be seen that there is a very good agreement 

between the base model and the catalyst effectiveness model when the flow direction 

temperature distribution is compared. Even though there is a little difference in 

reaction rate near the entrance, the comparison of the flow direction reaction rate 

 
 

Fig. 3.4 Validation of computational model (a) local temperature and (b) 
reaction rate with respect to axial coordinate 
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distribution of the base model and the effectiveness model in Fig. 3.3 also shows 

 
 

Fig. 3.5 (a) Mole fraction comparison with respect to axial coordinate (b) 
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Fig. 3.6 The calculation domain temperature distribution (700°C, SC ratio = 
3, inlet vel. = 2m/s and IIh =1.0). 
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overall good agreement. 

The Fig. 3.5 (a) shows the comparison of the flow-direction mole fraction 

distributions of the base model and the effectiveness model. The two results are 

relatively well matched. In the Fig. 3.5 (b), the distribution of the flow direction molar 

fraction of the base model and the catalyst effectiveness model is compared according 

to the set value of the effectiveness factor II. It is confirmed that the effectiveness 

factor II of 1.0 is more accurate than the base model. Therefore, calculation is carried 

out with the basic effectiveness factor II being 1.0 

The CPU time is compared to verify the computational efficiency of the catalyst 

effectiveness model. The compared CPU time is shown in the Table 3.5. Compared 

with the base model, the catalyst effectiveness model shows a computation time of 

1/5 times, proving to be very efficient model. It is concluded that introducing the 

catalyst effectiveness model into the reformer internal calculation would be of 

considerable help, since the errors are rarely seen and the computation time is reduced 

considerably. 

Fig. 3.6 shows the temperature distribution inside the calculation domain in flow 

direction at the operating temperature 800°C, S/C ratio 3, inlet velocity 2m/s. The 

temperature near the entrance tends to be relatively lower. In the Fig.3.6, it appears 

that the reforming reaction is most active near the catalyst (washcoat) layer. The 

temperature gradually increase with the flow direction which seems to be due to 

external heat. This indicate that the reforming reaction (endothermic) occurs mostly 

near the inlet. It appears that there is little temperature gradient in the substrate (solid) 

region because high thermal conductivity. 

Table 3.5 Comparison of CPU time (2000 iteration, 700°C, SC ratio = 3, inlet vel. 
= 2m/s and IIh =1.0). 

Model CPU time (s) 

Base model 465 
Catalyst effectiveness model 92.8 
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A parametric study is conducted after validation procedure for the catalyst 

effectiveness model. Fig. 3.7 (a) shows flow direction temperature distribution and 

methane conversion ratio according to the operating temperature variables. 

The shape of the flow direction temperature distribution according to the operating 

temperatures shows a similar pattern. At the highest temperature 800°C, the value of 

methane conversion ratio is the highest. Note that the reaction rates are not 

significantly different and tend to be similar. Since the reforming reaction is 

endothermic reaction, the reaction rate is good at high temperature. The graph 

representing the channel region uses values at the point where the symmetric 

boundary condition is applied.  

Fig. 3.7 (b) shows the temperature distribution and methane conversion rate 

according to the external convective heat transfer coefficient. The convection 

coefficient is higher, the reaction rate is higher. 

Fig 3.7 (c) shows the temperature distribution in flow direction and methane 

conversion ratio according to the inlet velocity. As the inlet velocity increases, the 

reaction tends to be decrease significantly. It is necessary to set an appropriate flow 

rate (inlet velocity) because the reaction does not significantly at a too low or too high 

 
 

Fig. 3.7 Parametric study (a) temperature variable (b) convection coefficient 
variable (c) inlet velocity variables 
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flow rate. In the Fig. 3.7 (c), the lower the flow velocity, the higher the reaction rate. 

However, at too low flow rate, it is not efficient because all of the reactions occur too 

close to the entrance.  
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CHAPTER 4. 

2D CFD MODEL FOR H2 FUELED 

SOFCs 

4.1 Introduction  

Solid Oxide Fuel cells (SOFCs) is one of the most promised energy conversion 

system. Hydrogen is the main fuel used to operate the SOFC while other fuels, such 

as methane, can also be used (Achenbach and Riensche, 1994; Su et al., 2011; Liu et 

al., 2008; Ma et al., 2006). The use of hydrogen is advantageous in that the by-

products are environmentally friendly and highly efficient. There have been on-going 

studies on micromodels that deal with detailed electrochemical reactions in SOFCs 

(Costamagna et al., 1998a, 1998b; Chan and Xia, 2001; Costamagna et al., 2002; 

Chan et al., 2004; Nam and Jeon, 2006). In addition, there have been many attempts 

to integrate the macro-scale analyses, such as thermal analysis and gas fuel flows with 

the electrochemical calculation in electrode for the efficient design of SOFCs. Even 

though a micro/macro integrated model of SOFC using hydrogen fuel had been 

developed previously, the previous model just simplified the external flow or 

 

Fig.4.1. Overview of utilized model and sub-models for calculation. 
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simplified calculation within the values within electrode as boundary conditions. This 

approach has many limitations in proposing an integrated model. 

The electrochemical effectiveness model plays a major role in solving such problem. 

The electrochemical effectiveness model accurately predicts the current generation in 

the electrode active functional layer in one step without performing complicated 

calculations in the electrode. This method does not require a large number of grids to 

perform the calculations and ensures convergence stability (Shin. D and J. H. Nam, 

2015). 

In this chapter, a micro/CFD model of two-dimensional SOFC is developed using 

the commercial program FLUENT as an analysis platform. For the calculation, 

solution procedure of FLUENT is utilized. The electrochemical effectiveness model 

calculates the current generation considering the Butler-Volmer kinetics in the active 

functional layer. The model is defined by the nonlinear correlation of the Thiele 

modulus. When using the electrochemical effectiveness model, it is not necessary to 

perform iterative calculations to determine the current generation. The model is 

combined with FLUENT using the user-defined function (UDF), user-defined scalar 

(UDS), and user-defined memory (UDM). The properties, variables, and source terms 

are entered using UDFs, UDSs, and UDMs. 

 

4.2 Model Description 

In this chapter conducted calculations by modeling a planer type, 2-dimensional 

SOFCs. 2-dimensional research is a precedent study for studies on 3- dimensional 

stack forms. A simple analysis of 3-dimensional SOFC structure is described in 

chapter 6. The planer type 2-dimensioanl SOFC structure composed of several layers 

is shown in Fig. 4.2. The representative thermal properties of the stack are evaluated 

by applying periodic thermal conditions on the top and bottom regions. Also, Table 

4.1 shows geometrical characteristics of each region. Calculations of the co-flow and 

counter-flow of the gas fuel and air are performed. 

Since the electrochemical reactions occur most actively at the interface between the 

electrolyte and the electrode, the functional layer is divided into the active layer 
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(AFL_A/CFL_A) and the dummy layer (AFL_D/CFL_D), and the electrochemical 

reaction is calculated to only occur in the active layer. The current generation is 

accurately predicted even with only one grid under influence of the effectiveness 

model. For the model with periodic thermal condition, additional area 

(AINT_P/CINT_P) are produced on the top and bottom regions due to FLUENT 

setting condition. Mass transfer and fluid flow does not occur in the solid 

interconnecting plates and electrolyte. The calculation and regional characteristics for 

each cell area are as follows 

Anode interconnect (AINT)/ Cathode interconnect (CINT): The interconnecting 

area is basically treated as a solid state. The thickness is set to 0.25mm~0.5mm, and 

it is not necessary to arrange a large number of grids in the thickness direction. The 

heat transfer and current transfer occur in this region. Stainless steel is widely used 

as the material. In the case of the periodic model, one more additional cell is applied 

to the top and the bottom regions. 

Anode channel (ACH)/ Cathode channel (CCH)/ Anode channel contact layer 

(ACH_C)/ Cathode channel contact layer (CCH_C): The channel area is where the 

 

Fig.4.2. 2D SOFC model structure region name / material type (grid num.) for 

each area. 
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gas flow occurs. Fuel gas and air flow into the channel area, and fluid analysis is 

carried out and heat transfer occurs. It also discharges heat which is generated inside 

of the fuel cell. 19 grids are arranged in the ACH / CCH layer and 1 grid is arranged 

in the ACH_C / CCH_C layer. The ACH_C / CCH_C layer is placed for the 

processing of the area-specific resistance (ASR) in the two-dimensional analysis. The 

electronic conductivity is calculated due to the nature of the two-dimensional analysis. 

The electronic conductivity in the channel area is defined as half of the interconnector 

value. The electronic conductivity in the ACH_C / CCH_C layer is calculated as ASR 

/ cell height. The electronic conductivity in the ACH_C / CCH_C layer is configured 

equivalently as that in the channel layer. 

Anode subtract layer (ASL)/ Cathode current collector layer (CCCL): As a 

conductive layer for enhancing the mechanical properties and electronic conductivity, 

this region is composed of a porous material. A large number of grids do not need to 

be arranged because the region serves to provide a mechanical support layer. 

Calculations of the heat transfer, current transfer, and mass transfer are performed 

in this region. Since it is composed of a porous material, the binary diffusivity and 

Knudsen diffusivity are considered. As the CCCL layer is relatively thin, only five 

layers are placed, and 20 layers are placed for the ASL layer considering the methane 

reformer reaction calculation explained in the following chapter. 

Dummy anode functional layer (AFL_D)/ Dummy cathode functional layer 

(CFL_D): Since the electrochemical reaction in the fuel cell is most active in the 

active surface layer, this layer is considered as a simple porous transport layer like 

the ASL / CCCL layer. However, it is composed of a higher density layer than the two 

preceding layers. The thickness is set to 5~10μm excluding the active layer. Only one 

grid is arranged. 

Active anode functional layer (AFL_A)/ Active cathode functional layer 

(CFL_A): The active cell, which produces the actual electrochemical source, is 

composed of a porous material. The thickness is 5~10 μm and consists of one grid. 

The current generation is calculated through the electrochemical effectiveness model, 

and it is the area where most of the source term, such as the mass source, electron 
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source, ion source and heat generation, is produced. Since it is composed of tiny 

particles, it has high permeability and does not show high diffusivity and flow. 

However, high electrochemical reactivity is exhibited due to the wide surface area. 

Since the loss due to the ion conduction in the vertical direction is processed in the 

Table 4.1. Calculation and regional characteristics for each cell region 

Parameters Values 

Anode substrate layer: porous Ni/YSZ cermet 

 Layer thickness, ASL
L  1 mm 

 Porosity, ASL
  0.5 

 Tortuosity,  )  =  =  =(
CCCLCFLAFLASL

  3.0 

 Particle diameter, )(
ASLel,ASLio,

dd   1.0 μm 

Anode functional layer(AFL_A/AFL_D): porous Ni/YSZ cermet 

 Layer thickness, AFL
L  20 μm 

 Porosity, AFL
  0.25 

 Particle diameter, )(
AFLel,AFLio,

dd   0.5 μm 

Electrolyte: dense YSZ 

 Layer thickness, EL
L  10 μm 

Cathode functional layer(CFL_A/CFL_A): porous LSM/YSZ composite 

 Layer thickness, CFL
L  20 μm 

 Porosity, CFL
  0.25 

 Particle diameter, )(
CFLel,CFLio,

dd   0.5 μm 

Cathode current collector layer (CCCL): porous LSM 

 Layer thickness, CCCL
L  50 μm 

 Porosity, CCCL
  0.5 

 Particle diameter, )(
CCCLel,CCCLio,

dd   1.0 μm 

Gas channel (ACH/ACH_C/CCH/CCH_C) 

 Length, x
L  10 cm 

 Height, CH
L  1 mm 

Interconnect plate 

 Half thickness above the channel, INT
L  0.5 mm 
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effectiveness model, it is not necessary to set the ion conductivity to a large value. 

Electrolyte (ELEC): The mass transfer does not occur since it is a solid 

electrolyte region. Ion conduction and heat transfer occur. Resistance heat (Joule 

heat) is generated by the ion conduction. 

4.3 Theory and calculation 

The overall computation is proceed on FLUENT, the commercial software, as an 

analysis platform. Note that since the temperature and species concentration (related 

with pressure) are used to determine the TPBL-specific resistance, the continuity 

equation, the species transport equation, and the energy equation should be coupled 

in the FLUENT. The Table 4.2 shows the calculation plan for the cell area to be used 

in the model of planer type SOFC. The gas flow analysis, mass transfer, and heat 

Table 4.2 Two-dimensional model calculation setting with respect to each region 

Region Electronic Ionic Mass Heat Fluid 

INT_Pa x x x transfer x 

INT transfer x x transfer x 

ACH/ACH_C 

/CCH/CCH_C 
transfer x transfer transfer flow 

CCCL transfer x transfer transfer 
rarely 

flow 

CFL_D transfer x transfer transfer 
rarely 

flow 

CFL_A 
transfer 

/source 

transfer 

/source 

transfer 

/source 

transfer 

/source 

rarely 

flow 

ELEC x x x 
transfer 

/source 
x 

AFL_A 
transfer 

/source 

transfer 

/source 

transfer 

/source 

transfer 

/source 

rarely 

flow 

AFL_D transfer x transfer transfer 
rarely 

flow 

ASL transfer x transfer transfer 
rarely 

flow 
a : This area is produced for applying thermal periodic condition 
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transfer analysis are using embedded internal code of the FLUENT. At the same time, 

the analysis of the electrochemical model inside the fuel cell, properties of each 

region, and source terms are input using UDFs. The entered UDFs can be found in 

APPENDIX. The overall calculation model overview is shown in Fig. 4.2. Sub 

models (micro models and macro models) are connected with each other in FLUENT 

platform. 

4.3.1 Charge conservation 

In the SOFCs, the flow of ions and electrons occur and is called an electrochemical 

reaction. These electrochemical equations are calculated by introducing additional 

variables (UDS) into the FLUENT. Properties for the additional variables are entered 

as UDFs. The conservation equations for the electrochemical reactions calculated in 

the SOFCs are defined 

 

 

el,eff el el

io ,eff io io

 S

S

 

 

    

    

           (4.1) 

where el,eff
  is effective electronic conductivity (S m-1), 

io ,eff
  is effective ionic 

conductivity, 
el

  is the electronic potential (V ), 
io

  is the ionic potential (V ). 

Here,
el

S ,
io

S  are the electronic and ionic source terms which are defined as 

el

       for AFL_A

     for C FL_A

tr

tr

i
S

i


 



          (4.2) 

io
/

cell tr
S R             (4.3) 

where 
cell

 is output voltage, 
tr

R  is resistance, and 
tr

i  is the volumetric transfer 

current (A m-3). A detailed description refers to the section describing the 

electrochemical effectiveness model. 

Here, 
cell

  is the output voltage calculated by subtracting various overpotentials 

(potential loss) as 

jump io el 

cell

el io jump

  for AFL_a

   for CFL_a

  


  

 
 

 

        (4.4) 
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jump 0 conc
                (4.5) 

where 
0

  is the Nernst potential written as in H2-HO system and 
conc

  is the 

concentration overpotential 
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where  
2H O

g T  is the Gibb’s free energy and 
2

0

H
P , 

2

0

H O
P , and 

2

0

O
P  are the 

species initial pressure value. The electronic conductivity is a function of 

temperature, such as ionic conductivity, and has different values depending on the 

materials of the fuel cell region. 

The general UDS transport equation to apply additional variables is defined as 

(FLUENT 6.3 User’s Guide, 2006) 

 k k

i k k φk

i iconvection sources
unsteady

diffusion

,   k 1,...,NF S
t x x

 


 
  

     
   

 
 

     (4.8) 

 

Fig. 4.3 User-Defined Scalars setup windows in FLUENT 
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where k
  means additional variables, i

x  are coordinate directions, and k
  is 

diffusion coefficient. The UDS function of FLUENT allows adding conservation 

equations that are computed independently. Fig. 4.3 shows the UDS setup window in 

FLUENT. In this study, the electrical potential and ionic potential are introduced as 

additional variables to enable the calculation of the electrochemical model. 

4.3.2 Electrochemical properties 

Various studies have been made on SOFCs micro model (Jeon et al., 2006; Ni et al., 

2007; Chan et al., 2001). We introduce statistical parameter concept form random 

packing binary model of microstructure to determine the physical properties of 

SOFC. Percolation probability values are obtained from microstructure parameters 

such as size and volume fraction of binary particles and are used to obtain three phase 

boundary length (TPBL) and electronic and ionic effective conductivity values 

(Bounvard and Lange, 1991). Fig. 4.4 helps to understand microstructure of SOFC 

electrode. 

The probability that the particles on i  phase 
i

P  are in the same phase percolated 

or entirely continuous cluster is determined (Bouvard and Lange, 1991) 

0.4
2.5

i i

i

4.236
1

2.472

Z
P


  

   
   

         (4.9) 

where i i
Z

  is the coordination number of i  phase particles counting the contact 

with i  phase particles. 

The effective conductivity of i  phase in a porous electrode 
eff

i
  is defined 

 
meff 0

i i i i
1 P                 (4.10) 

where 0

i
  is the intrinsic conductivity of solid i  phase material,   is porosity, 

i
  is volume fraction of the i  phase, and m is Broggeman exponent ( m = 1.5). 

Except for the intrinsic conductivity of RHS, is applied as a factor for each cell region. 

The terms  
m

i i1 P  
   are used as a parameter.  

The intrinsic conductivity (effective electronic and ionic conductivity) for each 

material is (Ferguson et al., 1996; Anselmi-Tamburini et al., 1996; Kiatkittpong et al., 
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          (4.14). 

Here, 0

YSZ
  is an ionic effective conductivity which is utilized for transport of ion 

in the solid electrolyte and porous media such as AFL_A and CFL_A. 
0

N i
  is an 

electronic effective conductivity which utilized for transport of electron in porous 

media (AFL, ASL). 
0

LSM
  is also an electronic effective conductivity used to 

transfer electron in porous media. 0

in t
  is the electronic conductivity at the 

interconnect region. Since the computation model is 2-dimensilnal, 0

in t
/ 2  is used 

in the channel region assuming electron movement in the channel region. 

Because of low oxygen ion conductivity, the ohmic overpotential is important factor 

for calculate overpotential. In this study, the ohmic overpotential is calculated as the 

contact resistance (Jiang et al., 2013). The interconnect surface, contact resistance 

 

Fig. 4.4 Microstructure of SOFC electrode 
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due to oxidation is present. The contact resistance called area-specific resistance 

(ASR)  2
 

asr
r m   entered is defined 

13 0.8
4.0 10 exp

asr

F
r T

RT

  
   

 
         (4.15). 

The contact resistance is applied at ACH_C/CCH_C area as effective electronic 

conductivity. 

The TPBL which is the main electrochemical reaction site, obtained using the 

statistical parameters. The volume-specific TPBL, v

tpb
  (m m-3) is defined 

(Costamagna, 1998; Sunde, 2000) 

v io el

tpb c t io el io el

Z Z
d N n n P P

Z
           (4.16) 

where el
n  is the number fraction of electronic particle , io

n  is the number fraction 

of ionic particle, Z  means total coordination number (average number of contacts 

for all particles = 6), 
io

Z  is the average coordination number for ionic particles, 
el

Z  

is the average coordination number for electronic particles. 

Here, 
c

d  is the neck diameter between two contacting particles showed in Fig. 4.4 

 c

c io el
sin min ,

2
d d d

 
  

 
          (4.17) 

where 
c

  is the contact angle assumed to be 30° (Costamagna et al., 1998), 
io

d  

is the diameter of ionic particle, 
el

d  is the diameter of electronic particle 

In Eqn. (4.16), 
t

N , the particle number density, is expressed as 

 
t

3 3

el el el

1-
 

1
6

N

d n n








  
 

         (4.18) 

where 
io el

/d d   is the mean diameter ratio. The area-specific TPBL, A

tpb
  (m 

m-2) is formed on the surface of electrolyte (Nam and Jeon, 2006; Jeon et al., 2006) 
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A

tpb c t el io el el
 d N d d n P            (4.19). 

4.3.3 Electrochemical effectiveness model 

The micro/CFD model should simultaneously consider the microscale effect of the 

stack structure. The conventional micro/CFD model requires a large number of grids 

on the electrodes, which means that the calculation time is long and the convergence 

stability is very unsTable according to hydrogen or oxygen depletion. However, the 

developed effectiveness model allows us to accurately determine the current 

generation efficiency of thin active functional layers (Shin and Nam, 2015).  

The electrochemical effectiveness is the ratio of the actual current generation to the 

maximum current generation. From the electrochemical effectiveness factor, the 

current generation can be obtained quickly and accurately without repeat calculations. 

A

real

eff A

max

Actual current generation 

M aximum current generation 

i

i
          (4.20) 

The current generation is the value obtained from the Butler-Volmer equation, 

which is a nonlinear equation. The current generation is volumetric transfer current 

in the charge conservation equation (Eqn. (4.1)-(4.3)).  

Since the previous electrochemical effectiveness was assumed to be a linear 

equation, the calculation was limited to obtain current generation. (Costamagna, 

1998). Recently released electrochemical effectiveness model (Shin and Nam, 2015) 

is able to ensure the accuracy of the current generation in all area by introducing the 

modulus correlations. 

The volumetric transfer current generation  v -3

tr
 A mi  by the electrochemical 

reaction at the TPBs is defined 
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where  tpb
 mr    is the TPBL-specific polarization resistance and   means 

overpotential (V ).  

The maximum current generation 
A

m ax
i (A m-2) represents the current generation at 

the TPB surface. 

 
A ptb

max ex 1...
 i ; exp exp

v

i n tpb tot tot

kF kF
i T p L

RT RT
  



    
      

    

   (4.23) 

where 
to t

  is the overpotential at the boundary, L  is the functional layer length. 

The electrochemical effectiveness, 
eff

  

 
 

 
T

eff eff,0V Γ tot Γ tot

T

tanh
f f


 


            (4.24). 

Here, 
eff,0V

 ,the base effectiveness at zero activation overpotential (Costamagna et 

al., 1998), is defined 

 T

eff,0V

T

tanh 


              (4.25). 

In Eqn.(4.21), 
to t

 , the dimensionless total activation overpotential is defined 

tot tot
/kF RT              (4.26). 

In Eqn. (4.21),
T

 , the electrochemical Thiele modulus, which represents 

dimensionless number meaning of the ratio of reaction rate to the diffusion rate, is 

defined 

v tpb v

tpb ex tpb

T

io,eff tpb io,eff

2kFi
L L

r RT

 


 
          (4.27). 

In Eqn. (4.21),  Γ tot
f   represents the relative effectiveness at finite activation 

overpotentials (Shin and Nam, 2015) 
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 Γ tot d
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min 1,

1 exp

a
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       (4.28). 

The correlation coefficients a, b, c, and d are provided in Table 4.3. Linear 

interpolation is used to obtain coefficients (Shin and Nam, 2015). 

4.3.4 Current generation in active functional layer 

The actual current generation value calculated in each area is defined  
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  (4.29) 

for cathode from the symmetric Butler-Volmer equation. The concept of TPBL-

specific polarization resistance is introduced. 

For anode, 

   
2 2

0.67
0.11

tpb,A H H O
1.645 min ,14000 exp 10212 /r P P T




       (4.30) 

and for cathode 

 
2

1.25

tpb,C O
0.00136 exp 17401 /r P T


          (4.31). 

The maximum current generation and the actual current generation at the anode with 

the effectiveness model applied are determined 
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v
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tpb,A
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    (4.32) 

Table 4.3 Relative effectiveness coefficients (Shin and Nam, 2015) 

T
  a b c d 

41 1.1199 0.7876 1.1332 0.3922 

31 1.1208 0.7925 1.1392 0.3946 

2.5 1.1241 0.8060 1.1504 0.4013 

2.0 1.1286 0.8333 1.1858 0.4148 

1.8 1.1318 0.8540 1.2152 0.4250 

1.6 1.1337 0.8789 1.2631 0.4372 

1.4 1.1337 0.9098 1.3394 0.4522 

1.2 1.1336 0.9564 1.4624 0.4756 

1.0 1.1245 1.0010 1.6579 0.4976 

0.8 1.1068 1.0469 1.9636 0.5203 

0.7 1.0944 1.0684 2.1755 0.5310 

0.6 1.0798 1.0864 2.4384 0.5399 

0.5 1.0634 1.1002 2.7681 0.5464 

0.4 1.0467 1.1089 3.1882 0.5503 

0.3 1.0304 1.1107 3.7422 0.5500 

0.2 1.0162 1.1030 4.5285 0.5433 

0.15 1.0102 1.0944 5.0856 0.5363 

0.1 1.0053 1.0783 5.8603 0.5224 

0.07 1.0028 1.0621 6.5305 0.5069 

0.05  1.0016 1.0479 7.1565 0.4910 

1 Constant correlation coefficients should be used for T
   4 or T

   0.05. 
2 Linear interpolation should be used to estimate the missing correlation coefficients for 

0.05  T
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 T,AA A A

AFL max eff,oV Γ tot max d

T,A
tot

tanh
 min 1,

1 exp

a
i i f i

c

b




 

 
 

 
      

 
       

   

 

(4.33) 

Atpb,Aio,eff,

v

Atpb,

AFLAT,
r

L



            (4.34). 

Since the electrochemical reaction take place at the electrode/electrolyte interface, 

the reaction at the interface should be considered. 

  A v A

AFL tpb,A AFL eff,0V Γ tot tpb,A tot tot

tpb,A

1
 exp exp

2

RT F F
i L f

F r RT RT
         

    
    
    

 

(4.35) 

Note that the effectiveness factor is 1 at the interface. The electrochemical reaction 

that applied the effectiveness model is entered into FLUTNE as UDFs. The UDF 

codes are inserted into the APPENDIX section. 

 

4.3.5 Mass transfer model 

The mass conservation equation is calculated using embedded codes in FLUENT 

(FLUENT 6.3 user’s guide. 2006). 

  m
v S

t





   


            (4.35) 

Here, 
m

S  (kg m-3s-1) is the source term. The source term is defined as in the AFL_A layer. 

2 2H O Htr

m
2 1000 1000

M Mi
S

F

 
  

 

           (4.36) 

and in the CFL_A layer 
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2Otr

m
4 1000

Mi
S

F

 
   

 

            (4.37) 

where 
tr

i  is transfer current (generated current from electrochemical reaction, 

A/m3), 
j

M  ( j  = gas species ) represent species mass (2.015 for H2, 18.015 for H2O, 

and 31.999 for O2, kg kmol-1), and F is the Faraday constant (96,485 C mol-1). The 

source terms are entered as UDFs. The production of mass is correlated to current 

generation
tr

i . 

4.3.6 Species transport model 

In SOFCs using hydrogen fuel, hydrogen gas and water vapor flow into the anode 

and air gas flows into the cathode region. In the methane-fueled SOFC system, 

hydrocarbon fuel gas and reformed byproducts flow into the anode region. The 

governing equation for the conservation of gas species i  is defined as (FLUENT, A., 

12.0 Theory Guide., 2009) 

    ii i i i
Y vY J R S

t


 


      


        (4.38) 

where 
i

Y  is local mass fraction of each species through the solution of a convection-

diffusion equation for the i-th species, 
i

R  is the net rate of production of species i  

by chemical reaction, 
i

S  is rate of creation by addition from the dispersed phase plus 

any user-defined source, and 
i

J  is diffusion flux of species i . We add the source 

terms directly to the corresponding cells without selecting the reaction option of the 

FLUENT species model as in AFL_A layer 

 

 

2 2

2 2

H tr H

H O tr H O

/ 2 / 1000

/ 2 / 1000

S i F M

S i F M

 



          (4.39) 

and as in the CFL_a layer 

 
2 2O tr O

/ 4 / 1000S i F M            (4.40) 

The mass conservation equation and mass transfer equation in the FLUENT are 
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computed independently. The mass and gas species sources are input separately. The 

gas species source terms are also correlated to current generation
tr

i . These are also 

entered as UDFs,. To obtain the diffusion flux
i

J , we assumed the binary case of the 

Maxwell-Stefan equation and calculated and mass diffusivity (Krishna, 1997). This 

assumption is valid because two reaction gases flow in both the anode. The diffusion 

flux
i

J , entered as mass diffusivity into each cell region using UDFs. According to 

Bonsanquet approximation (Mason, 1983), the effective diffusivity of species i  is 

defined 

eff

i

eff eff

m ,i ik

1

1 1
D

D D





           (4.41) 

where 
eff

im,
D  (m2/s) is effective ordinary diffusivity and 

eff

ik
D (m2/s) is effective 

Knudsen diffusivity. The effective ordinary diffusivity of gas species i  evaluates as 

eff i

m ,i
j Num .ofspecies j

j 1 eff
j i

ij

1 x
D

x

D



 










          (4.42) 

where   is the porosity,   is the tortuosity, i
x  is the mole fraction of species i , 

and 
ij

D  is the binary diffusivity for the i j  species pair. The binary diffusivity is 

written as (Fuller et al., 1966) 

 

1.75

ij 2
1/2 1/3 1/3

t ij i j

0.0143T
D

p M V V





          (4.43) 

where 
ij

M  (kg/kgmol) is the mean molar mass. 

1

ij

i j

1 1
2M

M M



 
  

 
 

           (4.44) 

In Eqn. (4.43), i
V  is diffusion volume (13.1 for H2O, 6.12 for H2, 16.3 for O2, and 

18.5 for N2). For binary system, effective ordinary diffusivity is simply expressed as 
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eff

m,i

ij

1
D

D




              (4.45). 

Cathode is not a binary system because N2 does not participate directly in the 

reaction. The effective Knudsen diffusivity is written as (Bird, 2002) 

eff

ik p

i

97

2

T
D d

M




            (4.46) 

where 
p

d  is the mean pole diameter (m) determined as 

 p io

2
m in ,

3 1
el

d d d






          (4.47). 

Note that Knudsen diffusivity is not considered in the gas channel (ACH/CCH) 

which result in
eff

i
D . 

4.3.7 Viscous model 

For the purpose of computation to validate new model, we choose the laminar model 

for validation with previous macro/macro model assumed fully developed flow. The 

momentum conservation equation embedded in FLUENT is defined as (FLUENT 6.3 

user’s guide, 2006) 

     v vv p g F
t

   


         


      (4.48) 

where p  is static pressure,   is stress tensor, g  is gravitational body force, 

and F  is external body force. Also, F  means other model dependence source 

terms such as porous-media and user-defined sources. The stress tensor defined as 

 
2

3

T

v v v I 
 

      
 
 

         (4.49) 

where   is the molecular viscosity and I  is the unit tensor. 

Porous media modeling is done by adding the source term of the existing momentum 

equation. The source term consists of the inertia term and the viscous loss term 
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3 3

i ij i ij jj 1 1
0.5

j
S D v C v v 

 
           (4.50) 

where 
i

S  is the source term of the ith  momentum equation and 
ij

D  is the matrix. 

The momentum source affects the pressure gradient of the porous cell, causing 

pressure drop. We consider here only the viscous loss term. The viscous resistance 

(1/permeability) value in the equation was input into FLUENT.  

4.3.8 Heat transfer model 

The standard energy conservation equation used in the FLUENT is as (FLUENT, 

12.0 User’s Guide, 2009) 

      effeff j j h

j

E v E p T h T v S
t

   
 

            
  

   (4.51) 

where 
eff

  is the thermal conductivity and is the volumetric heat source (W m-3). 

In the porous media, the effective conductivity 
eff

  and the transient term 

 / t E  contain the thermal inertia of the solid region. The modified energy 

conservation equation for the porous media in FLUENT is defined as 

        h
efff f s s f f eff j j f

j

1E E v E p T h T v S
t
     

 
              

  


(4.52) 

where 
f

E  is the total fluid energy, s
E  is the total solid medium energy,   is the 

porosity of the media, 
eff

  is the effective thermal conductivity of the medium, and 

h

f
S  is the fluid enthalpy source term. The molar enthalpy 

j
h  is obtained by the 

molar specific heat 
jp,

c (J/kg K) as 

   * *

,
ref

T

j p j
T

h T c T dT            (4.53) 

where 
*

T  is the reference temperature. 

The specific heat 
jp,

c  and thermal conductivity 
f

  are obtained from mixing law 

in FLUENT. The specific heat is a function of temperature and coefficients are 
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entered separately without using internal coefficients (Todd and Young, 2002). 

Effective thermal conductivity 
eff

  coefficients are also input separately. The 

effective thermal conductivity in the porous media is calculated as the volume 

average of the fluid conductivity and the solid conductivity as determined 

 eff f s
1                 (4.54) 

where   is the porosity of the media and 
f

  is the fluid phase thermal 

conductivity and 
s

  is the solid media thermal conductivity. Table 4.4 and Table 4.5 

shows heat capacity coefficient and thermal conductivity coefficients. Also, Table 4.6 

shows the solid material thermal conductivity for the Eqn. (4.54). 

Energy source terms are also input using UDF. Although there is a heat source in 

each layer, we decided to compress the heat source all at once for convenience. It is 

assumed that all electrochemical reactions occur in the AFL_A layer and CFL_A layer. 

This assumption does not seem to be a big problem since the calculation is set to 

steady-state. 

In the AFL_A layer, the heat source (W m-3) is determined 

 
iotr

)(  EMFiWQ           (4.55) 

where EMF  is an imaginary potential when all the chemical energy is completely 

converted into electricity at 
ref

T . 

 
2f,H O

/ 2
ref

EMF h T F            (4.56) 

where  
2f,H O ref

h T  means the enthalpy of formation of H2O at 
ref

T . 

 
2

6 2

3

f,H O

238.0392 0.07369004 2.072838 10
10

1 0.0002495145

ref ref

ref

ref

T T
h T

T




   

  


 (4.57) 

In the CFL_A layer, the heat source is defined 

 tr io CELL
( )Q W i V             (4.58) 
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Table 4.4 Molar heat capacity coefficients for gas species valid in the range 273-

1473K (Todd and Young (2002)) 

Species 0
a  1

a  2
a  3

a  4
a  5

a  6
a  

H2 21.157 56.036 -150.55 199.29 -136.15 46.903 -6.4725 

H2O 37.373 -41.205 146.01 -217.08 181.54 -79.409 14.015 

O2 34.850 -57.975 203.68 -300.37 231.72 -91.821 14.776 

N2 29.027 4.8987 -38.040 105.17 -113.56 55.554 -10.350 

 
6

k

p k

k=0

kJ/kmolLc a   , where   / 1000T K   

Table 4.5 Thermal conductivity coefficients for gas species valid in the range 273-

1473K (Todd and Young (2002)) 

Species 0
c  

1
c  

2
c  

3
c  

4
c  

5
c  

6
c  

H2 1.5040 62.892 -47.190 47.763 -31.939 11.972 -1.8954 

H2O 2.0103 -7.9139 35.922 -41.390 35.993 -18.974 4.1531 

O2 -0.1857 11.118 -7.3734 6.7130 -4.1797 1.4910 -0.2278 

N2 -0.3216 14.810 -25.473 38.837 -32.133 13.493 -2.2741 

 
6

k

k

k=0

W /m K 0.01 c   , where   / 1000T K   

Table 4.6 Effective thermal conductivity for porous and solid cell region (Iwata et 

al., 2000; Iora et al., 2005) 

Material Thermal conductivity [W m-1K-1] 

Anode 6.0 

Electrolyte 2.7 

Cathode 11 

Interconnect plate 25 
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where 
C ELL

V  is a target voltage which entered as a boundary condition. In the 

electrolyte layer, the heat source is determined 

2

io io,eff
( ) /Q W i             (4.59) 

where 
io

i  is the ionic current and 
io ,eff

  is the ionic conductivity. In the solid 

electrolyte, a resistance heat for ion movement was input as a heat source. Ion 

conductivity is a function of temperature (Eqn. (4.11)). The diffusion energy source 

term is additionally considered as an FLUENT option. This term is derived from 

transport of enthalpy due to species diffusion. 

ii1

n

i
h J



  
              (4.60) 

where 
i

h  is the molar enthalpy. This term choose as an option in FLUENT. 

4.3.9 Operating and boundary conditions 

The operating conditions is entered when the calculation is proceeded are shown 

in the Table 4.5. The inlet velocity (m s-1) of fuel gas and air at the FLUENT can be 

obtained through the limit current density. The molar flow rate (mol s-1) is given as 

2

.

, ,
2

o

L fuel xo

x tot fuel o

H

i L
N

Fx
      (4.61) 

2

.

, ,
4

o

o L air x

x tot air o

O

i L
N

Fx
      (4.62) 

where 
.

o

L fuel
i and .

o

L a ir
i  are limit current densities, 

x
L  means channel path length, 

F  is Faraday number, and o

i
x  are initial mole fractions of species i . 

 As shown in Fig. 4.1, periodic thermal boundary condition which is assumed that 

the analyzed model shows thermally representative operating characteristics of 

stacks. Additional regions (AINT_P/CINT_P) in Fig.4.1 are to apply periodic 

boundary condition. The arranged grid is only one in the thickness direction. The 
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Table 4.7 represents basic operating conditions. 

4.4 Results and conclusion 

In order to validate the reliability of the new micro/CFD model, we compare the 

proposed micro/CFD model with the previous micro/macro model (Sohn et al., 2010). 

In Fig. 4.5 the current generation values and maximum temperatures according to the 

target voltages are measured in the basic operating condition (700°C, 1 atm). The 

Fig.4.6 shows fairly high accuracy. Comparing the co-flow and counter flow, it seems 

to produce higher current values at the same target voltages. The sum of current 

values of all active cells at the target voltage is obtained.  

Fig.4.6 shows local current density and temperature distribution along the flow 

direction. In the Fig.4.6, there is slight difference between the local values of new 

micro/CFD model and the previous model. The reason for this is that the previous 

model assumes fully developed flow and, in the previous model, a large number of 

Table 4.7 Standard operating conditions 

Parameters Values 

Anode Fuel : H2/H2O mixture  

Inlet temperature, 
o

fuel
T  700°C 

Pressure, 
o

fuel
p  1atm 

Flow rate (limit current density), 
lim

fuel
i  1.0 A cm-2 equivalent 

Inlet composition,  
2 2

o o
1

H H O
x x   0.7 

Cathode Air : O2/N2 mixture  

Inlet temperature, 
o

air
T  700°C 

Pressure, 
o

air
p  1atm 

Flow rate (limit current density), 
lim

air
i  4.0 A cm-2 equivalent 

Inlet composition,  
2 2

o o
1

O N
x x   0.21 
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grids could not be arranged in the flow axis direction due to the computational time 

limitation. However, results tend to be generally consistent. In Fig 4.6(a), the current 

density generated in the counter-flow is larger than that in the co-flow. This suggest 

that efficient operation of SOFCs is possible when the fuel gas is injected into the 

counter-flow. 

Fig. 4.7 shows temperature and species contours in the calculation domain according 

to the target voltages (0.7 V/0.8V/0.9V) at basic operating conditions (Table 4.7). In 

Figure 4.7, it seems that the electrochemical reaction hardly occurs when the target 

voltage is 0.9V. When the target voltage is 0.7, the electrochemical reaction is most 

active. The temperature distribution is more uniform at the counter-flow than the co-

flow. Also, this can be inferred the electrochemical reaction in the case of counter 

flow in more active. Fig.4.7 (c), (d) shows species concentration of each regions of 

 

Fig. 4.5. Current-voltage curves for an SOFC operating at 700°C (a) Co-flow (b) 

Counter-flow 

(a) (b)

 

Fig. 4.6. Variables according to the axial coordinate (a) Local current density (b) 

Local temperature 

(a) (b)
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co-flow and counter-flow. 

The effects of interconnect thermal conductivity are investigated using the new 

micro/CFD model. Fig.4.8 shows the temperature distribution in the calculation 

 

Fig. 4.7. Target voltage variable (a) Temperature contour in co-flow (b) 

Temperature contour in counter-flow (c) species contour in co-flow (d) species 

contour in counter -flow 

(c)

(d)

(a)

(b)
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domain with respect to the thermal conductivity variable at the interconnect region. 

The thermal conductivity of interconnect is higher, the electrochemical reaction rate 

is higher. Good thermal conductivity increases the reaction rate. Fig.4.8 (c), (d) shows 

 

Fig. 4.8. Target voltage variable (a) Temperature contour in co-flow (b) 

Temperature contour in counter-flow (c) species contour in co-flow (d) species 

contour in counter -flow 

(a)

(b)

(c)

(d)
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species concentration of each regions of co-flow and counter-flow. Table 4.8 shows 

the current generation values at active cell and maximum temperature. In the counter-

flows, current generation is bigger than the co-flow current generation. 

In this chapter, 2D hydrogen fueled SOFC micro/CFD model is introduced and 

validated with additional study. This model is extended as 3D hydrogen fueled SOFC 

model in chapter 6. The electrochemical effectiveness model makes possible integrate 

micro with macro model with good stability. Simplified random binary packing 

theory is applied to calculate micro model. ANSYS FLUENT is utilizes as analysis 

platform. This present micro/CFD model is shown good accuracy with previous 

micro/macro model. Additional research is carried out with validated reliability. 

 

Table 4.8 Current density/Max.temperature according to thermal conductivity at 

interconnect  

Thermal conductivity Co-flow Counter-flow 

5.0 W m-1 K-1 0.870 A cm-2/1259.20K 0.920 A cm-2/1307.33K 

25.0 W m-1 K-1 0.902 A cm-2/1258.95K 0.952 A cm-2/1299.81K 

125.0 W m-1 K-1 0.930 A cm-2/1242.59K 0.965 A cm-2/1281.54K 
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CHAPTER 5. 
2D CFD MODEL FOR CH4 FUELED 

SOFCs 
In this chapter, 2D micro/CFD integrated model is introduced with methane fuel. 

This model is an extension of the hydrogen fueled 2D micro/CFD model in chapter 

4. Instead of hydrogen fuel, pre-reformed multicomponent gases (methane, water 

vapor, hydrogen, carbon monoxide, and carbo dioxide) are injected. The 

electrochemical effectiveness model introduced in chapter 4 is also applied. Direct 

internal reforming (DIR) takes place in the ASL region (Aguiar P. et al., 2004; Park 

J. et al., 2012; Hosseini S. et al., 2013), resulting in additional hydrogen production. 

5.1 Introduction 

Hydrogen fuel is one of the environmentally friendly promising fuel. Purified 

hydrogen fuel, which is the main fuel for the SOFCs, is currently very costly (Amor, 

1999). However, hydrogen fuel can be obtained by directly inducing the reformer 

reaction within the SOFCs using relatively inexpensive methane gas (Iora P et al., 

2005; Iwai H et al., 2011; Brus G, 2012). The DIR process can be explained by the 

 

Fig. 5.1 Overview of utilized model and sub-models for calculation 
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steam-methane reforming reaction mentioned in the chapter 2 (Xu and Froment, 

1989; Rawlings JB, 2012). As an endothermic reaction, the reforming process can be 

regarded as highly efficient since it does not need supplementation of external heat, 

considering the high operating temperature of the SOFC. In this chapter, 2-

dimensioanl micro/macro SOFC analysis was carried out using partially reformed 

methane fuel. The SOFCs supplied with methane fuel was studied by expanding upon 

the SOFC calculation using the hydrogen fuel described in the chapter 4. As explained 

in the previous chapter, the current generation is calculated by applying the 

electrochemical effectiveness model in active functional layer, and the 

heat/flow/mass transfer analyses are conducted simultaneously from the outside. 

Partially reformed, multicomponent gas is supplied into the channel inlet. It contains 

methane (CH4), water vapor (H2O), hydrogen (H2), carbon monoxide (CO), and 

carbon dioxide (CO2). The thermal and physical calculations are performed for the 

gas species. This simulation is calculated for 700°C in co-flow and counter-flow. The 

reformer reaction consist of the three step global reactions as explained in the chapter 

2 and 3. Fig. 5.1 shows the overall models used for the methane fueled SOFC 

calculation. 

5.2 Model description  

The micro/macro integrated model of the SOFC including direct reforming has the 

same cell structure as that of 2-dimensional SOFC model which uses hydrogen fuel 

in chapter 4. The methane fueled SOFC structure is also composed of anode 

(AFL/ASL), electrolyte (ELEC), cathode (CFL/CCCL), two channels (ACH/CCH), 

and interconnectors (AINT/CINT). The difference is that the partially in advance 

reformed methane fuel enters the inlet of the gas channel. The gases move to the ASL 

region through diffusion and are converted to hydrogen fuel by chemical reaction at 

the nickel catalyst surface in ASL. The ASL region has relatively high diffusivity and 

a fast reaction rate due to the wide surface area of the catalyst. The calculation is 

performed using the volumetric reaction option in FLUENT. Various sub-models are 

incorporated into FLUENT platform utilizing the user-defined function, scalar, and 

memory (UDF, UDS, and UDM). The volumetric reaction is processed as occurring 
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only in the ASL region. In this study, even in the SOFC systems that use methane 

fuel, reformed hydrogen is the fuel of the main electrochemical reaction. Therefore, 

the main reaction formula in the DIR SOFC is as determined 

2
2

2-
2 2

1Cathode reaction : 2
2

Anode reaction : (Reformed)   2 (by products)
1Overall reation : H2 + 2 2 + (Power) + (Heat) + (by products)
2

O e O

H O H O e

O H O

- -

-

+ ®

+ ® + +

®

 (5.1) 

In the Fig. 5.2, the mixture gas is supplied to the anode channel and air gas is 

supplied to the cathode channel. The basic structure for methane-fueled SOFCs 

matches the structure of the cell of the micro/macro model using in the previous 

chapter calculating with hydrogen fuel. As some of the pre-reformed fuel is injected, 

additional gas species are included to the SOFC operation. The operating condition 

is the same as that of the hydrogen-fueled SOFCs. Geometrical parameters are same 

as those of introduced in chapter4. Table 5.1 shows the geometrical parameters for 

the calculations. 

5.3 Theory and calculation 

The methane fueled SOFC system is developed based on the hydrogen fueled SOFC 

system in chapter 4. The reforming reaction occurs in the ASL region and the 

 

Fig. 5.2 Schematic of methane-fueled SOFC. 
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electrochemical reaction takes place using the reformed hydrogen fuel. All 

calculations are done on FLUENT as an analysis platform. Since detailed theory basis 

is described in chapters 2, 3, and 4, in this chapter, simple governing equations are 

described.  

5.3.1 Reforming process 

The global three-step reaction mechanism for the direct reforming reaction is as 

described in chapter 2. 

I. Steam reforming (SR): 

 
1

4 2 2 298.15KCH H O CO 3H , 206 kJ molh -+ « + D = +%
   (5.2) 

II. Water-gas shift (WGS): 

1
2 2 2 298.15KCO H O CO H , 41 kJ molh -+ « + D = -%     (5.3) 

III. Reverse methanation (RM): 

1
4 2 2 2 298.15KCH 2H O CO 4H , 165 kJ molh -+ « + D = +%    (5.4) 

The intrinsic reaction rates (kmol m-2
cat s-1) for the global three-step reaction 

mechanism are determined as (Sohn et al., 2016) 

2

4 2

2

3
H COo 2I

I CH H O2.5
H eq,I

1 / DEN
33,480

p pkr p p
p K

æ ö
= -ç ÷ç ÷

è ø
      (5.5) 

2 2

2

2

H COo 2II
II CO H O

H eq,II

1 / DEN
33,480

p pkr p p
p K

æ ö
= -ç ÷ç ÷

è ø
      (5.6) 

2 2

4 2

2

4
H COo 2 2III

III CH H O3.5
H eq,III

1 / DEN
33,480

p pkr p p
p K

æ ö
= -ç ÷ç ÷

è ø
     (5.7) 

where DEN is defined as 
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2 2

2 2 4 4

2

H O H O
CO CO H H CH CH

H
DEN 1

K p
K p K p K p

p
= + + + +     (5.8) 

In the methane fueled SOFC in this chapter, the catalyst effectiveness factor is not 

considered. The intrinsic reaction rate calculated directly. We considere this part when 

arranging mesh grids. 

The unit of the reaction rate to be input into the FLUENT can be obtained by 

multiplying the volumetric Ni surface area ( )v 2 3  Ni m ml - . 

( ) elv 2 eff eff
Ni t el el Ni Ni

el

6 1
 =N n πd

d
e f

l h h
-

´ = ´         (5.9) 

where tN  is the total number density of all particles, eln  is the number fraction 

of electronic nickel particles in the ASL, eld  is the diameter, e  is the porosity, and 

elf  is the electronic phase volume fraction. eff
Nih  is set to be 0.5.  

The volumetric reaction rate (kmol m-3 s-1) which input in FLUENT is determined 

as 

V o V o V o
I Ni I II Ni II III Ni III,  ,  r r r r r rl l l= ´ = ´ = ´        (5.10) 

5.3.2 Charge conservation 

The charge conservation equation for electrochemical reaction in electrode is 

defined 

( )
( )

el,eff el el

io,eff io io

 S

S

s j

s j

Ñ × - Ñ =

Ñ × - Ñ =
           (5.11) 

Here, elj  is the electronic potential (V ), ioj  is the ionic potential (V ). 

el

       for AFL_a
     for CFL_a

tr

tr

i
S

i
ì

= í-î
          (5.12) 

io /cell trS Rj=             (5.13) 

5.3.3 Electrochemical effectiveness model 
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The electrochemical effectiveness model is also applied in the calculation of the 

methane-fueled SOFCs system. The actual current generation (A m-2) including 

effects at the interface applied in the AFL_A region is defined 

( )( )A v A
AFL tpb,A AFL eff,0V Γ tot tpb,A tot tot

tpb,A

1
 exp exp

2
RT F F

i L f
F r RT RT

l h l h h= ´G + - -é ùæ ö æ ö
ç ÷ ç ÷ê úè ø è øë û

%  

(5.14) 

where ( )eff,0V Γ totf hG %  means the effectiveness factor effG . 

( ) ( ) ( )T
eff eff,0V Γ tot Γ tot

T

tanh
f f

f
h h

f
G = G ´ = ´% %        (5.15) 

The actual current generation (A m-2) applied in the CFL_A region is defined 

( )( )A v A
CFL tpb,C CFL eff,0V Γ tot tpb,C tot tot

tpb,C

1
 exp exp

4
RT F F

i L f
F r RT RT

l h l h h= ´G + - -é ùæ ö æ ö
ç ÷ ç ÷ê úè ø è øë û

%  

(5.16) 

As the number of gas species input to the anode increases, there is a change in the 

initial gas partial pressure value. 

5.3.4 Mass transfer 

The mass conservation equation is computed within the FLUENT, and is computed 

along with the additional gas species. Since the current generation is not occurred in 

the reforming reaction, the mass source term from reforming is not entered as a UDF. 

The general form of the mass conservation equation in FLUENT is 

( ) mv S
t
r r¶

+Ñ × =
¶

           (5.17) 

The mass source term mS  is also determined from the current generation tri . Since 

the mass generation by reforming reaction are processed inside the FLEUNT, there is 

no need to input separately. 

In Anode region, the mass source is defined 
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2 2H O Htr
m 2 1000 1000

M MiS
F

æ ö
= -ç ÷

è ø
          (5.18) 

and in cathode region, the mass source is defined 

2Otr
m 4 1000

MiS
F

æ ö
= - ç ÷

è ø
           (5.19) 

5.3.5 Species transport 

The mass transfer equation calculated within the FLUENT is the same as that 

previously described. Additional source for species production is not entered as 

described. The governing equation for the conservation of gas species 

( ) ( ) ii i i iY vY J R S
t
r r r¶

+Ñ × = -Ñ + +
¶

        (5.20) 

In anode region (AFL_A), the species source is defined 

( )
( )

2 2

2 2

H tr H

H O tr H O

/ 2 /1000

/ 2 /1000

S i F M

S i F M

= -

=
          (5.21) 

In cathode region (CFL_A), the species source is defined 

( )2 2O tr O/ 4 /1000S i F M= -           (5.22) 

The gas species source terms due to reforming reaction are also not input as UDFs. 
The mass diffusivity for the reforming reaction also utilize the Bonsanquet 

approximation (Mason, E.A., 1983). 

eff
i

eff eff
m,i ik

1
1 1D

D D

=
+

            (5.23) 
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where eff
m,iD  is the effective ordinary diffusivity and eff

ikD  is the effective Knudsen 

diffusivity. 

eff i
m,i

j Num.ofspecies j
j 1 eff
j i ij

1 xD x
D

e
t =

=
¹

-
=

å
          (5.24) 

eff
ik p

i

97
2

TD d
M

e
t

=            (5.25) 

where eff
ijD  means the effective binary diffusivity 

( )
1.75

ij 21/2 1/3 1/3
t ij i j

0.0143TD
p M V V

=
+

          (5.26) 

5.3.6 Heat transfer 

The calculation of energy conservation is based on embedded system in FLUENT.  

Since the SOFC system already operates at high temperature, unlike the 

steam/methane reformer system, external heat, applied as a boundary condition, is no 

needed. The heat transfer governing equation used inside the FLUENT is defined as 

( )( ) ( )( ) ( ) h
efff f s s f f eff j j f

j
1E E v E p T h T v S

t
gr g r r k t

æ ö¶
+ - +Ñ × + = Ñ × Ñ - + - +ç ÷

¶ è ø
å

(5.27) 

The specific heat jp,c  and thermal conductivity fk  are also obtained from 

mixing law chosen as an option in FLUENT. The thermal properties of the gas species 

used for the calculations are shown in the Table 5.1 and Table 5.2 

The thermal source in AFL_A region is defined  

( )iotr)( j-= EMFiWQ&           (5.28). 
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The thermal source in CFL_A region is define 

( )tr io CELL( )Q W i Vf= -&            (5.29). 

The thermal source in ELEC region is determined 

2

io io,eff( ) /Q W i s=&            (5.30). 

Table 5.1 Molar heat capacity coefficients for reformate gas species valid in the 
range 273-1473K (Todd and Young (2002)) 

Species 0a  1a  2a  3a  4a  5a  6a  

CH4 47.964 -178.59 712.55 -1068.7 856.93 -358.75 61.321 

H2O 37.373 -41.205 146.01 -217.08 181.54 -79.409 14.015 

H2 21.157 56.036 -150.55 199.29 -136.15 46.903 -6.4725 

CO 30.429 -8.1781 5.2062 41.974 -66.346 37.756 -7.6538 

CO2 4.3669 204.60 -471.33 657.88 -519.90 214.58 -35.992 

( )
6

k
p k

k=0
kJ/kmolLc a t=å , where ( ) / 1000T Kt =  

Table 5.2 Thermal conductivity coefficients for reformate gas species valid in the 
range 273-1473K (Todd and Young (2002)) 

Species 0c  1c  2c  3c  4c  5c  6c  

CH4 0.4796 1.8732 37.413 -47.440 38.251 -17.283 3.2774 

H2O 2.0103 -7.9139 35.922 -41.390 35.993 -18.974 4.1531 

H2 1.5040 62.892 -47.190 47.763 -31.939 11.972 -1.8954 

CO -0.2815 13.999 -23.186 36.018 -30.818 13.379 -2.3224 

CO2 2.8888 -27.018 129.65 -233.29 216.83 -101.12 18.698 

( )
6

k
k

k=0
W/m K 0.01 cl t= å , where ( ) / 1000T Kt =  
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The endothermic reaction heat source due to the internal direct reforming is 

calculated inside the FLUENT.  

5.4 Operating and boundary condition 

 The inlet velocity (m/s) in anode can be obtained with DIR process in SOFCs 

( ) ( )2 4

.
, , /

2 4

o
L fuel xo

x tot fuel o o o
H CH CO

i L
N mol s

F x x x
=

+ +
       (5.31) 

where .
o
L fueli  is the limit current density and 

2

o
Hx , 

4

o
CHx ,and o

COx  is pre-reformed 
gases mole fraction (inlet mole fractions), xL  is flow axis length, and F  is the 
Faraday constant (98485 C s-1). The pre-reformed gas mole fraction can be change 
according to S/C ratio. 
The inlet velocity in cathode can be obtained by 

( )
2

.
, , /

4

o
o L air x
x tot air o

O

i LN mol s
Fx

=           (5.32) 

where 
2

o
Ox  is inlet oxygen mole fraction. 

The thermal periodic boundary condition connecting the upper and lower parts of 

the computation domain is applied, which represents the thermal representative 

characteristics of stacked PEN structure. Table 5.4 shows the basic operating 

conditions. 

Table 5.3 Effective thermal conductivity for porous and solid cell region (Iwata et 
al., 2000; Iora et al., 2005) 

Material Thermal conductivity [W m-1K-1] 

Anode 6.0 

Electrolyte 2.7 

Cathode 11 

Interconnect plate 25 
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5.5 Results and conclusion 

Fig.5.3 shows comparison of current generation between present micro/CFD model 

and previous micro/macro model. In the Fig. 5.3, good agreement is found between 

the present micro/CFD model and the previous micro/macroscale model (Shon et al., 

2016). Counter-flow case shows better performance than co-flow case primarily 

Table 5.4 Standard operating conditions 

Parameters Values 

Anode Fuel : H2/H2O/CH4/CO/CO2 mixture  

Inlet temperature, o
fuelT  800°C 

Pressure, o
fuelp  1atm 

Flow rate (limit current density), lim
fueli  1.0 A cm-2 equivalent 

Steam-to-carbon ration, S/C 3 

Inlet composition, (pre-reformed degree)  

Hydrogen, 
2

o
Hx  0.2626 

               Water vapor, 
2

o
H Ox  0.4934 

               Methane, 
4

o
CHx  0.1710 

               Carbon monoxide, o
COx  0.0294 

               Carbon dioxide, 
2

o
COx  0.0436 

Cathode Air : O2/N2 mixture  

Inlet temperature, o
airT  800°C 

Pressure, o
airp  1atm 

Flow rate (limit current density), lim
airi  4.0 A cm-2 equivalent 

Inlet composition, ( )2 2

o o1O Nx x= -  0.21 
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because of higher temperature (higher reaction rate).  

In Fig. 5.4, the temperature distribution is shown in calculation domain. Fig. 5.4 (a) 

shows co-flow case (Vcell = 0.745 V & icell = ~0.65 A cm-2) and Fig. 5.4 (b) shows 

counter-flow case (Vcell = 0.780 V & icell = ~0.65 A cm-2). Counter-flow case shows 

better performance than co-flow case. In co-flow case, temperature gradually increase 

along the flow direction. The lowest temperature appears near the inlet due to active 

reforming reaction. In counter-flow case, the maximum temperature appears in 

between the inlet and outlet. Temperature is lower near the fuel inlet due to reforming 

 
Fig. 5.3. Current-voltage curves for an SOFC operating at 800°C (a) Co-flow (b) 
Counter-flow 
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reaction and is lowest near the air inlet due to cooling. 

In Fig. 5.5, the species distribution is shown in calculation domain (Vcell = 0.745 V 

& icell = ~0.65 A cm-2). Fig. 5.5 (a) shows mole fraction of CH4, Fig. 5.5 (b) shows 

the mole fraction of H2O, and Fig 5.5 (c) shows the mole fraction of H2. Mole fraction 

 

Fig. 5.4. Temperature distribution in calculation domain (a) Co-flow (Vcell = 0.745 

V & icell = ~0.65 A cm-2) and (b) Counter flow (Vcell = 0.780 V & icell = ~0.65 A 

cm-2)   

 

Fig. 5.5. Species mole fraction in anode (a) Mole fraction of CH4, (b) Mole 

fraction of H2O, and (c) Mole fraction of H2  
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of CH4 in Fig. 5.5 (a), shows that reforming reaction is completed neat fuel inlet. 

Counter flow case has shorter reaction zone due to higher temperature. Mole faction 

of H2O in Fig. 5.5 (b), decrease due to reforming reaction and increase due to 

electrochemical reaction. Mole fraction of H2 in Fig. 5.5 (c), shows opposite 

behaviors. 

In this chapter, CH4-fueled SOFC model is introduced. With DIR process in ASL 

region, the calculation is carried out in FLUENT platform. The electrochemical 

effectiveness model is also applied to integrate micro model with macro CFD model. 

The reforming process is chosen as reaction option in FLUENT. Endothermic 

reaction is done with embedded code in FLUENT. The results shows relatively good 

accuracy with previous model. 
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CHAPTER 6. 
3D CFD MODEL FOR H2 FUELED 

SOFCs 
6.1 Introduction 

In chapter 4 and chapter 5, efficient SOFC micro/CFD models are developed by 

applying the electrochemical effectiveness model. The new micro/CFD model shows 

excellent accuracy when compared with the previous micro model. Also, results show 

beyond the limitation of the previous micro/macro model. In this chapter, a three-

dimensional hydrogen-fueled SOFC model integrating internal electrochemical 

model and external macro calculation is developed. This is an extension of the two-

dimensional hydrogen-fueled SOFC model presenting the possibility of analyzing 

various stack shapes. The developed 3d hydrogen fueled SOFC micro/CFD model is 

validated by comparing previous micro/macro model assuming external fully 

developed flow. 

6.2 Model description 

In this chapter, the simple 3-dimensional SOFC stack structure of planner-type is 

calculated. Future studies will be performed on three-dimensional complex stack 

 

Fig. 6.1 Geometrical structure of 3D hydrogen fueled SOFC for co-flow 
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geometries. The 3D planner type stack structure is composed of several parallel layers 

as shown in Fig. 6.1. In Fig. 6.1 (a), an approximate geometry of the 3-dimensional 

SOFC appears. In Fig. 6.1 (b), repeated parts are treated as symmetric boundary 

conditions and conducted half analysis. The channel region (ACH/CCH) and 

interconnect region (INT) are distinguished. The electrons do not move through the 

channel region but travel through the interconnect region. In chapter 4, the contact 

resistance is processed in a part of channel region, however in this 3-dimensional 

model, the contact resistance is processed in the interconnect region. Also, some other 

boundary conditions are changed. Similar to the 2-dimensional model, the 3-

dimensional model also has PEN structure with interconnects and channel area.  

The calculation area shown in the 2-dimensional section is shown in Fig. 6.2. The 

AINT_P/CINT_P regions are introduced to apply thermal periodic boundary 

conditions. The contact resistance is applied to the interconnect area 

(CINT_C/AINT_C) instead of channel area. 

 

Fig. 6.2 Two-dimensional section of 3D geometric description 
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6.3 Theory and calculation 

The Table 6.2 represents the calculation plan for each area of computation domain. 

The calculation is done with FLUENT as analysis platform. The electrochemical 

model in the electrode, properties, and source terms are entered with UDFs, UDS, 

and UDM. For the calculation stability, oxygen depletion is considered. It is necessary 

to adjust relaxation factors appropriately.  

The major governing equations are as described in chapter 4. The effective 

Table 6.1 3D model standard microstructural and geometrical parameters. 
Parameters Values 
Anode substrate layer: porous Ni/YSZ cermet 
 Layer thickness, ASLL  1 mm 
 Porosity, ASLe  0.5 
 Tortuosity,  )  =  =  =( CCCLCFLAFLASL tttt  3.0 

Anode functional layer: porous Ni/YSZ cermet 
 Layer thickness, AFLL  20 μm 
 Porosity, AFLe  0.25 

Electrolyte: dense YSZ 
 Layer thickness, ELL  10 μm 

Cathode functional layer: porous LSM/YSZ composite 
 Layer thickness, CFLL  20 μm 
 Porosity, CFLe  0.25 

Cathode current collector layer: porous LSM 
 Layer thickness, CCCLL  50 μm 
 Porosity, CCCLe  0.5 

Gas channel 
 Length, xL  10 cm 
 Width, CHW  1 mm 
 Height, CHL  1 mm 

Interconnect plate 
 Half thickness above the channel, INTL  0.5 mm 
 Rib width, RibW  1 mm 
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electronic conductivity eff
is  of phase i  is determined 

( ) meff 0
i i i i1 Ps s e jé ù= -ë û           (6.1). 

The intrinsic conductivity 0
is  of used materials are determined is (Ferguson et 

al., 1996; Anselmi-Tamburini et al., 1996; Kiatkittpong et al., 2005) 

0 4
YSZ

103003.34 10 exp
T

s -æ ö= ´ ç ÷
è ø

         (6.2) 

0 6
Ni 3.27 10 1065.3Ts = ´ -           (6.3) 

Table 6.2 Three-dimensional model calculation setting with respect to each region 

Region Electronic Ionic Mass Heat Fluid 

INT_P x x x transfer x 

INT/INT_C transfer x x transfer x 

ACH/ACH_C 
/CCH/CCH_C 

x x transfer transfer flow 

CCCL transfer x transfer transfer 
rarely 
flow 

CFL_D transfer x transfer transfer rarely 
flow 

CFL_A 
transfer 
/source 

transfer 
/source 

transfer 
/source 

transfer 
/source 

rarely 
flow 

ELEC x x x transfer 
/source 

x 

AFL_A 
transfer 
/source 

transfer 
/source 

transfer 
/source 

transfer 
/source 

rarely 
flow 

AFL_D transfer x transfer transfer 
rarely 
flow 

ASL transfer x transfer transfer rarely 
flow 
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7
0
LSM

8.855 10 1082.5exp
T T

s ´ æ ö= -ç ÷
è ø

        (6.4) 

0
int

139233557 exp
T

s æ ö= ´ ç ÷
è ø

.          (6.5) 

In the 2-dimensional analysis, the electronic conductivity value 0
int / 2s  is input to 

the channel region due to structural limitation, but electronic analysis is not included 

in channel region with 3-dimensional geometry. The contact resistance 

( )2 asrr mW -  applied in the AINT_C/CINT_C region is defined 

13 0.84.0 10 expasr
Fr T

RT
- æ ö= ´ ç ÷

è ø
         (6.6) 

The current generation ( )3A/mVi  in the AFL and CFL region is determined 

( )( )v A
AFL tpb,A AFL eff,0V Γ tot tpb,A tot tot

tpb,A
_

1
 exp exp

2
V

AFL A
RT F F

i L f
F r RT RT

Ll h l h h= ´ G + - -é ùæ ö æ ö ´ç ÷ ç ÷ê úè ø è øë û
%  

(6.7) 

( )( )v A
CFL tpb,C CFL eff,0V Γ tot tpb,C tot tot

tpb,A
_

1
 exp exp

2
V

CFL A
RT F F

i L f
F r RT RT

Ll h l h h= ´ G + - -é ùæ ö æ ö ´ç ÷ ç ÷ê úè ø è øë û
%  

(6.8). 

 

6.4 Operating and boundary conditions 

The basic operating conditions are shown in Table 6.3. Thermal periodic boundary 

condition is applied and symmetric boundary condition is also applied shown in Fig. 

6.2. The molar flow rate (mol s-1) of fuel and air gas for the 3D geometry are given 

as 

2

.
, ,

2
2

o
L fuel x yo

x tot fuel o
H

i L L
N

Fx
=            (6.9) 



Ch. 6. 3D CFD model for H2 fueled SOFCs 

- 92 - 

where 2 x yL L  is the reaction area composed of one channel and one rib width. 

2

.
, ,

2
4

o
L air x yo

x tot air o
O

i L L
N

Fx
=            (6.10) 

The inlet velocities (m s-1) of fuel and air at the inlet are defined as 

, ,
o

x tot fuel fuelo
fuel o

fuel ch ch

N RT
u

p L W
=            (6.11) 

, ,
o o
x tot air airo

air o
air ch ch

N RT
u

p L W
=            (6.12) 

where o
fuelT and o

airT  are inlet temperature and ch chL W  is cross sectional area of the  

Table 6.3 Standard operating conditions 

Parameters Values 

Anode Fuel : H2/H2O mixture  

Inlet temperature, o
fuelT  700°C 

Pressure, o
fuelp  1atm 

Flow rate (limit current density), lim
fueli  1.0 A cm-2 equivalent 

Inlet composition, ( )2 2

o o1H H Ox x= -  0.7 

Cathode Air : O2/N2 mixture  

Inlet temperature, o
airT  700°C 

Pressure, o
airp  1atm 

Flow rate (limit current density), lim
airi  4.0 A cm-2 equivalent 

Inlet composition, ( )2 2

o o1O Nx x= -  0.21 
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Fig. 6.3. 3D co-flow variables distribution (a) temperature distribution at SOFC 
stack (0.65 A/cm2, 700°C) (b) temperature distribution at flow channel (0.65 
A/cm2, 700°C) (c) current-voltage curves for an 3D SOFC operating at 700°C (d) 
velocity distribution at flow channel (0.65 A/cm2, 700°C) 

 
Fig. 6.4. 3D Counter-flow variables distribution (a) temperature distribution at 
SOFC stack (0.65 A/cm2, 700°C) (b) temperature distribution at flow channel 
(0.65 A/cm2, 700°C) (c) Current-voltage curves for an 3D SOFC operating at 
700°C (d) velocity distribution at flow channel (0.65 A/cm2, 700°C) 
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channel. It is significant to obtain the exact inlet velocity according to limit current 

density. It is necessary to secure the convergence stability in the 3D calculation. Two 

cases are analyzed: co-flow and counter-flow. 

6.5 Results and conclusion 

Fig. 6.3 shows 3D structure variables distribution at co-flow (0.65 A/cm2, 700°C). 

The shown plain is the right symmetric plane in Fig. 6.2. In Fig. 6.4 (a) shows the 

temperature distribution at SOFC stack which exclude flow channels. The Fig. 6.4 

(b) represents temperature distribution at flow channel (ACH/CCH). Since the 

cathode velocity is faster than anode gas velocity, the temperature circulation occurs 

well in cathode region. Fig. 6.4 (c) shows the current generation according to target 

voltages (Vcell). The developed 3D micro/CFD model is compared with previous 3D 

micro/macro model. The previous micro/macro model was assumed fully-developed 

external laminar flow in channel region. The results shows relatively accuracy. The 

slight difference in current density appears due to the depletion of oxygen ions in the 

three-dimensional structure. The Fig. 6.4 (d) represent the velocity distribution in 

anode channel and cathode channel region (ACH/CCH). Gas circulation occurs better 

in the cathode region (CCH) because the flow in the cathode is faster. 

Fig. 6.4 shows 3D structure variables distribution at counter-flow (0.65 A/cm2, 

700°C). The shown plain is the right symmetric plane in Fig. 6.2. In Fig. 6.4 (a) shows 

the temperature distribution at SOFC stack which exclude flow channels. The Fig. 

6.4 (b) represents temperature distribution at flow channel (ACH/CCH). There is a 

different trend from the results of Co-flow case. Fig. 6.4 (c) shows the current 

generation according to target voltages (Vcell). The developed 3D micro/CFD model 

is compared with previous 3D micro/macro model. The results also shows relatively 

accuracy. The Fig. 6.4 (d) represent the velocity distribution in anode channel and 

cathode channel region (ACH/CCH). 

In this chapter, the calculation is carried out by expanding the 2D hydrogen fueled 

SOFC described in chapter 4 into 3-dimensions. The basic equations are all described 

in Chapter 4. This chapter focuses on three-dimensional elements that cannot be 
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explained in two dimensions. Although the fuel injection channel and the air channel 

are parallel in this study, further studies will also cover the structure in which the two 

gas channels are vertical. This approach will provide another benefit. The results are 

relatively accurate compared to previous studies, and the depletion of oxygen ions 

problem is left to be a part of further research. 

 



Ch. 7. Conclusions 

- 96 - 

CHAPTER 7 
CONCLUSIONS 

7.1 Conclusions  

In this dissertation, SOFC system sub models are developed using effectiveness 

concepts. First, the residential steam-methane reformer micro/macro model is 

evaluated with the effectiveness of the nickel catalyst based on the intrinsic kinetics 

of the steam reforming process. The catalyst effectiveness factor is a factor for 

correcting the reforming process and for effective reformer design. With the 

commercial program FLUENT as the computational platform, mass transfer, heat and 

fluid flow of the gas in the reformer is calculated, and the reforming reaction rate 

based on the catalyst effectiveness is input as a user defined functions (UDFs). By 

introducing the Thiele modulus coefficient, the effectiveness factor is obtained for 

various reforming conditions. Using the catalyst effectiveness factor, it is to possible 

to calculate reforming reactions with only small number of grids. In chapter 2, the 

catalyst effectiveness concept is introduced for the design and calculation of small-

scale on-site reformers to produce hydrogen fuel. The intrinsic reaction rate which 

represents the reforming reactions is explained (Xu and Froment, 2002) and the 

effectiveness concept is used to calculate it efficiently. The concepts of effectiveness 

factors, Thiele modulus, and related properties are described. The correlation with 

Thiele modulus which is directly related with effectiveness factors is introduced, and 

single curve correlation is adopted from the modified Thiele modulus. Various 

variables that constitute the modified modulus are introduced. In chapter 3, the 

effectiveness correlation of the Ni coated catalyst layer is developed in the small-

scale steam-methane reformer (p = 1~3 bar, T = 600~800°C, S/C Ratio = 2~4, Lcat = 

20~80 µm). FLUENT as an analytical platform, the CFD analysis model that can 

efficiently analyze steam-methane reformer using catalyst effectiveness concept is 

developed. The accuracy and effectiveness of the analysis model is developed 

through comparison of the effectiveness model and the base model with many grids 
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number. The effect of inlet temperature, flow velocity, and convective heat transfer 

coefficient are evaluated through parametric studies. 

Second, in this dissertation, micro/CFD model in SOFC system is proposed. For the 

overall analysis of SOFCs, detailed electrochemical reactions of micro scale inside 

porous electrode are considered, and external effects such as temperature change, gas 

flow, and mass transfer are considered simultaneously. Macroscopic models such as 

heat/flow/mass transfer are coupled to microscale models for detailed electrode 

processing. Applying simply previous micro models to CFD cannot be done 

efficiently because a very large number of grids is needed to accurately analysis 

electrochemical processes occurring in a very thin layer. This leads to long analysis 

time and low convergence stability. The concept of electrochemical effectiveness is 

introduced to solve this problem (Shin and Nam, 2015). With this concept, the 

microstructure parameter based on the percolation theory and the number theory of 

electron and ion particles is numerically defined, and the micro model calculation is 

simplified using the concept. In the effectiveness model based microscale simulation 

method, current generation is calculated over the active functional thickness. Using 

the electrochemical effectiveness model, even with a small number of grids, the result 

shows good accuracy, which also offers a great advantage in combining with macro 

calculations. In this dissertation, using FLUENT analysis platform that can handle 

complex shapes, the computation is performed by combining the user-defined 

function (UDF), user-defined scalar (UDS), and user-defined memory (UDM) with 

CFD model. It is expected that the analyses of various types of interconnector will be 

possible in the future. In chapter 4, micro/CFD model is developed based on the 

electrochemical effectiveness model using FLUENT with User-Defined Function 

(UDF), User-Defined Scalar (UDS), and User-Defined Memory (UDM). Electro 

chemical effectiveness model can be properly incorporated with CFD simulation 

codes, reducing computational costs allowing the consideration of microstructural 

effects. Too many grid points are required for conventional microscale model to 

capture the reaction/transport process in mixed ionic-electronic conducting (MIEC) 

electrodes. The reliability of the micro/CFD model is validated by the excellent 
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agreements in the I-V curve and the variation of temperature and current density with 

the previous microscale model results. The effects of interconnect thermal 

conductivity are investigated using the model. 

Methane-fueled SOFC system analyses are performed considering the internal 
reforming (DIR) of SOFCs. The additional gases are introduced and the reforming 
reaction proceeded in the ASL region where the catalyst surface area is relatively 
large. This takes into account availability in that relatively expensive hydrogen fuel 
can be obtained using cheap methane fuel. SOFCs operate advantageously in that 
they provide sufficient heat. In chapter 5, Development of an efficient two-
dimensional CFD model for simulating planar, anode-supported SOFCs operated 
with methane gas (internal reforming is considered) is performed. FLUENT is used 
as a numerical platform for conservation and transport calculation. Charge transport 
and electrochemical reaction in the active reaction layers are accurately considered 
by the electrochemical effectiveness model. Two-dimensional CFD model for planar, 
anode-supported, methane-fueled SOFCs is developed and validated. 
Electrochemical effectiveness model is utilized to accurately predict the current 
generation rate in the active reaction layers with less computational costs. The 
proposed numerical approach enables the efficient consideration of electrode 
microstructural effects in CFD calculation platform. 

In chapter 6, a three-dimensional hydrogen-fueled SOFC model integrating internal 

electrochemical model and external macro calculation is developed. This is an 

extension of the two-dimensional hydrogen-fueled SOFC model presenting the 

possibility of analyzing various stack shapes. The developed 3d hydrogen fueled 

SOFC micro/CFD model is validated by comparing previous micro/macro model 

assuming external fully developed flow. 

 
7.2 Future works 

There are many areas in which this study can be extended. Considering for 

convergence stability, there is a method to apply partial cell relaxation factor by 

measuring partial pressure in each cell. This method will help reduce the calculation 

time. From a geometric focus, there is a way to enter the source terms on the structure 
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surface. This approach applies to complex features to ensure calculation stability. 

Also, there are several ways to expand into a three-dimensional model, however, 

oxygen depletion issues needed to be considered. The geometric extension of the 2-

dimensional model can be a solution for oxygen depletion. To apply the realistic 3-

dimensional model, other measures require to solve oxygen depletion. One of those 

is measuring the partial pressure value in each cell region. The partial pressure values 

are calculated for each iteration, and measures are taken for inappropriate values.  

Comprehensively, it is most important to secure computational stability in order to 

carry out the extended study. There are many ways to ensure convergence stability.  
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APPENDIX 
UDF CODES 

A. HEADER FILE 
#define FARA (faraday constant, C s-1)    96485. 
#define RGAS (universal gas constant, J mol−1 K−1)  8.314 
#define M_H2 (molecular weight, kg kmol-1)   2.01594 
#define M_H2O        18.01534 
#define M_O2        31.9988 
#define M_N2        28.0134 
#define V_H2 (diffusion volume)     6.12 
#define V_H2O        13.1 
#define V_O2        16.3 
#define V_N2        18.5 
 
#define T_REF (reference temperature, K)   973. 
#define P_H2 (partial pressure, pa)     70000. 
#define P_H2O        30000. 
#define P_O2        21000. 
#define P_N2        79000. 
 
// ZONE ID NUMBER (setting up in FLUENT) 
#define ZONE_ID_AINT      26 
#define ZONE_ID_ACH      25 
#define ZONE_ID_ACH_C      24 
#define ZONE_ID_ASL       23 
#define ZONE_ID_AFL_D      22 
#define ZONE_ID_AFL_A      21 
#define ZONE_ID_ELEC      20 
#define ZONE_ID_CFL_A      19 
#define ZONE_ID_CFL_D      18 
#define ZONE_ID_CCCL      17 
#define ZONE_ID_CCH_C      16 
#define ZONE_ID_CCH      15 
#define ZONE_ID_CINT      14 
#define ZONE_ID_AINT_P      29 
#define ZONE_ID_CINT_P      30 
 
// BOUNDARY ZONE ID NUMBER (setting up in FLUENT) 
//INLET 
#define ZONE_ID_AIN       52 
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#define ZONE_ID_AIN_C   50 
#define ZONE_ID_CIN    32 
#define ZONE_ID_CIN_C   34 
//OUTLET 
#define ZONE_ID_AOUT   53 
#define ZONE_ID_AOUT_C   51 
#define ZONE_ID_COUT   33 
#define ZONE_ID_COUT_C   35 
 
// SPECIES ID NUMBER (setting up in FLUENT) 
#define H2     0 
#define H2O     1 
#define O2     2 
#define N2     3 
 
// FUNCTIONAL LALYER THICKNESS (m) 
#define LAFL  2.000000E-05 
#define LCFL  2.000000E-05 
#define LAFL_A  1.000000E-05 
#define LCFL_A  1.000000E-05 
 
// TPBL LENGTH (m m-3) 
#define VTPBL_AFL 5.981004E+12  
#define VTPBL_CFL 5.981004E+12 
#define ATPBL_AFL 1.077496E+06 
#define ATPBL_CFL 1.077496E+06 
 
// PORE DIAMETER (m) 
#define DP_AFL  1.111111E-07 
#define DP_CFL  1.111111E-07 
#define DP_ASL  6.666667E-07 
#define DP_CCCL  6.666667E-07 
 
// DEFFUSIVITY FACTOR 
#define DF_AFL  8.333333E-02 
#define DF_CFL  8.333333E-02 
#define DF_ASL  1.666667E-01 
#define DF_CCCL  1.666667E-01 
 
// IONIC CONDUCTIVITY FACTOR 
#define ICF_AFL  2.043419E-01 
#define ICF_CFL  2.043419E-01 
#define ICF_ELEC 1.000000E+00 
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// ELECTRONIC CONDUCTIVITY FACTOR 
#define ECF_AFL  2.043419E-01 
#define ECF_CFL  2.043419E-01 
#define ECF_ASL  1.112297E-01 
#define ECF_CCCL  3.535534E-01 
// CONTACT CELL LENGTH (m) 
#define LCL   5.000000E-05 
#define LCELL  0.1  
// SOLVER CONTROL (Relaxation factor) 
#define IRLX (for transfer current (small))    0.2  
#define RRLX (for transfer resistance)    0.8 
#define SMOVP (Small overpotential for 1st iteration)  0.001 
 
//ELECTRONIC CONDUCTIVITY 
#define niEcond(x)  (3.27e6 - 1065.3*(x)) 
#define lsmEcond(x)   (8.855e7 / (x)*exp(-1082.5 / (x))) 
#define intEcond(x)  ((33557.*exp(1392. / (x)))) 
#define asr(x)   ((4.0e-13)*(x)*exp(0.8*FARA / RGAS / (x))) 
 
//IONIC CONDUCTIVITY 
#define yszIcond(x)    (33400 * exp(-10300 / (x))) 

B. ELECTRONIC CONDUCTIVITY 
#include "udf.h" 
#include "mysofc.h" 
DEFINE_DIFFUSIVITY (elec_cond, c, t, i) 
{ 

 real temp, pre, econd = 0; 
 int zone = THREAD_ID(t); 
 temp = C_T(c, t); 
 pre = C_P(c, t) + 100000; 
  if (zone == ZONE_ID_AINT) 
  {econd = 1 * intEcond(temp);} 
  if (zone == ZONE_ID_ACH) 
  {econd = 0.5 * intEcond(temp); } 
  if (zone == ZONE_ID_ACH_C) 
  {econd = LCL / asr(temp);} 
  if (zone == ZONE_ID_ASL) 
  {econd = ECF_ASL * niEcond(temp);} 

if (zone == ZONE_ID_AFL_D || zone == ZONE_ID_AFL_A) 
  {econd = ECF_AFL * niEcond(temp);} 
  if (zone == ZONE_ID_CFL_D || zone == ZONE_ID_CFL_A) 
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  {econd = ECF_CFL *lsmEcond(temp); } 
  if (zone == ZONE_ID_CCCL) 
  {econd = ECF_CCCL*lsmEcond(temp);} 

if (zone == ZONE_ID_CCH)  
  {econd = 0.5 * intEcond(temp);} 

if (zone == ZONE_ID_CCH_C) 
  {econd = LCL / asr(temp);} 
  if (zone == ZONE_ID_CINT) 
  {econd = 1 * intEcond(temp);} 
  return econd; 

} 

C. IONIC CONDUCTIVITY  
#include "udf.h" 
#include "mysofc.h" 
DEFINE_ANISOTROPIC_DIFFUSIVITY(ionic_cond, c, t, i, dmatrix) 
{ 

 real temp, pre, icond; 
 int zone = THREAD_ID(t); 
 temp = C_T(c, t); 
 if (zone == ZONE_ID_AFL_A) //AFL 
   { icond = ICF_AFL * yszIcond(temp); 
    dmatrix[0][0] = icond; 
  dmatrix[1][1] = icond * 5000;} 
 if (zone == ZONE_ID_ELEC) //ELEC 
   {icond = ICF_ELEC * yszIcond(temp); 
    dmatrix[0][0] = icond; 
    dmatrix[1][1] = icond;} 
 if (zone == ZONE_ID_CFL_A) //CFL 
   {icond = ICF_CFL * yszIcond(temp); 
    dmatrix[0][0] = icond; 
    dmatrix[1][1] = icond * 5000;} 

} 
 

D. MASS DIFFUSIVITY 
#include "udf.h" 
#include "mysofc.h" 
DEFINE_DIFFUSIVITY(mass_diff, c, t, i) 
{ 

 real temp, pre; 
 real Deff = 0; 
 real x1, x2, wo, wn; 
 real D1K, D2K, D12; 
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 real m12, v12, d12; 
 real knuHydr, knuWate, anoBina, knuOxyg, knuNitr, catBina; 
 int zone = THREAD_ID(t); 
 temp = C_T(c, t); 
 pre = C_P(c, t) + 100000; 
 switch (i) 
 { 
  case H2: 
  { 

m12 = pow(2. / (1. / M_H2 + 1. / M_H2O), 0.5); 
v12 = pow(pow(V_H2, 1. / 3.) + pow(V_H2O, 1. / 3.), 2.); 

   anoBina = 0.0143*pow(temp, 1.75) / (m12*v12) / pre; 
   if (zone == ZONE_ID_ACH || zone == ZONE_ID_ACH_C) 
   {Deff = anoBina;} 
   else if (zone == ZONE_ID_ASL) 
   {knuHydr = 48.5*DP_ASL*sqrt(temp / M_H2); 
    D1K = knuHydr; 
    D12 = anoBina; 
    Deff = DF_ASL*pow((1 / D1K + 1 / D12), -1);} 
   else if (zone == ZONE_ID_AFL_A || zone == ZONE_ID_AFL_D)  
   {knuHydr = 48.5*DP_AFL*sqrt(temp / M_H2); 
    D1K = knuHydr; 
    D12 = anoBina; 
    Deff = DF_AFL*pow((1 / D1K + 1 / D12), -1);} 
   else 
   {Deff = 10e-6;} 
   break; 
  } 
  case H2O: 
  { 

m12 = pow(2. / (1. / M_H2 + 1. / M_H2O), 0.5);    
v12 = pow(pow(V_H2, 1. / 3.) + pow(V_H2O, 1. / 3.), 2.);  

   anoBina = 0.0143*pow(temp, 1.75) / (m12*v12) / pre; 
   if (zone == ZONE_ID_ACH || zone == ZONE_ID_ACH_C) 
   {Deff = anoBina;} 
   else if (zone == ZONE_ID_ASL) 
   {knuWate = 48.5*DP_ASL*sqrt(temp / M_H2O); 
    D2K = knuWate; 
    D12 = anoBina; 
    Deff = DF_ASL*pow((1 / D2K + 1 / D12), -1);} 
   else if (zone == ZONE_ID_AFL_A || zone == ZONE_ID_AFL_D) 
   {knuWate = 48.5*DP_AFL*sqrt(temp / M_H2O); 
    D2K = knuWate; 
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    D12 = anoBina; 
    Deff = DF_AFL*pow((1 / D2K + 1 / D12), -1);} 
   else 
   {Deff = 10e-6;} 
   break; 
  } 
  case O2: 
  { 

m12 = pow(2. / (1. / M_O2 + 1. / M_N2), 0.5); 
v12 = pow(pow(V_O2, 1. / 3.) + pow(V_N2, 1. / 3.), 2.); 

   catBina = 0.0143*pow(temp, 1.75) / (m12*v12) / pre; 
 
   if (zone == ZONE_ID_CCH || zone == ZONE_ID_CCH_C) 
   {Deff = catBina;} 
   else if (zone == ZONE_ID_CCCL) 
   {wo = C_YI(c, t, O2); wn = C_YI(c, t, N2); 
    x1 = wo / M_O2 / (wo / M_O2 + wn / M_N2); 
    x2 = 1 - x1; 
 
    knuOxyg = 48.5*DP_CCCL*sqrt(temp / M_O2); 
    D1K = knuOxyg; 
    D12 = catBina; 
    Deff = DF_CCCL*pow((1 / D1K + x2 / D12), -1);} 
   else if (zone == ZONE_ID_CFL_A || zone == ZONE_ID_CFL_D) 
   {wo = C_YI(c, t, O2); wn = C_YI(c, t, N2); 
    x1 = wo / M_O2 / (wo / M_O2 + wn / M_N2); 
    x2 = 1 - x1; 
 
    knuOxyg = 48.5*DP_CFL*sqrt(temp / 32.00); 
    D1K = knuOxyg; 
    D12 = catBina; 
    Deff = DF_CFL*pow((1 / D1K + x2 / D12), -1);} 
   else 
   {Deff = 10e-6;} 
   break; 
  } 
  case N2: 
  { 

m12 = pow(2. / (1. / M_O2 + 1. / M_N2), 0.5); 
v12 = pow(pow(V_O2, 1. / 3.) + pow(V_N2, 1. / 3.), 2.); 

   catBina = 0.0143*pow(temp, 1.75) / (m12*v12) / pre; 
   if (zone == ZONE_ID_CCH || zone == ZONE_ID_CCH_C) 
   {Deff = catBina;} 
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   else if (zone == ZONE_ID_CCCL) 
   {wo = C_YI(c, t, O2); wn = C_YI(c, t, N2); 
    x1 = wo / M_O2 / (wo / M_O2 + wn / M_N2); 
    x2 = 1 - x1; 
 
    knuNitr = 48.5*DP_CCCL*sqrt(temp / M_N2); 
    D2K = knuNitr; 
    D12 = catBina; 
    Deff = DF_CCCL*pow((1 / D2K + x1 / D12), -1);} 
   else if (zone == ZONE_ID_CFL_A || zone == ZONE_ID_CFL_D) 
   {wo = C_YI(c, t, O2); wn = C_YI(c, t, N2); 
    x1 = wo / M_O2 / (wo / M_O2 + wn / M_N2); 
    x2 = 1 - x1; 
 
    knuNitr = 48.5*DP_CFL*sqrt(temp / M_N2); 
    D2K = knuNitr; 
    D12 = catBina; 

Deff = DF_CFL*pow((1 / D2K + x1 / D12), -1);} 
   else 
   {Deff = 10e-6;} 
   break; 
  } 
 } 
 return Deff; 

} 

E. EFFECTIVENESS MODEL  
#include "udf.h" 
#include "mysofc.h" 
 
void effCoef(double, double*, double*, double*, double*); 
double anoRtpb(double, double, double); 
double catRtpb(double, double, double); 
 
DEFINE_ADJUST(eff_model, d) 
{ 
 Thread *t; 
 cell_t c; 
 double ve, vj, ovp, eta, k; 
 double pres, temp, wh, ww, wo, wn, xh, xo, xw; 
 double ph, pw, po, pn; 
 double sele, sion, seff, rtpb, mod, imax, effn, itro, itr, rtro, rtr; 
 double aa, bb, cc, dd; 
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 double isum_ano, isum_cat; 
 FILE *fp; 
 
 // Current density and resistance for AFL cells (defined positive) 
 t = Lookup_Thread(d, ZONE_ID_AFL_A); 
 isum_ano = 0.; 
 begin_c_loop(c, t) 
 { 
  k = 1.; 
  if (N_ITER < 100)  

{ph = P_H2; pw = P_H2O; pres = P_H2 + P_H2O; temp = T_REF; ovp = SMOVP;} 
  else 
  { 
   pres = C_P(c, t) + 100000; temp = C_T(c, t); 
   wh = C_YI(c, t, H2); ww = C_YI(c, t, H2O); 
   xw = ww / M_H2O / (ww / M_H2O + wh / M_H2); 
   xh = 1 - xw; 
   ph = pres*xh; pw = pres*(1. - xh); 
   ve = C_UDSI(c, t, 0); 
   vi = C_UDSI(c, t, 1); 
   vj = (247340.-54.85*temp) / (2.*FARA) + (RGAS*temp) 
/(2.*FARA)*log(xh / xw) + (RGAS*temp)/ (4.*FARA)*log(P_O2 / 100000.); 
   itro = C_UDMI(c, t, 0); rtro = C_UDMI(c, t, 1); 
   ovp = ve + vj - vi; 
  } 
 
  eta = k*FARA / RGAS / temp*ovp; 
  rtpb = anoRtpb(ph, pw, temp); 
  sele = ECF_AFL * niEcond(temp); 
  sion = ICF_AFL * yszIcond(temp); 
  seff = 1. / (1. / sion + 1. / sele); 
  mod = LAFL*sqrt(VTPBL_AFL / seff / rtpb); 
  effCoef(mod, &aa, &bb, &cc, &dd); 
  effn = tanh(mod) / mod*MIN(1., aa / pow(1. + exp((eta - cc) / bb), dd)); 
  itr = RGAS*temp / (2.*k*FARA) /rtpb*(VTPBL_AFL*LAFL*effn + 
ATPBL_AFL)*(exp(eta) - exp(-eta)) / LAFL_A; 
  rtr = ovp / itr; 
 
  if (N_ITER == 0) { C_UDMI(c, t, 0) = itr; C_UDMI(c, t, 1) = rtr; } 
  else 
  {itr = itro + IRLX*(itr - itro); rtr = rtro + RRLX*(rtr - rtro); 
  C_UDMI(c, t, 0) = itr;  

C_UDMI(c, t, 1) = rtr;}  
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  isum_ano += itr*C_VOLUME(c, t);  
 } 
 end_c_loop(c, t) 
 
 t = Lookup_Thread(d, ZONE_ID_CFL_A); 
 isum_cat = 0.; 
 begin_c_loop(c, t) 
 { 
  k = 2.; 
  if (N_ITER < 100) 
  {po = P_O2; pn = P_N2; pres = P_O2 + P_N2; temp = T_REF; ovp = SMOVP;} 
  else 
  { 
   pres = C_P(c, t) + 100000; temp = C_T(c, t); 
   wo = C_YI(c, t, O2); wn = C_YI(c, t, N2); 
   xo = wo / M_O2 / (wo / M_O2 + wn / M_N2); 
   po = pres*xo; pn = pres*(1. - xo); 
   ve = C_UDSI(c, t, 0); 
   vi = C_UDSI(c, t, 1); 
   vj = (RGAS*temp) / (4.*FARA)*log(pres*xo / P_O2); 
   itro = C_UDMI(c, t, 0); rtro = C_UDMI(c, t, 1); 
   ovp = vi + vj - ve; 
  } 
  eta = k*FARA / RGAS / temp*ovp; 
  rtpb = catRtpb(po, pn, temp); 
  sele = ECF_CFL *lsmEcond(temp); 
  sion = ICF_CFL * yszIcond(temp); 
  seff = 1. / (1. / sion + 1. / sele); 
  mod = LCFL*sqrt(VTPBL_CFL / seff / rtpb); 
  effCoef(mod, &aa, &bb, &cc, &dd); 
  effn = tanh(mod) / mod*MIN(1., aa / pow(1. + exp((eta - cc) / bb), dd)); 
  itr = RGAS*temp / (2.*k*FARA) / rtpb*(VTPBL_CFL*LCFL*effn + 
ATPBL_CFL)*(exp(eta) - exp(-eta)) / LCFL_A; 
  rtr = ovp / itr; 
 
  if (N_ITER == 0) { C_UDMI(c, t, 0) = itr; C_UDMI(c, t, 1) = rtr; } 
  else 
  {itr = itro + IRLX*(itr - itro); rtr = rtro + RRLX*(rtr - rtro); 
   C_UDMI(c, t, 0) = itr;  

C_UDMI(c, t, 1) = rtr;} 
  isum_cat += itr*C_VOLUME(c, t); 
 } 
 end_c_loop(c, t) 
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 char filename[] = "transfer-current-monitor.txt";  
 if (N_ITER == 0) 
 { 
  fp = fopen(filename, "w"); 
  fprintf(fp, "ITERATION ANODE_CURRENT CATHODE_CURRENT\n"); 
  fprintf(fp, "%d %e %e\n", N_ITER, isum_ano / LCELL, isum_cat / LCELL); 
  fclose(fp); 
 } 
 else 
 { 
  fp = fopen(filename, "a+"); 
  fprintf(fp, "%d %e %e\n", N_ITER, isum_ano / LCELL, isum_cat / LCELL); 
  fclose(fp); 
 } 
} 
/****************************************************************** 
ANODE TPBL-SPECIFIC POLARIZATION RESITANCE [Ohm-m] 
******************************************************************/ 
double anoRtpb(double ph, double pw, double tk) 
{ 
 double rtpb; 
 //  MODEL I: Bieberle JES 148 (2001) + Jiang SSI 116 (1999) 145 
 if (pw<14000.) rtpb = 1.645*pow(ph, -0.11)*pow(pw, -0.67)*exp(10212. / tk); 
 else rtpb = 1.645*pow(ph, -0.11)*pow(14000, -0.67)*exp(10212. / tk); 
 
 // MODEL II: Bessler PCCP 12 (2010) 13888 
 // rtpb=26.0*pow(ph,-0.1)*pow(pw,-0.67)*exp(7000/(tk-273)); 
 return(rtpb); 
} 
/****************************************************************** 
CATHODE TPBL-SPECIFIC POLARISATION RESISTANCE [Ohm-m] 
******************************************************************/ 
double catRtpb(double po, double pn, double tk) 
{ 
 double rtpb; 
 // MODEL I: Radhakrishnan JES 152 (2005) A210 
 rtpb = 0.00136*exp(17401. / tk)*pow(po, -0.25); 
 return(rtpb); 
} 
 
/****************************************************************** 
INTERPOLATING CORRELATION COEFFICIENTS 
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******************************************************************/ 
void effCoef(double mod, double *aa, double *bb, double *cc, double *dd) 
{ 
 int i; 
 double fac; 
 double coef[20][5] = { // CORRELATION COEFFICIENTS 
  { 0.0500, 1.0016, 1.0479, 7.1565, 0.4910 }, 
  { 0.0700, 1.0028, 1.0621, 6.5305, 0.5069 }, 
  { 0.1000, 1.0053, 1.0783, 5.8603, 0.5224 }, 
  { 0.1500,  1.0102, 1.0944, 5.0856, 0.5363 }, 
  { 0.2000, 1.0162, 1.1030, 4.5285, 0.5433 }, 
  { 0.3000, 1.0304, 1.1107, 3.7422, 0.5500 }, 
  { 0.4000, 1.0467, 1.1089, 3.1882, 0.5503 }, 
  { 0.5000, 1.0634, 1.1002, 2.7681, 0.5464 }, 
  { 0.6000, 1.0798, 1.0864, 2.4384, 0.5399 }, 
  { 0.7000, 1.0944, 1.0684, 2.1755, 0.5310 }, 
  { 0.8000, 1.1068, 1.0469, 1.9636, 0.5203 }, 
  { 1.0000, 1.1245, 1.0010, 1.6579, 0.4976 }, 
  { 1.2000, 1.1336, 0.9564, 1.4624, 0.4756 }, 
  { 1.4000, 1.1337, 0.9098, 1.3394, 0.4522 }, 
  { 1.6000, 1.1337, 0.8789, 1.2631, 0.4372 }, 
  { 1.8000, 1.1318, 0.8540, 1.2152, 0.4250 }, 
  { 2.0000, 1.1286, 0.8333, 1.1858, 0.4148 }, 
  { 2.5000, 1.1241, 0.8060, 1.1504, 0.4013 }, 
  { 3.0000, 1.1208, 0.7925, 1.1392, 0.3946 }, 
  { 4.0000, 1.1199, 0.7876, 1.1332, 0.3922 } }; 
 
 if (mod<coef[0][0])  

{*aa = coef[0][1]; *bb = coef[0][2]; *cc = coef[0][3]; *dd = coef[0][4];} 
 else if (mod >= coef[19][0])  

{*aa = coef[19][1]; *bb = coef[19][2]; *cc = coef[19][3]; *dd = coef[19][4];} 
 else { 
  for (i = 0; i <= 18; i++)  

{ 
   if (mod >= coef[i][0] && mod<coef[i + 1][0])  

{ 
    fac = (mod - coef[i][0]) / (coef[i + 1][0] - coef[i][0]); 
    *aa = coef[i][1] + fac*(coef[i + 1][1] - coef[i][1]); 
    *bb = coef[i][2] + fac*(coef[i + 1][2] - coef[i][2]); 
    *cc = coef[i][3] + fac*(coef[i + 1][3] - coef[i][3]); 
    *dd = coef[i][4] + fac*(coef[i + 1][4] - coef[i][4]); 
     } 
    } 
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} 
} 

F. ELECTRONIC SOURCE  
#include "udf.h" 
#include "mysofc.h" 
DEFINE_SOURCE(elec_source, c, t, dS, eqn) 
{ 
 real source = 0; 
 int zone = THREAD_ID(t); 
  if (zone == ZONE_ID_AFL_A) 
  {source = -C_UDMI(c, t, 0);} 
  if (zone == ZONE_ID_CFL_A) 
  {source = C_UDMI(c, t, 0);} 
 return source;  
} 

G. IONIC SOURCE (ionic_source) 
#include "udf.h" 
#include "mysofc.h" 
DEFINE_SOURCE(ionic_source, c, t, dS, eqn) 
{ 
 real con1, con2, source = 0, k, rtpb, Vjump, Rtr, ww, wh, wo, wn, xw, xh, xo, xn; 
 int zone = THREAD_ID(t); 
 real temp = C_T(c, t); 
 real pres = C_P(c, t) + 100000; 
 real Velec = C_UDSI(c, t, 0); 
 real Vion = C_UDSI(c, t, 1); 
 
 if (zone == ZONE_ID_AFL_A) 
 { 
  Rtr = 0; 
  ww = C_YI(c, t, H2O); 
  wh = C_YI(c, t, H2); 
  xw = ww / M_H2O / (ww / M_H2O + wh / M_H2); 
  xh = 1 - xw; 
 
  Vjump = (247340. - 54.85*temp) / (2.*FARA) + (RGAS*temp) / 
(2.*FARA)*log(xh / xw) + (RGAS*temp) / (4.*FARA)*log(P_O2 / 100000.); 
  Rtr = C_UDMI(c, t, 1); 
  source = (-Vion + Velec + Vjump) / Rtr; 
  dS[eqn] = -1 / Rtr; 
 } 
 if (zone == ZONE_ID_CFL_A) 
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 { 
  Rtr = 0; 
  wo = C_YI(c, t, O2); 
  wn = C_YI(c, t, N2); 
  xo = wo / M_O2 / (wo / M_O2 + wn / M_N2); 
  xn = 1 - xo; 
  Vjump = (RGAS*temp) / (4.*FARA)*log(pres*xo / P_O2); 
  Rtr = C_UDMI(c, t, 1); 
  source = (-Vion + Velec - Vjump) / Rtr; 
  dS[eqn] = -1 / Rtr; 
 } 
  return source; 
} 

H. MASS SOURCE  
#include "udf.h" 
#include "mysofc.h" 
DEFINE_SOURCE(mass_source, c, t, dS, eqn) 
{ 
 int zone = THREAD_ID(t); 
 real itr, source = 0; 
 itr = C_UDMI(c, t, 0); 
 if (zone == ZONE_ID_AFL_A) 
 {  
  if (N_ITER < 100) 
   source = 0; 
  else 
   source = itr / 2 / FARA*(M_H2O/1000 - M_H2/1000); 
 } 
 if (zone == ZONE_ID_CFL_A) 
 { 
  if (N_ITER < 100) 
   source = 0; 
  else 
   source = -itr / 4 / FARA* (M_O2/1000); 
 } 
 return source; 
} 

I. HYDROGEN SOURCE  
#include "udf.h" 
#include "mysofc.h" 
DEFINE_SOURCE(h2_source, c, t, dS, eqn) 
{ 
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 int zone = THREAD_ID(t); 
 real itr, source = 0; 
 itr = C_UDMI(c, t, 0); 
 if (zone == ZONE_ID_AFL_A) 
 { 
  if (N_ITER < 100) 
   source = 0; 
  else 
   source = -itr / 2 / FARA*(M_H2/1000); 
 } 
 return source; 
} 

J. WATER VAPOR SOURCE  
#include "udf.h" 
#include "mysofc.h" 
DEFINE_SOURCE(h2o_source, c, t, dS, eqn) 
{ 
 int zone = THREAD_ID(t); 
 real itr, source = 0; 
 itr = C_UDMI(c, t, 0); 
 if (zone == ZONE_ID_AFL_A) 
 { 
  if (N_ITER < 100) 
   source = 0; 
  else 
   source = itr / 2 / FARA*(M_H2O/1000); 
 } 
 return source; 
} 

K. OXYGEN SOURCE  
#include "udf.h" 
#include "mysofc.h" 
DEFINE_SOURCE(o2_source, c, t, dS, eqn) 
{ 
 int zone = THREAD_ID(t); 
 real itr, source = 0; 
 itr = C_UDMI(c, t, 0); 
 if (zone == ZONE_ID_CFL_A) 
 { 
  if (N_ITER < 100) 
   source = 0; 
  else 
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   source = -itr / 4 / FARA * (M_O2/1000); 
 } 
 return source; 
} 

L. ENERGY SOURCE  
#include "udf.h" 
#include "mysofc.h" 
DEFINE_SOURCE(energy_source, c, t, dS, eqn) 
{ 
 int zone = THREAD_ID(t); 
 real itr, itr_elec, ve, vi, temp, v_thermal, icond, asr_source, source = 0; 
 real entf_H2O; 
 real VCELL = RP_Get_Input_Parameter("VCELL"); 
 
 itr = C_UDMI(c, t, 0); 
 ve = C_UDSI(c, t, 0); 
 vi = C_UDSI(c, t, 1); 
 temp = C_T(c, t); 
 entf_H2O = 1.e3*(-238.0392 - 0.07369004*T_REF + 2.072838e-6*pow(T_REF, 2)) 

/(1 + 0.0002495145*T_REF); 
 
 v_thermal = -entf_H2O/(2.*FARA);  
 if (zone == ZONE_ID_AFL_A) 
 { 
  if (N_ITER < 100) 
   source = 0; 
  else 
   source = itr*(v_thermal - vi); 
 } 
 if (zone == ZONE_ID_ELEC) 
 { 
  if (N_ITER < 100) 
   source = 0; 
  else 
  { 
   itr_elec = yszIcond(temp)*NV_MAG(C_UDSI_G(c, t, 1)); 
   source = itr_elec*itr_elec / yszIcond(temp); 
  } 
 } 
 if (zone == ZONE_ID_CFL_A) 
 {if (N_ITER < 100) source = 0; 
  else source = itr*(vi - VCELL);} 
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 return source; 
} 

M. MASS DIFFUSIVITY in REFORMING REACTION 
#include "udf.h" 
#include "mysofc.h" 
DEFINE_DIFFUSIVITY(massDiff, c, t, i) 
{ 
 real temp, pre; 
 double Deff = 10e-6; 
 double x1, x2, x3, x4, x5; 
 double wh, wh2o, wco, wco2, wch4, wo, wn;  
 double D1K, D2K, D12; 
 double m12, v12, m13, v13, m14, v14, m15, v15; 
 double knuAnode, knuCath, anoBina, anoBina12, anoBina13, anoBina14, anoBina15, 
catBina; 
 int zone = THREAD_ID(t); 
 
 temp = C_T(c, t); 
 pre = C_P(c, t) + 100000; 
 switch (i) 
 { 
  case H2: 
  { m12 = pow(2. / (1. / M_H2 + 1. / M_H2O), 0.5);  
   v12 = pow(pow(V_H2, 1. / 3.) + pow(V_H2O, 1. / 3.), 2.); 
   m13 = pow(2. / (1. / M_H2 + 1. / M_CO), 0.5);    
   v13 = pow(pow(V_H2, 1. / 3.) + pow(V_CO, 1. / 3.), 2.);  
   m14 = pow(2. / (1. / M_H2 + 1. / M_CO2), 0.5);    
   v14 = pow(pow(V_H2, 1. / 3.) + pow(V_CO2, 1. / 3.), 2.);  
   m15 = pow(2. / (1. / M_H2 + 1. / M_CH4), 0.5);  
   v15 = pow(pow(V_H2, 1. / 3.) + pow(V_CH4, 1. / 3.), 2.);  
    
   anoBina12 = 0.0143*pow(temp, 1.75) / (m12*v12) / pre;  
   anoBina13 = 0.0143*pow(temp, 1.75) / (m13*v13) / pre; 
   anoBina14 = 0.0143*pow(temp, 1.75) / (m14*v14) / pre; 
   anoBina15 = 0.0143*pow(temp, 1.75) / (m15*v15) / pre; 
    
   wh = C_YI(c, t, H2);wh2o = C_YI(c, t, H2O);wco = C_YI(c, t, CO); 
   wco2 = C_YI(c, t, CO2);wch4 = C_YI(c, t, CH4); 
    
   x1 = wh  /M_H2  / (wh/M_H2 + wh2o/M_H2O + wco/M_CO + 
wco2/M_CO2 + wch4/M_CH4); 
   x2 = wh2o/M_H2O / (wh/M_H2 + wh2o/M_H2O + wco/M_CO + 
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wco2/M_CO2 + wch4/M_CH4); 
   x3 = wco /M_CO  / (wh/M_H2 + wh2o/M_H2O + wco/M_CO + 
wco2/M_CO2 + wch4/M_CH4); 
   x4 = wco2/M_CO2 / (wh/M_H2 + wh2o/M_H2O + wco/M_CO + 
wco2/M_CO2 + wch4/M_CH4); 
   x5 = wch4/M_CH4 / (wh/M_H2 + wh2o/M_H2O + wco/M_CO + 
wco2/M_CO2 + wch4/M_CH4); 

   anoBina = (1-
x1)/((x2/anoBina12)+(x3/anoBina13)+(x4/anoBina14)+(x5/anoBina15)); 

 
   if (zone == ZONE_ID_ACH || zone == ZONE_ID_ACH_C) //ACH 
   {Deff = anoBina;} 
   else if (zone == ZONE_ID_ASL) //ASL 
   {knuAnode = 48.5*DP_ASL*sqrt(temp / M_H2); 
    D1K = knuAnode; 
    D12 = anoBina; 
    Deff = DF_ASL*pow((1 / D1K + 1 / D12), -1);} 
 
   else if (zone == ZONE_ID_AFL_A || zone == ZONE_ID_AFL_D) //AFL 
   {knuAnode = 48.5*DP_AFL*sqrt(temp / M_H2); 
    D1K = knuAnode; 
    D12 = anoBina; 

Deff = DF_AFL*pow((1 / D1K + 1 / D12), -1);} 
   else 
   {Deff = 10e-6;} 
   break; 
  } 
  case H2O: //H20 
  { 
   m12 = pow(2. / (1. / M_H2O + 1. / M_H2), 0.5);   
   v12 = pow(pow(V_H2O, 1. / 3.) + pow(V_H2, 1. / 3.), 2.);  
   m13 = pow(2. / (1. / M_H2O + 1. / M_CO), 0.5);    
   v13 = pow(pow(V_H2O, 1. / 3.) + pow(V_CO, 1. / 3.), 2.);  
   m14 = pow(2. / (1. / M_H2O + 1. / M_CO2), 0.5);    
   v14 = pow(pow(V_H2O, 1. / 3.) + pow(V_CO2, 1. / 3.), 2.);  
   m15 = pow(2. / (1. / M_H2O + 1. / M_CH4), 0.5);  
   v15 = pow(pow(V_H2O, 1. / 3.) + pow(V_CH4, 1. / 3.), 2.);  
   anoBina12 = 0.0143*pow(temp, 1.75) / (m12*v12) / pre; 
   anoBina13 = 0.0143*pow(temp, 1.75) / (m13*v13) / pre; 
   anoBina14 = 0.0143*pow(temp, 1.75) / (m14*v14) / pre; 
   anoBina15 = 0.0143*pow(temp, 1.75) / (m15*v15) / pre; 
   wh = C_YI(c, t, H2);wh2o = C_YI(c, t, H2O);wco = C_YI(c, t, CO); 
   wco2 = C_YI(c, t, CO2);wch4 = C_YI(c, t, CH4); 
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   x2 = wh  /M_H2  / (wh/M_H2 + wh2o/M_H2O + wco/M_CO + 
wco2/M_CO2 + wch4/M_CH4); 
   x1 = wh2o/M_H2O / (wh/M_H2 + wh2o/M_H2O + wco/M_CO + 
wco2/M_CO2 + wch4/M_CH4); 
   x3 = wco /M_CO  / (wh/M_H2 + wh2o/M_H2O + wco/M_CO + 
wco2/M_CO2 + wch4/M_CH4); 
   x4 = wco2/M_CO2 / (wh/M_H2 + wh2o/M_H2O + wco/M_CO + 
wco2/M_CO2 + wch4/M_CH4); 
   x5 = wch4/M_CH4 / (wh/M_H2 + wh2o/M_H2O + wco/M_CO + 
wco2/M_CO2 + wch4/M_CH4); 
    
     anoBina = (1-
x1)/((x2/anoBina12)+(x3/anoBina13)+(x4/anoBina14)+(x5/anoBina15)); 
 
   if (zone == ZONE_ID_ACH || zone == ZONE_ID_ACH_C) //ACH 
   {Deff = anoBina;} 
   else if (zone == ZONE_ID_ASL) //ASL 
   {knuAnode = 48.5*DP_ASL*sqrt(temp / M_H2O); 
    D1K = knuAnode; 
    D12 = anoBina; 
    Deff = DF_ASL*pow((1 / D1K + 1 / D12), -1);} 
 
   else if (zone == ZONE_ID_AFL_A || zone == ZONE_ID_AFL_D) //AFL 
   {knuAnode = 48.5*DP_AFL*sqrt(temp / M_H2O); 
    D1K = knuAnode; 
    D12 = anoBina; 
    Deff = DF_AFL*pow((1 / D1K + 1 / D12), -1);} 
 
   else 
   {Deff = 10e-6;} 
   break; 
  } 
  case CO: 
  { 
   m12 = pow(2. / (1. / M_CO + 1. / M_H2), 0.5);   
   v12 = pow(pow(V_CO, 1. / 3.) + pow(V_H2, 1. / 3.), 2.);  
   m13 = pow(2. / (1. / M_CO + 1. / M_H2O), 0.5);    
   v13 = pow(pow(V_CO, 1. / 3.) + pow(V_H2O, 1. / 3.), 2.);  
   m14 = pow(2. / (1. / M_CO + 1. / M_CO2), 0.5);    
   v14 = pow(pow(V_CO, 1. / 3.) + pow(V_CO2, 1. / 3.), 2.);  
   m15 = pow(2. / (1. / M_CO + 1. / M_CH4), 0.5);  
   v15 = pow(pow(V_CO, 1. / 3.) + pow(V_CH4, 1. / 3.), 2.);  
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   anoBina12 = 0.0143*pow(temp, 1.75) / (m12*v12) / pre; 
   anoBina13 = 0.0143*pow(temp, 1.75) / (m13*v13) / pre; 
   anoBina14 = 0.0143*pow(temp, 1.75) / (m14*v14) / pre; 
   anoBina15 = 0.0143*pow(temp, 1.75) / (m15*v15) / pre; 
    
   wh = C_YI(c, t, H2);wh2o = C_YI(c, t, H2O);wco = C_YI(c, t, CO); 
   wco2 = C_YI(c, t, CO2);wch4 = C_YI(c, t, CH4); 
   x2 = wh  / M_H2  / (wh / M_H2 + wh2o / M_H2O + wco/M_CO + 
wco2/M_CO2 + wch4/M_CH4); 
   x3 = wh2o/ M_H2O / (wh / M_H2 + wh2o / M_H2O + wco/M_CO + 
wco2/M_CO2 + wch4/M_CH4); 
   x1 = wco / M_CO  / (wh / M_H2 + wh2o / M_H2O + wco/M_CO + 
wco2/M_CO2 + wch4/M_CH4); 
   x4 = wco2/ M_CO2 / (wh / M_H2 + wh2o / M_H2O + wco/M_CO + 
wco2/M_CO2 + wch4/M_CH4); 
   x5 = wch4/ M_CH4 / (wh / M_H2 + wh2o / M_H2O + wco/M_CO + 
wco2/M_CO2 + wch4/M_CH4); 
 
        anoBina = (1-
x1)/((x2/anoBina12)+(x3/anoBina13)+(x4/anoBina14)+(x5/anoBina15)); 
 
   if (zone == ZONE_ID_ACH || zone == ZONE_ID_ACH_C) //ACH 
   {Deff = anoBina;} 
   else if (zone == ZONE_ID_ASL) //ASL 
   {knuAnode = 48.5*DP_ASL*sqrt(temp / M_CO); 
    D1K = knuAnode; 
    D12 = anoBina; 
    Deff = DF_ASL*pow((1 / D1K + 1 / D12), -1);} 
   else if (zone == ZONE_ID_AFL_A || zone == ZONE_ID_AFL_D) //AFL 
   {knuAnode = 48.5*DP_AFL*sqrt(temp / M_CO); 
    D1K = knuAnode; 
    D12 = anoBina; 
    Deff = DF_AFL*pow((1 / D1K + 1 / D12), -1);} 
   else 
   {Deff = 10e-6;} 
   break; 
  } 
  case CO2: 
  { 
   m12 = pow(2. / (1. / M_CO2 + 1. / M_H2), 0.5);   
   v12 = pow(pow(V_CO2, 1. / 3.) + pow(V_H2, 1. / 3.), 2.);  
   m13 = pow(2. / (1. / M_CO2 + 1. / M_H2O), 0.5);    
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   v13 = pow(pow(V_CO2, 1. / 3.) + pow(V_H2O, 1. / 3.), 2.);  
   m14 = pow(2. / (1. / M_CO2 + 1. / M_CO), 0.5);    
   v14 = pow(pow(V_CO2, 1. / 3.) + pow(V_CO, 1. / 3.), 2.);  
   m15 = pow(2. / (1. / M_CO2 + 1. / M_CH4), 0.5);  
   v15 = pow(pow(V_CO2, 1. / 3.) + pow(V_CH4, 1. / 3.), 2.);  
    
   anoBina12 = 0.0143*pow(temp, 1.75) / (m12*v12) / pre; 
   anoBina13 = 0.0143*pow(temp, 1.75) / (m13*v13) / pre; 
   anoBina14 = 0.0143*pow(temp, 1.75) / (m14*v14) / pre; 
   anoBina15 = 0.0143*pow(temp, 1.75) / (m15*v15) / pre; 
    
   wh = C_YI(c, t, H2);wh2o = C_YI(c, t, H2O);wco = C_YI(c, t, CO);  
   wco2 = C_YI(c, t, CO2);wch4 = C_YI(c, t, CH4); 
   x2 = wh  / M_H2  / (wh / M_H2 + wh2o / M_H2O + wco/M_CO + 
wco2/M_CO2 + wch4/M_CH4); 
   x3 = wh2o/ M_H2O / (wh / M_H2 + wh2o / M_H2O + wco/M_CO + 
wco2/M_CO2 + wch4/M_CH4); 
   x4 = wco / M_CO  / (wh / M_H2 + wh2o / M_H2O + wco/M_CO + 
wco2/M_CO2 + wch4/M_CH4); 
   x1 = wco2/ M_CO2 / (wh / M_H2 + wh2o / M_H2O + wco/M_CO + 
wco2/M_CO2 + wch4/M_CH4); 
   x5 = wch4/ M_CH4 / (wh / M_H2 + wh2o / M_H2O + wco/M_CO + 
wco2/M_CO2 + wch4/M_CH4); 
 
        anoBina = (1-
x1)/((x2/anoBina12)+(x3/anoBina13)+(x4/anoBina14)+(x5/anoBina15)); 
 
   if (zone == ZONE_ID_ACH || zone == ZONE_ID_ACH_C) //ACH 
   {Deff = anoBina;} 
   else if (zone == ZONE_ID_ASL) //ASL 
   {knuAnode = 48.5*DP_ASL*sqrt(temp / M_CO2); 
    D1K = knuAnode; 
    D12 = anoBina; 
    Deff = DF_ASL*pow((1 / D1K + 1 / D12), -1);} 
   else if (zone == ZONE_ID_AFL_A || zone == ZONE_ID_AFL_D) //AFL 
   {knuAnode = 48.5*DP_AFL*sqrt(temp / M_CO2); 
    D1K = knuAnode; 
    D12 = anoBina; 
    Deff = DF_AFL*pow((1 / D1K + 1 / D12), -1);} 
   else 
   {Deff = 10e-6;} 
   break; 
  } 



Appendix 

- 120 - 

  case CH4: 
  { 
   m12 = pow(2. / (1. / M_CH4 + 1. / M_H2), 0.5);   
   v12 = pow(pow(V_CH4, 1. / 3.) + pow(V_H2, 1. / 3.), 2.);  
   m13 = pow(2. / (1. / M_CH4 + 1. / M_H2O), 0.5);    
   v13 = pow(pow(V_CH4, 1. / 3.) + pow(V_H2O, 1. / 3.), 2.);  
   m14 = pow(2. / (1. / M_CH4 + 1. / M_CO), 0.5);    
   v14 = pow(pow(V_CH4, 1. / 3.) + pow(V_CO, 1. / 3.), 2.);  
   m15 = pow(2. / (1. / M_CH4 + 1. / M_CO2), 0.5);  
   v15 = pow(pow(V_CH4, 1. / 3.) + pow(V_CO2, 1. / 3.), 2.);  
    
   anoBina12 = 0.0143*pow(temp, 1.75) / (m12*v12) / pre; 
   anoBina13 = 0.0143*pow(temp, 1.75) / (m13*v13) / pre; 
   anoBina14 = 0.0143*pow(temp, 1.75) / (m14*v14) / pre; 
   anoBina15 = 0.0143*pow(temp, 1.75) / (m15*v15) / pre; 
    
   wh = C_YI(c, t, H2);wh2o = C_YI(c, t, H2O); wco = C_YI(c, t, CO);  
   wco2 = C_YI(c, t, CO2);wch4 = C_YI(c, t, CH4); 
   x2 = wh  / M_H2  / (wh / M_H2 + wh2o / M_H2O + wco/M_CO + 
wco2/M_CO2 + wch4/M_CH4); 
   x3 = wh2o/ M_H2O / (wh / M_H2 + wh2o / M_H2O + wco/M_CO + 
wco2/M_CO2 + wch4/M_CH4); 
   x4 = wco / M_CO  / (wh / M_H2 + wh2o / M_H2O + wco/M_CO + 
wco2/M_CO2 + wch4/M_CH4); 
   x5 = wco2/ M_CO2 / (wh / M_H2 + wh2o / M_H2O + wco/M_CO + 
wco2/M_CO2 + wch4/M_CH4); 
   x1 = wch4/ M_CH4 / (wh / M_H2 + wh2o / M_H2O + wco/M_CO + 
wco2/M_CO2 + wch4/M_CH4); 
    
     anoBina = (1-
x1)/((x2/anoBina12)+(x3/anoBina13)+(x4/anoBina14)+(x5/anoBina15)); 
   if (zone == ZONE_ID_ACH || zone == ZONE_ID_ACH_C) //ACH 
   {Deff = anoBina;} 
   else if (zone == ZONE_ID_ASL) //ASL 
   {knuAnode = 48.5*DP_ASL*sqrt(temp / M_CH4); 
   D1K = knuAnode; 
   D12 = anoBina; 
   Deff = DF_ASL*pow((1 / D1K + 1 / D12), -1);} 
   else if (zone == ZONE_ID_AFL_A || zone == ZONE_ID_AFL_D) //AFL 
   {knuAnode = 48.5*DP_AFL*sqrt(temp / M_CH4); 
    D1K = knuAnode; 
    D12 = anoBina; 
    Deff = DF_AFL*pow((1 / D1K + 1 / D12), -1);} 
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   else 
   {Deff = 10e-6;} 
   break; 
  } 
   
  case O2: 
  { 
   m12 = pow(2. / (1. / M_O2 + 1. / M_N2), 0.5);    
   v12 = pow(pow(V_O2, 1. / 3.) + pow(V_N2, 1. / 3.), 2.);   
  
   catBina = 0.0143*pow(temp, 1.75) / (m12*v12) / pre; 
   if (zone == ZONE_ID_CCH || zone == ZONE_ID_CCH_C) 
   {Deff = catBina;} 
   else if (zone == ZONE_ID_CCCL) 
   {wo = C_YI(c, t, O2); wn = C_YI(c, t, N2); 
    x1 = wo / M_O2 / (wo / M_O2 + wn / M_N2); 
    x2 = 1 - x1; 
 
    knuCath = 48.5*DP_CCCL*sqrt(temp / M_O2); 
    D1K = knuCath; 
    D12 = catBina; 
    Deff = DF_CCCL*pow((1 / D1K + x2 / D12), -1);} 
   else if (zone == ZONE_ID_CFL_A || zone == ZONE_ID_CFL_D) 
   {wo = C_YI(c, t, O2); wn = C_YI(c, t, N2); 
    x1 = wo / M_O2 / (wo / M_O2 + wn / M_N2); 
      x2 = 1 - x1; 
    knuCath = 48.5*DP_CFL*sqrt(temp / M_O2); 
    D1K = knuCath; 
    D12 = catBina; 
    Deff = DF_CFL*pow((1 / D1K + x2 / D12), -1);} 
   else 
   {Deff = 10e-6;} 
   break; 
  } 
  case N2: 
  { 
   m12 = pow(2. / (1. / M_O2 + 1. / M_N2), 0.5); 
   v12 = pow(pow(V_O2, 1. / 3.) + pow(V_N2, 1. / 3.), 2.); 
   catBina = 0.0143*pow(temp, 1.75) / (m12*v12) / pre; 
   if (zone == ZONE_ID_CCH || zone == ZONE_ID_CCH_C) 
   {Deff = catBina;} 
   else if (zone == ZONE_ID_CCCL) 
   {wo = C_YI(c, t, O2); wn = C_YI(c, t, N2); 
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    x1 = wo / M_O2 / (wo / M_O2 + wn / M_N2); 
    x2 = 1 - x1; 
    knuCath = 48.5*DP_CCCL*sqrt(temp / M_N2); 
    D2K = knuCath; 
    D12 = catBina; 
    Deff = DF_CCCL*pow((1 / D2K + x1 / D12), -1);} 
    else if (zone == ZONE_ID_CFL_A || zone == ZONE_ID_CFL_D) 
   {wo = C_YI(c, t, O2); wn = C_YI(c, t, N2); 
    x1 = wo / M_O2 / (wo / M_O2 + wn / M_N2); 
    x2 = 1 - x1; 
    knuCath = 48.5*DP_CFL*sqrt(temp / M_N2); 
    D2K = knuCath; 
    D12 = catBina; 
    Deff = DF_CFL*pow((1 / D2K + x1 / D12), -1);} 
   else 
   {Deff = 10e-6;} 
   break; 
  } 
 } 
 return Deff; 
} 

N. REACTION RATE in STEAM-METHANE REFORMER (BASE MODEL) 
#include "udf.h" 
#include "washcoat.h" 
DEFINE_VR_RATE(vr_rate, c, t, r, mw, yi, rr, rr_t) 
{ 
 real temp, pre;  
 real surface_DIR = 1; //reduction of ni surface area  
 real wh, wh2o, wco, wco2, wch4; 
 real xh2, xh2o, xch4, xco2, xco; 
 real R_1, R_2, R_3, R_1p, R_2p, R_3p; 
 real keq1, keq2, keq3; 
 real x[ND_ND]; 
 FILE *fp1; 
 C_CENTROID(x, c, t); 
 wh = yi[2]; wh2o = yi[1]; wco = yi[3]; wco2 = yi[4]; wch4 = yi[0]; 
 xh2 = wh/M_H2/(wh/M_H2 + wh2o/M_H2O + wco/M_CO + wco2/M_CO2 + 
wch4/M_CH4); 
 xh2o = wh2o/M_H2O/(wh/M_H2 + wh2o/M_H2O + wco/M_CO + wco2/M_CO2 + 
wch4/M_CH4); 
 xco = wco/M_CO/(wh/M_H2 + wh2o/M_H2O + wco/M_CO + wco2/M_CO2 + 
wch4/M_CH4); 
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 xco2 = wco2/M_CO2/(wh/M_H2 + wh2o/M_H2O + wco/M_CO + wco2/M_CO2 + 
wch4/M_CH4); 
 xch4 = wch4/M_CH4/(wh/M_H2 + wh2o/M_H2O + wco/M_CO + wco2/M_CO2 + 
wch4/M_CH4); 
  
 temp = C_T(c, t); 
 pre = C_P(c, t) + 100000; 
  
 real KCH4 = 6.65*1.e-4*exp(38280/RGAS/temp); //[1/bar] 
 real KH2O = 1.77*1.e+5*exp(-88680/RGAS/temp);  
 real KH2 = 6.12*1.e-9*exp(82900/RGAS/temp);  //[1/bar] 
 real KCO = 8.23*1.e-5*exp(70650/RGAS/temp);  //[1/bar] 
  
 keq1 = exp(30.114 - 26830/temp); //[bar2] 
 keq2 = exp(-4.036 + 4400/temp);   
 keq3 = keq1*keq2; //[bar2] 
  
 // pa --> bar 
 real ph2 = pre * xh2 * 1.e-5; 
 real ph2o = pre * xh2o * 1.e-5; 
 real pch4 = pre * xch4 * 1.e-5; 
 real pco2 = pre * xco2 * 1.e-5; 
 real pco = pre * xco * 1.e-5; 
 real DEN = 1+ KCO*pco + KH2*ph2 + KCH4*pch4 + KH2O*ph2o/ph2; 
 real area = CAT_AREA; 
  
 if (!strcmp(r->name, "SR")) 
 { 
  real k1 = 4.225e+15*exp(-240100/RGAS/temp); 
  real correct = surface_DIR * area /9300.0/3600.0; 
  R_1 = correct*(k1/pow(ph2,2.5)*(pch4*ph2o-pow(ph2,3)*pco/keq1)/DEN/DEN); 
  R_1p = C_UDMI(c, t, 0); 
  
  if (N_ITER == 0) {C_UDMI(c, t, 0) = R_1;} 
  else{R_1 = R_1p + RLX*(R_1 - R_1p);C_UDMI(c, t, 0) = R_1;} 
  *rr = R_1; 
 } 
 else if (!strcmp(r->name, "WGS")) 
 { 
  real k2 = 1.955e+6*exp(-67130/RGAS/temp); 
  real correct = surface_DIR * area /9300.0/3600.0; 
  R_2 = correct*(k2/ph2*(pco*ph2o-ph2*pco2/keq2)/DEN/DEN); 
  R_2p = C_UDMI(c, t, 1); 
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  if (N_ITER == 0) {C_UDMI(c, t, 1) = R_2;} 
  else{R_2 = R_2p + RLX*(R_2 - R_2p);C_UDMI(c, t, 1) = R_2;} 
  *rr = R_2; 
  } 
 else 
 { 
  real k3 = 1.020e+15*exp(-243900/RGAS/temp);  
  real correct = surface_DIR * area /9300.0/3600.0; 

R_3 = correct * (k3/pow(ph2,3.5) * (pch4*pow(ph2o,2) - pow(ph2,4) * pco2/keq3) 
/DEN/DEN); 
  R_3p = C_UDMI(c, t, 2); 
  if (N_ITER == 0) {C_UDMI(c, t, 2) = R_3;} 
  else{R_3 = R_3p + RLX*(R_3 - R_3p);C_UDMI(c, t, 2) = R_3;} 
  *rr = R_3; 
 } 
} 

O. REACTION RATE in STEAM-METHANE REFORMER (EFF. MODEL) 
#include "udf.h" 
#include "washcoat.h" 
DEFINE_VR_RATE(vr_rate_eff, c, t, r, mw, yi, rr, rr_t) 
{  
 real temp, pre; 
 real x1, x2, dx1, dx2; 
 real f1, f2, df1x1, df1x2, df2x1, df2x2, M; 
 real keq1, keq2, keq3; 
 real wh, wh2o, wco, wco2, wch4; 
 real xh2, xh2o, xch4, xco2, xco, m12, v12, m13, v13, m14, v14, m15, v15; 
 real R_1p, R_2p, R_3p; //previous rate 
 real x[ND_ND]; 
 FILE *fp1; 
  
 C_CENTROID(x, c, t); 
 temp = C_T(c, t); 
 pre = C_P(c, t) + 100000; //pa 
 real pt = pre*1.e-5; //bar 
 keq1 = exp(30.114 - 26830/temp); //[bar2] 
 keq2 = exp(-4.036 + 4400/temp);   
 keq3 = keq1*keq2; //[bar2] 
  
 wh = yi[2]; wh2o = yi[1]; wco = yi[3]; wco2 = yi[4]; wch4 = yi[0]; 
  
 //washcoat mole fraction  
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 xh2 = wh  /M_H2  / (wh/M_H2 + wh2o/M_H2O + wco/M_CO + wco2/M_CO2 + 
wch4/M_CH4); 
 xh2o = wh2o/M_H2O / (wh/M_H2 + wh2o/M_H2O + wco/M_CO + wco2/M_CO2 + 
wch4/M_CH4); 
 xco = wco /M_CO  / (wh/M_H2 + wh2o/M_H2O + wco/M_CO + wco2/M_CO2 + 
wch4/M_CH4); 
 xco2 = wco2/M_CO2 / (wh/M_H2 + wh2o/M_H2O + wco/M_CO + wco2/M_CO2 + 
wch4/M_CH4); 
 xch4 = wch4/M_CH4 / (wh/M_H2 + wh2o/M_H2O + wco/M_CO + wco2/M_CO2 + 
wch4/M_CH4); 
  
 m12 = pow(2. / (1. / M_CH4 + 1. / M_H2), 0.5);  
 v12 = pow(pow(V_CH4, 1. / 3.) + pow(V_H2, 1. / 3.), 2.); 
 m13 = pow(2. / (1. / M_CH4 + 1. / M_H2O), 0.5); 
 v13 = pow(pow(V_CH4, 1. / 3.) + pow(V_H2O, 1. / 3.), 2.);  
 m14 = pow(2. / (1. / M_CH4 + 1. / M_CO), 0.5); 
 v14 = pow(pow(V_CH4, 1. / 3.) + pow(V_CO, 1. / 3.), 2.); 
 m15 = pow(2. / (1. / M_CH4 + 1. / M_CO2), 0.5);  
 v15 = pow(pow(V_CH4, 1. / 3.) + pow(V_CO2, 1. / 3.), 2.); 
  
 real Bina12 = 1e-4*0.00143*pow(temp, 1.75) / (m12*v12) / pt; 
 real Bina13 = 1e-4*0.00143*pow(temp, 1.75) / (m13*v13) / pt; 
 real Bina14 = 1e-4*0.00143*pow(temp, 1.75) / (m14*v14) / pt; 
 real Bina15 = 1e-4*0.00143*pow(temp, 1.75) / (m15*v15) / pt; 
  
 real pch4 = pt*xch4; 
 real ph2o = pt*xh2o; 
 real ph2 = pt*xh2; 
 real pco = pt*xco; 
 real pco2 = pt*xco2; 
  
 real k1 = 4.225*1.e+15*exp(-240100/RGAS/temp); 
 real k2 = 1.955*1.e+6*exp(-67130/RGAS/temp); 
 real k3 = 1.020*1.e+15*exp(-243900/RGAS/temp); 
  
 real KCH4 = 6.65*1.e-4*exp(38280/RGAS/temp); 
 real KH2O = 1.77*1.e+5*exp(-88680/RGAS/temp); 
 real KH2 = 6.12*1.e-9*exp(82900/RGAS/temp); 
 real KCO = 8.23*1.e-5*exp(70650/RGAS/temp); 
  
 real DEN = 1+ KCO*pco + KH2*ph2 + KCH4*pch4 + KH2O*ph2o/ph2; 
 real r1 = k1/pow(ph2,2.5)*(pch4*ph2o-pow(ph2,3)*pco/keq1)/DEN/DEN; 
 real r2 = k2/ph2*(pco*ph2o-ph2*pco2/keq2)/DEN/DEN; 
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 real r3 = k3/pow(ph2,3.5)*(pch4*pow(ph2o,2)-pow(ph2,4)*pco2/keq3)/DEN/DEN; 
 real Rwc1 = r1*DCAT*LCAT/3.6;//[mol/m2s] 
 real Rwc2 = r2*DCAT*LCAT/3.6; 
 real Rwc3 = r3*DCAT*LCAT/3.6; 
  
 real Bina = (1-xch4)/((xh2/Bina12)+(xh2o/Bina13)+(xco/Bina14)+(xco2/Bina15)); 
 real knuch4 = 48.5*MPD*sqrt(temp / M_CH4); 
  
 real D1K = knuch4; 
 real D12 = Bina; 
 
 real Dch4 = PORO/TORT*pow((1 / D1K + 1 / D12), -1); 
 real xeqch4 = -3.3289E-11*pow(temp,4) + 1.2203E-07*pow(temp,3) - 1.6516E-
04*pow(temp,2) + 9.7355E-02*temp - 2.0931E+01; 
 real Mwch4 = Dch4*pt*100000*(xch4-xeqch4)/LCAT/RGAS/temp; 
  
 real mod1 = sqrt(fabs(Rwc1/Mwch4)); 
 real mod3 = sqrt(fabs(Rwc3/Mwch4)); 
  
 //effectiveness factor 
 real eta1 = 1.5/(1+0.41*pow(mod1,1.88)); 
 if (eta1>1) {eta1 = 1;} 
 real eta2 = 1.0; 
 real eta3 = 1.5/(1+4.14*pow(mod3,1.03)); 
 if (eta3>1) {eta3 = 1;} 
  
 //reaction rate 
 if (!strcmp(r->name, "SR")) 
 { 
 real R_1 = eta1*Rwc1/LCAT/1000; 
 R_1p = C_UDMI(c, t, 0); 
  if (N_ITER == 0) {C_UDMI(c, t, 0) = R_1;} //under relaxation factor = 0.05 
  else{R_1 = R_1p + RLX*(R_1 - R_1p); C_UDMI(c, t, 0) = R_1;} 
 *rr = R_1; 
 } 
 else if (!strcmp(r->name, "WGS")) 
 { 
 real R_2 = eta2*Rwc2/LCAT/1000; 
 R_2p = C_UDMI(c, t, 1); 
  if (N_ITER == 0) {C_UDMI(c, t, 1) = R_2;} //under relaxation factor = 0.05 
  else{R_2 = R_2p + RLX*(R_2 - R_2p);C_UDMI(c, t, 1) = R_2;} 
 *rr = R_2; 
 } 
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 else 
 { 
 real R_3 = eta3*Rwc3/LCAT/1000; 
 R_3p = C_UDMI(c, t, 2); 
  if (N_ITER == 0) {C_UDMI(c, t, 2) = R_3;} //under relaxation factor = 0.05 
  else 
  {R_3 = R_3p + RLX*(R_3 - R_3p); C_UDMI(c, t, 2) = R_3;} 
 *rr = R_3; 
 } 
} 
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요 약 문 

화학 및 전기화학 반응에 대한 유효도 서브모델에 기반한 

고체 산화물 연료전지 시스템의 효율적 전산유체역학 모델  

개발 

 

고체 산화물 연료전지(SOFC)는 전기화학 반응을 통해 화학에너지를 

전기 에너지 및 열로 변환할 수 있는 유망한 미래형 에너지 변환 시스템 

중의 하나이다. SOFC는 높은 효율로 작동할 수 있으며, 수소연료를 사

용할 때에는 수증기만을 배출하므로 매우 친환경적인 시스템이라고 할 

수 있다. 또한 수소는 미래의 에너지 발생원으로써 중요한 역할을 하는 

연료로 각광받고 있다. 유럽, 일본 등에서는 수소연료를 이용한 에너지 

기술을 발달시키려는 노력을 많이 하고 있다. 또한, 정제된 수소는 값이 

비싸다는 단점을 극복하고자 손쉽게 얻어질 수 있는 메탄 연료를 이용하

여 수소연료를 얻을 수 있는 소용량 개질 시스템에 대한 연구 또한 활발

히 이루어지고 있다. 

본 논문에서는 스팀-메탄 소용량 개질기 내부에서의 화학반응과 

열/유동에 대한 계산을 상용 소프트웨어인 FLUENT 를 이용하여 

계산하였다. 수정된 촉매 유효도 상관식을 도입함으로서 적은 

격자수로도 정확한 결과를 얻을 수 있는 통합 전산유체역학 모델을 

개발하였다. 수정된 촉매 유효도 상관식은 촉매 표면에서의 물성치를 

사용하므로 촉매 내부에 격자를 배치하여 일일이 계산을 진행할 필요가 

없다. 수정된 촉매 유효도 상관식은 monolith 형의 개질기 형상정보와 

작동조건정보를 포함한다. 기존의 촉매 내부에 격자를 배치하여 

진행하였던 모델과 비교하여 신뢰도를 입증한 후, parametric study 를 

진행하였다. 

또한, 본 논문에서는 고체 산화물 연료전지(SOFC) 시스템에 대한 

통합적인 전산유체역학 해석모델을 개발하였다. 고체 산화물 연료전지로 

연료와 공기가 주입되면, 전극 내부에서 전기화학 반응이 일어나며, 

동시에 열전달/기체유동/물질전달 과정이 수행된다. 본 연구에서 전극 
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내부의 마이크로 스케일 전기화학 계산과 열 및 유체흐름을 정확하게 

고려할 수 있는 매크로 스케일을 통합하는 CFD model 을 제안하였다. 

효과적인 계산을 위해 Shin 과 Nam (2015)의 연구에서 개발된 전극 

내의 복잡한 계산 없이 SOFC 활성층 (active layer)에서 전류발생을 

정확하게 예측할 수 있는 전기화학 유효도 모델을 도입하였다. 전기화학 

유효도 모델은 상용 소프트웨어인 FLUENT 와 통합되어 사용자 

정의함수, 사용자 정의 메모리, 사용자 정의 스칼라 기능을 이용하여 

전류생산량 (current generation)을 계산한다. 동시에, FLUENT 의 

기본 내장 코드를 활용하여 열/유동/물질전달을 계산하였다. 외부의 

유동을 단순화하여 계산한 기존의 모델과 비교하여 신뢰도가 

입증되었고, 연구를 확장하여 진행하였다. 

 

주요어 : 고체산화물 연료전지; 전기화학 유효도 모델; 촉매유효도 모델; 

소용량 메탄-수증기 개질기; 모노리스 워시코트 촉매; 플루언트 사용자 

정의 함수(udf)/사용자 정의 스칼라(uds)/사용자 정의 메모리(udm); 

연료전지 직접개질 
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