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Abstract 

 

INTEGRATED MODELING APPROACH FOR SOLID OXIDE FUEL CELL-BASED 

POWER GENERATING SYSTEM 

 

JEONGPILL KI, PhD 

 

The University of Texas at Arlington, 2013 

 

Supervising Professor:  Dr. Daejong Kim 

Solid oxide fuel cell (SOFC) systems have been recognized as the most advanced 

power generation system with the highest thermal efficiency with a compatibility with a wide 

variety of hydrocarbon fuels, synthetic gas from coal, hydrogen, etc. As a result of research 

focused on numerical studies for a tubular type- or a planar type-SOFC, fuel flexibility, design 

aspects of SOFC, materials, start-up process, and so on, SOFC technologies are remarkably 

being developed. 

Currently, most research activities are limited to a component level characterization of 

single fuel cell stack or material research for catalyst, electrolyte, sealing process, etc. In other 

words, approaches for developing an integrated SOFC system with combined heat and power 

(CHP)/power generation system for transient analysis have been limited. During normal 

operating modes of a SOFC system, optimal control of fuel and air supply and anode gas 

recirculation relies on accurate dynamic analysis of the entire SOFC system. With this research, 

integrated modeling approaches of SOFC stack with heat exchanger (HEX), compact heat 

exchange reformer (CHER), steam supply system, compressor or blower, ducts, etc. were 

introduced and developed for a power generation system. And, simulational results were 

validated with experimental results. 
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The specific dynamic design tools for an integrated SOFC-based power generation 

system are as follows: 1) computational model for thermal dynamics of planar SOFC stack 

during stack heating process w/o production of electricity, 2) validation of simulational result of 

transient characteristics of the HEX with experimental result during the initial phase of start-up 

of small SOFC systems, 3) validation of simulational result of transient characteristics of the 

CHER with experimental result during the initial phase of start-up of small SOFC systems, and 

4) development of model for dynamic communication between the developed stages out of fully 

integrated micro (~10kW) SOFC-based power generation systems. 

As a result of the researches, the computational software was developed to investigate 

the start-up process of SOFC without producing electricity. And, novel transient codes were 

developed that explain the dynamics of HEX and CHER. Test rigs for the experiment of HEX 

and CHER were developed. Performances of the HEX and CHER were well demonstrated 

experimentally and were validated with simulational results. Each developed sub-module was 

integrated to build up the integrated SOFC system step by step. In the final session, the 

integrated module was completed by including an electricity production module. The developed 

integrated SOFC system module provides guidance for establishing the fundamental design 

characteristics and a direction for choosing suitable HEX, reformer, compressor, etc. 
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Chapter  1  

Introduction to Solid Oxide Fuel Cell 

In recent years, numerous studies have attempted to develop and improve many fuel 

cell types such as phosphoric acid fuel cell (PAFC), proton exchange membrane (PEM) fuel cell, 

molten carbonate fuel cell (MCFC), alkaline fuel cell (AFC), direct methanol fuel cell (DMFC), 

and solid oxide fuel cell (SOFC) as affordable clean power sources. Regardless of the type of 

cell, desired voltage output and power can be achieved by stacking a single fuel cell unit serially. 

However, each fuel cell type has different operating conditions (temperature and pressure 

ranges), fuel types, materials for each component, structures, etc.  

Great attention has been shown to the research of the SOFC due to a high operating 

temperature (600~1000
o
C) where ionic conduction by oxygen ions takes place and a flexibility 

of fuel-usage. In other words, the SOFC can be combined with other types of power generators 

such as a gas turbine (GT), heat exchanger (HEX), reformer, an after-burner, etc. to achieve 

high overall electrical power generation efficiency. Another attractive feature of a SOFC is the 

flexibility of fuel. Hydrocarbon fuels such as methane, propane, etc. can be directly utilized for 

SOFC, whereas other types of fuel cells have to rely on a clean supply of pure hydrogen for 

their operation due to an electrode poisoning from CO, a sensitive catalyst for sulfur and so on. 

These capabilities have made the SOFC an attractive promising technology for stationary power 

generation from kW to MW capacity range. 

1.1 SOFC components 

The SOFCs are composed of a porous anode, solid electrolyte (non-porous metal 

oxide) and porous cathode. On the cathode side, oxygen reduction reaction occurs, 

 
2

2

1
2 ( )

2
O e O s− −+ →  (1.1) 

On the anode side, the oxidation reaction of hydrogen or reformed hydrocarbon fuel occurs, 
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2

2 2

2

2

( ) 2

( ) 2

H g O H O e

CO g O CO e

− −

− −

+ → +

+ → +
 (1.2) 

Fuel cell stacks contain an electrical interconnector, which links individual cells together 

in series or parallel to achieve a desired power output. Generally, two different interconnector 

materials for a SOFC can be considered. Firstly, conductive ceramic materials to be operated at 

high temperature (800~1000°C), and secondly, metallic alloys for lower temperature operation. 

Even if the design of SOFC interconnectors depends on the cell and stack design, the materials 

option is completely determined by physical and chemical steadiness under given operating 

conditions. And, the challenges of sealing the oxidant from fuel in planar SOFC stacks are 

significant. Like the SOFC interconnector, seal materials must be physically and chemically 

stable at operating conditions. And, sealing materials must be reasonable in cost and agreeable 

to low-cost stack manufacturing methods. 

1.1.1 Electrolyte 

The required properties for electrolyte are high ion conductivity, low electron 

conductivity, stability in the mood of oxidation/reduction, and stability for long-time operation. 

Yttria-Stabilized-Zirconia (YSZ), Mg-doped lanthanum gallate (LSGM), and Gd or Sm-doped 

ceria (CGO or CSO) are widely used for the electrolyte of SOFC.  

The minimal operating temperature of a fuel cell depends on the produceable thickness 

of electrolyte. For example, the minimal operating temperatures for various electrolyte materials 

are ~700
o
C (YSZ), ~550

o
C (LSGM), ~550

o
C (CGO) with around 10µm thickness and 1×10

-2
 

S/cm conductivity.  

Zirconia-based electrolytes such as YSZ are suitable for SOFCs in the aspect of steady 

electrical/mechanical characteristics at high temperature operation but, can develop resistance 

layer such as La2Zr2O7 by reacting with perovskite oxide electrode including lanthanum (La). 

LSGM has a higher ion conductivity than YSZ, and it can be used with perovskite cathode made 

of La transition metal oxide. This material is a superior oxide-ion electrolyte that provides 
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performance at 800
o
C comparable to YSZ at 1000

o
C. But, it generates a problem due to 

reactivity with NiO in LSGM-NiO composite anode. Ceria doped with rare-earth metals such as 

Gd and Sm attracts attention due to a high conductivity at relatively low temperature and is 

more stable than bismuth (Bi) oxide. But, it reduces the efficiency of the SOFC in the 

atmosphere of reduction (pO2=1×10
-19

 atm) due to the increase of electron conductivity from the 

reduction of Ce
+4

 to Ce
+3

. 

1.1.2 Cathode 

Strontium-doped lanthanum manganite (LSM), a p-type semiconductor, is the most 

commonly used for the cathode material [1]. LSM is a perovskite structures that exhibit mixed 

ionic and electronic conductivity. LSM is especially popular for higher-temperature operation 

since a polarization of the cathode increases significantly as the SOFC temperature is lowered. 

Advantages of using the mixed (ionic and electronic) conducting oxides become apparent in 

cells operating at around 650
o
C.  

There are two models that explain a cathode response. The first model is the cathode 

response inside the LSM with low oxygen ion conductivity. It is composed of an oxygen gas 

diffusion/dissociation toward pores, a diffusion in the direction of triple phase boundary 

(electrode/electrolyte/gas phase), and an ion transfer to electrolyte. The second model is a 

mixed conducting cathode response. The diffused oxygen molecules to porous structure are 

reduced to oxygen ions on the surface of mixed conducting cathode, triple phase boundary 

(cathode/electrolyte/gas). The reduced oxygen ions are diffused to the electrolyte through the 

surface of cathode and transferred to a site near the triple phase boundaries on the anode side.  

1.1.3 Anode 

The anode is mostly the thickest and strongest layer in each individual cell that provides 

the mechanical support because it has the smallest polarization losses. The oxidation reaction 

between the oxygen ions and the hydrogen produces heat as well as water and electricity. If the 
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fuel is a light hydrocarbon, methane, for example, another function of the anode is to act as a 

catalyst for steam reforming the fuel into hydrogen. This provides another operational benefit to 

the fuel cell stack because the reforming reaction is endothermic, which cools the stack 

internally. 

The recent research for the anode focuses on YSZ and Ni/YSZ cermet, and the cermet 

has a thermal expansion coefficient comparable to that of the YSZ electrolyte. Because NiO 

cannot form a solid solution with YSZ at a low temperature, the cermet is produced by reducing 

process after NiO and YSZ are sintered together. 

The anode has a high porosity (20~40%) so that mass transport of reactant and product 

gases is not inhibited. Like the cathode, it must have both electronic and ionic conductivity. 

There is some ohmic polarization loss at the interface between anode and the electrolyte and 

several developers are investigating bi-layer anodes in an attempt to reduce the Ohmic loss [1]. 

To suppress a formation of carbon as a result of internal reforming process, Ni can be replaced 

by copper. Cu is not involved in the formation of carbon as a catalyst, but it is effective as a 

current collector. To produce an excellent power density, cerium oxide must be added into 

anode material as a catalyst for oxidation.  

1.1.4 Interconnector 

The interconnector (also called a bipolar plate in planar fuel cells) can be either a 

metallic or ceramic layer that is sandwiched between neighboring fuel cells. Its purpose is to 

connect each cell in series. Because the interconnector is exposed to both the oxidizing and 

reducing side of the cell at high temperatures, it must be extremely stable. For this reason, 

ceramics have been more successful in the long term than metals as interconnector materials. 

However, these ceramic interconnector materials are very expensive as compared to metals. 

Nickel- and steel-based alloys are becoming more promising for lower temperature 

(600~800 °C) SOFCs. The material of choice for the interconnector in contact with YSZ is a 

metallic 95Cr-5Fe alloy. Ceramic-metal composites called 'cermet' are also under consideration, 
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as they have demonstrated thermal stability at high temperatures and excellent electrical 

conductivity. 

1.1.5 Sealing material 

The SOFC requires complete seals to prevent a fuel from mixing with an oxidant, and a 

sealing provides electrical insulation to stacks, particularly with the planar SOFCs. Seals 

required for a planar SOFC can be classified as metal–metal, ceramic–ceramic, and metal–

ceramic seals depending on the applied materials. Glasses are most widely used to make 

metal–ceramic seals because these can be modified to have a very close match of thermal 

expansion with other fuel cell components, and glass seals show good air tightness along with 

good thermal and environmental stability. A particular problem for using the glass seals is the 

transition of silica from glasses, mainly on the anode side, causing degradation in cell 

performance.  

1.2 Practical Cell and stack design 

There are several different rudimentary design classifications for the SOFC stack such 

as the planar, tubular, monolithic, and segmented cell-in-series designs. Since planar and 

tubular cells are the most promising for continued development, two types of cell designs are 

explained in this chapter. The interest in tubular cells is unique to the SOFC, while all other 

types of fuel cells focus exclusively on planar designs. 

1.2.1 Tubular design 

The tubular SOFC was pioneered by the US Westinghouse Electric Corporation 

(currently Siemens Westinghouse Power Corporation or SWPC) in the late 1970s [1, 2].  It is 

composed of the same components as the planar SOFC, namely, the cathode, the anode, the 

electrolyte, and the interconnector, but in a different structure, as shown in Figure 1-1.  

Air is injected through a thin alumina air supply tube located centrally inside each 

tubular fuel cell. Fuel flows along the outside of the tube, towards the open end. Heat generated 
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within the cell brings the air up to the operating temperature. One great advantage of the tubular 

design of the SOFC is that the gas-tight sealants can be eliminated due to the geometry. The 

tubular design is the seal-less tubular concept, which improves thermal stability and removes 

the need for the highly thermal-resistant sealants that are essential for the planar configuration. 

In tubular SOFC technology (e.g. Acumentrics [3]), current is conducted axially along 

the tube. Interconnections are made at the end of the tube using various proprietary 

interconnection systems that connect cells within the stack. To minimize the in-plane resistance 

on the cathode side, a metallic current collector (typically silver) is applied. Acumentrics has 

shown the technology to be capable of repeated thermal cycling. Typical configuration is shown 

in Figure 1-2. The cells have been integrated into 2 kW stacks.  

One drawback of the tubular type design is the more complex and limited range of cell 

manufacture methods [4]. Another disadvantage is high internal ohmic losses relative to the 

planar type design, due to the relatively long in-plane path that electrons must pass through the 

electrodes to and from the cell interconnector. Therefore, Siemens developed a flat-tubular type 

SOFC design with internal ribs for current flow, called the high power density (HPD) SOFC 

design to reduce additional ionic transport loses [5]. A cross-section view of a four-chamber flat 

tubular type SOFC is shown in Figure 1-3. Purely tubular cells have a power density at 1000
o
C 

of about 0.25~0.30W/cm
2
, in comparison to power densities of planar SOFCs, which can reach 

about 2W/cm
2
 [6]. The flattened tubular cells reduce this gap between tubular and planar 

designs considerably.  
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Figure 1-1 Cross-section of a tubular SOFC [2] 

 

 

Figure 1-2 Configuration of a tubular SOFC [3] 

 

 

Figure 1-3 Cross-section of a four-chamber flat-tubular type SOFC [2] 
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1.2.2 Planar design 

Since the planar SOFC is the topic of this research, the precise configuration of the 

planar SOFC is well explained in chapter 3.1.  

1.3 Typical SOFC performance 

The open circuit voltage (OCV) of SOFCs is lower than that of MCFCs and PAFCs. 

Numerous simulational results can be achieved by a mathematical analysis of the SOFCs. For 

example, the YSZ-electrolyte solid oxide fuel cell in this work shows higher power density than 

the CGO-electrolyte solid oxide fuel cell at the higher temperatures than 750
o
C [7]. Another 

SOFC stack test was performed by Bae et. al [8]. They developed a 1kW SOFC system for 

residential power generation application. Anode-supported single cells with YSZ or ScSZ 

(scandia-stabilized zirconia) were fabricated and were stacked to generate the desired 1kW 

power. The LSCF/ScSZ/Ni-YSZ (cathode/anode/electrolyte) single cell showed performance of 

543mW/cm
2
 at 650

o
C and 1680mW/cm

2
 at 750

o
C. The voltage of 15-cell stack based on 5 

cm×5 cm single cell (LSM/YSZ/Ni-YSZ, 150 mW per cell) was 12.5 V in hydrogen as fuel (120 

SCCM per cell) at 750
o
C and decreased to about 10.9 V after 500 hours of operation. A 5-cell 

stack based on the LSCF/YSZ/FL/Ni-YSZ showed the maximum power density of 30 W, 25 W 

and 20 W at 750
o
C, 700

o
C and 650

o
C, respectively. 

1.3.1 Effect of pressure 

The influence of a pressure for the cell voltage starts from a differential equation of 

Gibb’s free energy.  

 dG SdT Vdp= − +  (1.3) 

Rewriting equation (1.3) as follows; 

 

T

dG
V

dp

 
= 

 
 (1.4) 

Considering a molar equivalent, the equation (1.4) becomes as follows; 
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The relationship between Gibbs’ energy and reversible cell voltage shows the equation(1.6). 

 ĝ nFE∆ = −  (1.6) 

Inserting (1.6) into(1.5), the cell voltage can be represented by a function of pressure. 

 
ˆ

T

dE v

dp nF

  ∆
= − 

 
 (1.7) 

According to the equation(1.7), the change of reversible cell voltage with a varying pressure is 

relevant to a change of volume. If the change of volume of any response is negative, the cell 

voltage increases with an increasing pressure. This is a well-known Henry-Louis Le Chatelier’s 

principle.  

Generally, only gases bring on the noticeable change of volume. Applying an ideal gas 

law for equation(1.7), equation(1.7) is as follows. 

 
g

T

n RTdE

dp nFp

∆ 
= − 

 
 (1.8) 

Here, gn∆ shows the total change of mole of a gas. If np is a number of moles of a product and 

nr is a number of moles of a reactant, ∆ng = np – nr. 

1.3.2 Effect of Temperature 

Likewise, when calculating the influence of temperature, the performance of most cell 

types decreases with increasing temperatures thermodynamically. Therefore, should the 

operating temperature of the fuel cell beas low as possible? The answer is “no.” The higher 

temperature decreases the resistivity of the materials, and this reduces the ohmic losses within 

the cell. The ohmic losses are the most important type of loss in the SOFC. The reduction of the 

ohmic loss sufficiently compensates the thermodynamic loss with an increasing temperature. 

Normally, most actual cell performance enhances with increasing temperatures.  
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Chapter  2  

Literature review and Scope of Research 

Solid oxide fuel cell (SOFC) systems have been recognized as the most advanced 

power generation system with the highest thermal efficiency with a compatibility with a wide 

variety of hydrocarbon fuels, synthetic gas from coal, hydrogen, etc. The Department of Energy 

(DOE) Solid State Energy Conversion Alliance (SECA) program was initiated in 1999 [9] to 

develop utility scale SOFC-GT hybrid systems. Many companies [10-15] have been developing 

1~10kW SOFC systems under the SECA program as an intermediate step toward utility scale 

SOFC-GT hybrid. These small SOFC systems have their own novel markets such as distributed 

stationary power, residential homes, auxiliary power unit (APU) for heavy-duty trucks, military 

applications, etc.  

2.1 Typical SOFC start-up process 

Even though a number of researches about various types of fuel cells have been 

performed for several decades in various sectors, there has been a common misconception that 

fuel cell-based power generation systems do not have any moving parts because the principle 

is based on direct energy conversion from electrochemical reactions. Fuel cell does not have 

any moving components. However, there should be many sub-systems/components (called 

balance of plant, BOP) such as the compressor, HEX, reformer, blower, etc. in order to draw air 

and fuel to the fuel cell stack and to discharge byproducts and exhaust heats to outside. 

Similarly, combustion chamber alone in the internal combustion engine cannot do anything 

without intake/exhaust valve systems, mechanical drive (crankshaft and valve system), and 

cooling systems. 

Currently, most research activities are limited to component level characterization of 

single fuel cell stack in laboratory conditions or material research for catalyst and electrolyte, 

and thus design tools for “SOFC system” are quite lacking. Unlike other types of fuel cells, the 

operating temperature of SOFC is between 500 and 1000
o
C, therefore the stack should be pre-
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heated to the operating temperature by electrical heating or by providing hot air through cathode 

channels. In laboratory level tests for material development or cell performance evaluations, the 

stack may be heated inside a furnace without constraint of energy usage for the heating. 

However, for a SOFC-based power generation system to be stand-alone operating without too 

much involvement of an operator, all the balance of plants (BOP) should be optimized for 

minimum energy consumption during start up.  

Figure 2-1 shows a typical block diagram representation of the start-up procedure of 

small SOFC systems (other configurations might be possible) that consisted of fuel supply 

system, stack, air HEX, combustor, and recirculation system of anode exhaust gas. Compact 

Heat Exchange Reformer (CHER) is the central part of the fuel supply system. A feasible start-

up procedure of the systems (no standard procedure has been established) would be as 

following. At Stage 1, fuel is supplied to the combustor directly and air is supplied to the 

combustor through the cathode air line (main HEX � stack � combustor). The exhaust gas 

from the combustor supplies necessary thermal energy to the main HEX and CHER until they 

have reached certain prescribed temperatures. At Stage 2, once the CHER reaches the 

prescribed temperature, fuel-steam mixture (FSM) is supplied to CHER through the mixing 

chamber (M/C). Steam could be supplied through an external steam generator or steam 

separation unit from the exhaust gas. The FSM enters the CHER, which generates hydrogen-

rich reformate gas to the stack through anode inlet plenum (AI). Once the stack begins to 

generate electric power, a blower begins to recirculate the steam-rich anode exhaust to the M/C 

allowing cutting off the external steam supply. At Stage 3, steam-neutral normal operation 

begins. The continuous operation of the combustor is essential to burn non-reacted residual fuel 

(20~30% of total supplied fuel to the stack). Additional fuel supply to the combustor would be 

optional depending on the required operating conditions of downstream components such as 

the main HEX and CHER gas side inlet temperatures, etc.  Even if the HEX and CHER are 

connected in series in the diagram, they may be arranged in parallel. 



12 

 

As one can imagine, the start up process of stand-alone SOFC system requires careful 

control of all the BOPs to minimize total energy consumption and minimize thermal stress in the 

stack. In transient operation following load demand or during the start-up process, the HEX and 

stack may have the slowest thermal dynamics [16].  
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(c) 

Figure 2-1 Start up process of the integrated SOFC system, CI: cathode inlet plenum, CE: 

cathode exit plenum, AI: Anode inlet plenum, AE: Anode exit plenum, COMB: combustor, M/C: 

mixing chamber, and C: compressor; (a) Stage 1: SOFC stack start-up with combustor, (b) 

Stage 2: Initiation of anode fuel line with reformer (CHER), and (c) Stage 3: Recirculation of 

unused fuel to the reformer inlet 

 

The design of “stand-alone” SOFC systems is quite challenging in terms of an 

optimization of all BOPs and control strategy to minimize net energy consumption during the 

start-up. Even during normal operating modes, optimal control of fuel and air supply and anode 

gas recirculation relies on an accurate dynamic model of the whole SOFC system.  

Here is one example that shows the complexity of the SOFC system operation. The 

SOFC system needs some type of oxidant for residual fuel from the anode to be burned. No fuel 

cell is operated in a stoichiometric condition to minimize irreversible loss related to the low fuel 

concentration toward the anode exit. Typical fuel utilization factor (consumed fuel divided by 

supplied fuel) is around 0.7~0.8, which means the residual fuel must exit the stack. Usually, a 

non-reacted fuel should be oxidized by using an afterburner, and the heat energy from the 
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afterburner should be used by heat exchangers to increase the temperature of incoming air and 

fuels. Operation with a high fuel utilization factor can lower emission levels but result in a poor 

efficiency and large temperature gradient within the fuel cell stack (limiting reliability and 

lifetime) due to large variations of local current density.  

2.2 Literature review on SOFC stack/system modeling  

In the stack level simulation, there are several researches [17-19] for the Stage 1 w/o 

considering dynamics of stack temperature. Achenbach [17] considered dynamics of stack 

temperature but continuity equations, other energy equations for gas species, and 

electrochemical reactions assume quasi steady state. Costamagna et al [18] developed a 

tubular SOFC simulation model and compared with the experimental data. Li et al [19] 

simulated the dynamic behavior of single planar SOFC stack by adopting time-dependent 

energy equations applied to both stack and gas flows. However, molar mass continuity 

equations were at steady state and momentum equation and pressure drop along the flow 

directions were not considered.  

Simulations in the steady state performance simulation of SOFC-GT hybrid system 

have been popular due to simplicity of lumped model of SOFC and GT [20-23]. In those works, 

SOFC is modeled as one control volume with single temperature and pressure with certain 

constraints of thermodynamic properties and inlet conditions.  

Shelton et al [24] present a transient model for the NETL Hybrid Performance Test 

facility using Simulink
®
. The model focuses on a 1-D model of duct flows and plenum dynamics. 

However, a HEX model is rather over-simplified without solving detailed energy, momentum, 

and mass continuity equations. Furthermore, a SOFC module is missing because the model 

simulates GT power plant with dummy air plenum (to mimic SOFC) and ducts. Recently, 

Mueller et al [25] presents a transient dynamic model of SOFC-GT hybrid including molar 

dynamic balance of species assuming the system is at adiabatic. However, both anode and 

cathode channels are modeled as single control volumes. Slippey [26] explains the dynamic 
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modeling and analysis of multiple SOFC system configurations. However, modeling methods 

and heat transfer networks are a 1-D model. And, no experiment was performed, i.e., no 

validation of simulation result with experiment happened. 

2.3 Scope of Research 

Due to the nature of complexity of a complete SOFC system, the system level design of 

SOFC has been quite challenging. Therefore, all sub-components including the SOFC stack are  

designed step by step for the small-scale SOFC system application. Firstly, the 1kW SOFC 

stack is modeled and the start-up module for the SOFC stack at the Stage 1 is developed. 

Secondly, the simulation module for the HEX is designed and validated by the experiment. 

Thirdly, the CHER module is created for the small SOFC system and verified by the experiment. 

Fourthly, the electric power generation module is designed and also validated by the 

experimental reference data found in published journal papers. Finally, an integrated SOFC 

system model is developed to ensure whether the designed sub-systems are appropriate for the 

designed SOFC system module.  

Therefore, scope of the research is as follows.  

• Development of computational model ("Start-up module") for transient simulation of 

stack heating process (Section 2.4) 

• Development of computational model ("Heat exchanger module") for transient 

simulation of heat exchangers and experimental verification (Section 2.5) 

• Development of computational model ("Reformer module") for transient simulation of 

external reformer (CHER) and experimental verification (Section 2.6) 

• Development of computational model ("Stack module") for SOFC stack power 

generation (Section 2.7) 

• Integration of four modules (Start-up, Heat exchanger, Reformer, Stack) (Section 2.8)  
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This research for modeling the integrated SOFC system supplies researchers with 

obvious guideline for selecting proper components to build up an entire SOFC system. It takes a 

lot of efforts to choose proper sub-systems with suitable conditions such as the length of the 

CHER/HEX, the mass flow rate of air and fuel, the capacity of combustor, etc. for the SOFC 

system. I am so confident that a fuel cell researcher can save a lot of time and effort to build up 

a complete SOFC system with the help of this research. 

Literature review related to each subject is included in each section. 

2.4 Stack Heating 

The purpose of this analysis is to develop a thermal dynamic (transient) model of planar 

SOFC stack during the start-up process using hot air through the cathode channels or electric 

furnace before fuel cell electrochemical reaction occurs. The star-up process is Stage 1 

described earlier in Figure 2-1(a). The ultimate goal of proper stack heating would be to 

minimize thermally induced stress within the stack and total energy consumption during the 

heating process. For the heating method using hot cathode air, mass flow rate and required 

pressure drop across the stack are closely coupled to each other through channel geometry and 

temperature of the air inside the channel.  

Several approaches about start-up strategy in research, such as those in [27-30], have 

been performed in planar and tubular SOFC. Apfel et al [27] consider the thermal start-up 

process of 5 kW planar SOFC stack for cathode and anode co-flow conditions. However, the 

thermal analyses on only discretized cathode and anode gas volumes were considered and 

detailed geometrical parameters of the stack are not provided. Rancruel et al [28] simulate the 

start-up behavior of a SOFC-based auxiliary power unit including steam generator, reformer, 

and heat exchangers. Because all the subsystems and BOPs are considered in the simulation, 

accuracy of each subsystem is questionable. For example, heat exchangers that are similar to 

the stack in terms of structure are modeled as lumped matrix and without considering thermal 

mass of gases. Ferrari et al [29] present early stage start-up behavior (before fuel cell 
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electrochemical reaction begins) of a test rig mimicking SOFC-GT hybrid system consisted of 

emulators of turbomachinery, combustor, and stacks, and cathode recirculation ejector. The 

experimental verification of their Simulink®-based model was made for several start-up 

configurations. Barzi et al [30] present transient model of tubular SOFC. The model includes 

detailed electrical circuit net-work through tubular SOFC anode and cathode layers, and 

transient continuity, momentum, and energy equations for gas channels and solid structures. 

Their transient model simulations use a simple time integration method with internal iterations to 

match local current densities and cell operating conditions. 

These studies mentioned above emphasize importance of technical challenges involved 

in the start-up behavior and transient operation of the SOFC-based power generation systems. 

However, unfortunately none of these studies provide detailed geometry or configuration of 

SOFC stacks that can be bench marked with any computational tool. 

Details of the modeling is presented in Chapter  3. 

2.5 Heat Exchanger 

A heat exchanger (HEX) is a device for efficient heat transfer from one medium to 

another. The media may be separated by a solid wall, so that they never mix, or they may be in 

direct contact [31]. They are widely used in space heating, subsystem of fuel cell system, 

refrigeration, air conditioning, power plants, chemical plants, petrochemical plants, petroleum 

refineries, natural gas processing, and sewage treatment. One common example of a HEX is 

the radiator in a car [32]. 

As shown in Figure 2-1(a), COMB burns fuel and heats air provided from the cathode 

exit and supplies HEX with hot air. And, the air at room temperature is provided to HEX in a 

counter-flow direction. The heat exchange process inside HEX occurs to provide sufficient 

thermal energy for start-up process to SOFC stack. The purpose of research is to develop the 

simulational thermal dynamic model of HEX and to verify the simulation results with experiment. 

Details of the modeling is presented in Chapter  4. 
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2.6 Compact Heat Exchange Reformer (CHER) 

As shown in Figure 2-1, various mechanical or chemical devices should be considered 

with SOFC to comprise a complete system. The SOFC system is composed of several 

subsystems such as fuel/air processing system, power electronics, and thermal management 

systems. The fuel processing system is also composed of a series of catalytic chemical reactors, 

heat management devices, and reactants/products delivery systems. The main purpose of the 

fuel processing subsystem is to convert the hydrocarbon fuels into H2-rich gases.  

There are three established reforming methods for the production of hydrogen such as 

Steam Reforming (SR), Catalytic Partial Oxidation (CPO or POX), and Auto Thermal Reforming 

(ATR) [33]. SR is an endothermic reaction favored at high temperature with superheated steam 

over catalyst surfaces;  

 2 2

1
( )

2
x yC H xH O g xCO y x H

 + ↔ + + 
 

 (2.1) 

Because no oxygen in the air is involved in the reaction, the outlet stream is not diluted 

by nitrogen, and H2 yield is the highest among the three reforming methods. To further increase 

the H2 yield, the CO is shifted to H2 via water gas shift (WGS) reaction; 

 2 2 2( )CO H O g CO H+ ↔ +  (2.2) 

Typically SR has been popular in large reactors [34] where slow transient response due 

to indirect heating [35] is not a main concern. POX reforming process [36-38] uses a small 

amount (less than stoichiometric amount) of oxygen to partially oxidize the fuel into a mixture of 

CO and H2. ATR is a combination of SR and POX, and typically ATR reactors accomplish SR, 

POX, and WGS reactions in a single reactor. ATR considers these reactions as simultaneous 

processes that use the thermal energy from one reaction for the other endothermic reactions. 

An ideal stoichiometric ATR reaction with only CO2 and H2 as products would be   

 2 2 2 2

1 1

2 2
x yC H zH O x z O xCO z y H

   + + − ↔ + +   
   

 (2.3) 
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However, actual steam-to-carbon ratio (SCR) and oxygen-to-carbon ratio should be chosen 

such that the reaction is energy neutral as much as possible and coke formation is prohibited.  

The current trend of research on SOFC systems is focused on less than 10kW scale, 

such as APUs for military vehicles and large heavy duty trucks, residential homes, small 

buildings, hospitals, schools, etc. While industrial-scale H2 production systems based on SR 

reaction use hundreds of large and long reactor tubes containing a pelletized Ni-based catalyst 

without space limitation of heat and steam management subsystems, sub 10kW scale SOFC 

systems require compact fuel processing systems. Since the SR reaction is a highly 

endothermic process, the SR reactor must be provided with enough thermal energy. The 

thermal energy for SR reaction should come from either heat transfer through the reformer walls 

or preheating the fuel-steam-mixture (FSM). Any of these methods require large thermal 

management systems, and they are not suitable for small SOFC systems where space is mostly 

limited.  

Internal reforming inside the SOFC stack is another common practice in small SOFC 

systems. Several experimental and modeling works were reported on internal reforming kinetic 

[39-46]. Achenbach and Riensche [39] carried out experiments to determine the kinetics of CH4 

steam reforming process considering both reforming and electrochemical reactions 

simultaneously. Peters et al. [40] consider the internal reforming of CH4 in SOFC systems 

including anode gas recycling and effect of CO2. The endothermic SR reaction, which lowers 

the temperature of SOFC, reduces the amount of air passing through the cathode side for the 

cooling purpose [47]. Agnew et al. [41] present the influence of temperature and benefits of 

operating at elevated pressure on the reforming reaction kinetics. Parametric studies on the 

volume/surface area ratio, choice of catalyst, and catalyst metal loading have been performed 

through a combination of computer modeling and experimental measurements. However, the 

concrete modeling methods were not considered in detail. Nikooyeh et al. [42] present an 

effective 3-D modeling technique for both temperature and gas composition through the gas 
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channels and solid structure depending on various conditions. Janardhanan et al. [43] presents 

the performance analysis of a planar SOFC under direct internal reforming conditions with 

various operating parameters. Klein et al. [45] introduce SOFC systems with natural gas as a 

fuel. The methane from natural gas is converted into hydrogen by direct or gradual internal 

reforming within the tubular SOFC anode. Aguiar et al. [46] consider the application of SOFC 

with indirect internal reforming of methane, where the endothermic steam reforming reaction is 

thermally coupled to the exothermic oxidation reactions. Simulations for both counter-flow and 

co-flow configurations have been performed and compared. 

The internal reforming inside the SOFC can simplify the system architecture. However, 

it causes significant and complicated temperature gradients inside the cell due to endothermic 

reforming reactions (in overall) and exothermic electrochemical reactions. In addition, the brittle 

ceramic electrolyte and interconnector metals have very different thermal expansion coefficients, 

and excessive thermal stress in the electrolyte is detrimental to the cell reliability.  

As an alternative solution to the internal reforming inside the stack, an external reformer 

which integrates the heat management system and reforming system as one compact unit can 

save space and cost without causing too much thermal stress and degradation to the stack. A 

compact heat exchange reformer (CHER) which has a typical plate-fin co-flow or counter-flow 

configuration is such a system by allowing the reforming and heat exchanging processes to 

happen in a single compact unit. 

However, there are only a few sources introducing modeling and/or experimental 

characterization of HEX-based reactors. Patel et al. [44] present a HEX-based reformer for 

PEMFC-based residential power generation system. The paper focuses on the dynamic 

response of heat exchange reformer for step variations in various input variables such as inlet 

gas flow rate and pressure and steam to carbon ratio. They consider how the step changes of 

various operating conditions such as gas flow rate, gas pressure, steam to methane ratio, and 

gas inlet temperature affect the dynamic performance of an heat exchange reformer. Anxionnaz 
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et al. [48] review various HEX/reactors such as spinning disk, micro-channel reactors, static 

mixers, oscillatory flow reactor, etc. They present various micro-structured HEX/reactors made 

of metallic foams, plate-fins, offset strip fins, corrugated fins, etc. Pan et al. [49] present the 

simulated characteristics of a compact plate-fin reformer which integrates endothermic and 

exothermic reactions into one unit. Their numerical model predicts the methanol conversion and 

the reformate composition in reforming chamber. Stefanidis et al. [50] present the steam 

reforming of methane on a rhodium/alumina-based multifunctional micro-reactor model. The 

micro-reactor is comprised of parallel catalytic plates and catalytic combustion and reforming 

takes place on opposite sides of the plates. They suggest that changing the catalyst surface 

area, internal and external mass transfer, and heat transfer through the reactor can lead to 

better performance. Zhang et al. [51] present a simple 1-D flow and heat transfer model of 

CHER at steady state. The distribution characteristics along the flow direction were presented, 

and some key factors such as SCR, catalyst reduced activity, and passage pressures were 

studied. 

Details of the modeling is presented in Chapter  5. 

2.7 SOFC Electric Power Generation Mode 

After the Stage 2 as shown in Figure 2-1(b), SOFC stack is at high temperature. This 

high temperature also makes the incoming reformate gas to be further reformed within the 

anode channels of SOFC stack internally. This internal reforming process is included into the 

electricity generation sub-module. Internal reforming [52] of reformate gas from CHER is 

considered in this simulation. In other words, in the anode chamber, steam reforming (SR) and 

WGS happens at the corresponding local anode temperature. Computational model for electric 

power generation is developed for planar SOFC with total NFC stacks. 

The internal reforming inside the SOFC causes significant and complicated temperature 

gradients inside the cell due to endothermic reforming reactions (in overall) and exothermic 

electrochemical reactions. In addition, the brittle ceramic electrolyte and interconnected metals 
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have very different thermal expansion coefficients, and excessive thermal stress in the 

electrolyte is detrimental to the cell reliability. 

The purpose of this analysis is to develop dynamic model of planar SOFC stack during 

the electrical power generation process using hot air from HEX and reformate from CHER when 

fuel cell electrochemical reaction occurs. The model was compared with several experimental 

data available in the open literature.  

Details of the modeling is presented in Chapter  6. 

2.8 Integration of each sub-module 

The objectives of this research are to develop a non-linear computational model of the 

integrated SOFC system described in Figure 2-1 and to provide useful fundamental design 

characteristics such as suitable choices of HEX, reformer, compressor, etc. This model is on the 

basis of the satisfaction of conservation laws such as mass, force, energy and concentration of 

chemical species with specific source terms through the whole system. In other words, all 

boundary conditions for temperature, pressure, etc. should be satisfied with all conservation 

laws. For example, the cathode air inlet condition of the SOFC is directly affected by operating 

conditions of cold air from the outlet of HEX (located in front of SOFC) at the same time as the 

mass conservation law is acceptable. 

Significant fuel cell parameters that can be varied are the pressure, temperature, and 

fuel/oxidant composition and utilization. In order to manipulate design parameters of the SOFC 

system with various design practices of each component, a wide range of operating design 

parameters are examined. In addition, the integrated SOFC system model is designed not only 

to simulate each of the operating conditions, but also to simulate different configurations, etc. 

And, this study presents rather general performance results using various operating conditions.  

Details of the modeling is presented in Chapter  7 
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Chapter  3  

SOFC stack start up process 

3.1 SOFC design and simulation work  

Figure 3-1 illustrates a planar SOFC stack consisting of the cathode, anode, electrolyte, 

and interconnector. In addition, Figure 3-1 shows the fuel gas and air feed holes through the 

stack. Although an air outlet and one more H2 inlet were hidden in Figure 3-1, those holes exist 

symmetrically. Planar design is attractive since it is easy to manufacture and it uses less 

materials, hence potentially lower cost and high power density.  

 

 

Figure 3-1 Configuration of a planar SOFC 

 

In a real planar SOFC design, there are several connecting holes to join the structures. 

The locations and sizes of these holes are design-specific and there is no general rule for their 

sizes and locations. Therefore, for the modeling purpose, actual stack with these holes can be 

easily replaced by a simpler stack model without these holes but with the same thermal mass 
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as original one. There are also both fuel gas and air feed holes through the stack as shown in 

Figure 3-1.  

Inlet supply holes for fuel gas and air can be modeled as single thermodynamic 

condition as combination of inlet temperature and pressure. Therefore, the inlet and exit holes 

for fuel gas and air can be modeled as boundary conditions with certain pressures. In addition, 

the inlet holes are thermal boundary conditions as well as pressure boundary conditions. 

Considering these aspects, an actual SOFC interconnector plate can be modeled as simple 

rectangular interconnector without these holes as shown in Figure 3-2, where inlet and exit 

thermodynamic boundary conditions are applied to the boundaries represented as red and blue 

lines in the figure. The flow from the inlet to the entrance of actual flow channels divided by 

current collecting ribs is mostly a two-dimensional flow with certain (very small) pressure drop. 

 

 

Figure 3-2 Simplified interconnector model without assembly holes and inlet and exit holes 

replaced by straight inlet and exit regions 

 

Because the channel design between the inlet holes to the entrance of the channel is 

also design–specific, CFD simulation is the only method to analyze the detailed flow field. 

However, from thermal dynamics point of view of the stack, the detailed flow modeling through 
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computation-extensive CFD is not necessary. To capture realistic pressure drop and thermal 

interaction of the flow field with solid structures without sacrificing accuracy of the model, the 

flow field between the inlet represented as a red line in Figure 3-2 and the entrance of the 

channels is modeled as one-dimensional flows through virtual channels (not shown in Figure 

3-2) divided by infinitely thin ribs, which do not contribute to flow resistances. 

3.2 Stack Discretization 

Stack flow passages are divided into Ny control volumes along the flow direction (y), 

and number of passages is 2Nx for both anode and cathode channels as shown in Figure 3-3.  

 

 

Figure 3-3 Schematic of a discretized interconnector 

 

Becasuse of geometrical symmetry, simulations are performed for a half of the flow 

channels and stack centerline is treated as adiabatic. One side of the interconnector plate may 

comprise a total of 10 sub-domains as shown in Figure 3-4. Domain 1 contains flow channels of 

air and fuel divided by ribs, domain 3 and 7 are flow entrance and exit regions without ribs and 

electrochemical reactions, other domains are outer solid structures. 
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Figure 3-4 Fractionized control volume 

 

The other side of interconnector plate is also divided by 10 sub-domains in a similar 

way. All the domains with solid structures are also divided into multiple finite elements. The 

energy equation, including storage terms, is applied to each element to simulate the 

temperature of each element in time domain. 

 

Figure 3-5 (i, j)
th
 unit element (i=1~Nx, j=1~Ny) 
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Figure 3-6 Dimensions of an element of planar SOFC 

 

Figure 3-5 depicts (i, j)
th
 unit element chosen from domain 1, with control volumes 

inside the element. Figure 3-6 shows notations for dimensions used in the simulations. The 

analysis method presented in this paper can be simulated for both counter and parallel flow 

configurations. In this work, it is assumed the anode (fuel) and cathode (air) flows are in a 

counter flow configurations like Figure 3-5. The inlet temperature and inlet pressures of the air 

and fuel gas (no fuel flow in this simulation) are specified as initial conditions. 

3.3 Modeling 

3.3.1 Momentum equation 

If spatial fluctuation of mass flow rate inside the channel is not considered, 

i.e., / 0m x∂ ∂ =ɺ , mass flow rate is a function of only time. Using ideal gas law relating density, 

pressure and temperature,

gas

P

R T
ρ = , momentum equation for air flow along one-dimensional 

channel with hydraulic diameter of hd is given by 

W trib 

tconn 

tMEA 

hc 

ha 

∆x 
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, where Lf  is average Darcy friction factor [53] along the flow channel length, which are 

evaluated as 
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Because mass flux rate is a function of only time, 
p

x

∂
∂

should be constant throughout the 

channel;    

 1 exit

x
p p p

L

 = ∆ − + 
 

 (3.3) 

Here, ∆p is a pressure drop across the channel. 

3.3.2 Energy equation to gas flow 

If conduction within the gas and viscous heat dissipation are neglected, energy 

equation applied to both anode and cathode channels is written as 

 
_to gas

v

qT RT m T RT

t p A x p c
γ

∂ ∂
= − +

∂ ∂

ɺɺ
 (3.4) 

where /p vc cγ = . _to gasqɺ is total heat flux input to the control volume of interest per unit volume, 

and it is given by 

 _ _ _ _+ +to gas Conn gas MEA gas ribs gasq q q q=ɺ ɺ ɺ ɺ  (3.5) 

where _Conn gasqɺ is convective heat transfer from interconnector to gas channel, _MEA gasqɺ is 

convective heat transfer from MEA to gas channel, and _ribs gasqɺ  is convective heat transfer 

from ribs to gas channel.  Heat convection coefficients are evaluated at corresponding 
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reference film temperature which is an average temperature of gas in channel and surrounding 

solid structures. For example, the reference film temperature for convection coefficient for 

cathode channel is an average temperature of cathode air channel, MEA, interconnector, and 

cathode ribs. The following Nusselt numbers [54] were used. 

For laminar flow (Re<2300), 

 
2

3

0.0668 Re Pr

3.66

1 0.04 Re Pr

h

h

h

h
D

D

h
D

D

L
Nu

D

L

  ⋅ ⋅ 
 = +
  + ⋅ ⋅  
  

 (3.6) 

For turbulent flow (Re≥ 2300), 
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In most simulation conditions, flow was laminar. All the thermal properties such as Prandtl 

number and heat conduction coefficients were updated using temperatures found from previous 

time step in a frame of time integration scheme.  

3.3.3 Energy equation to solid structures 

Energy equation for MEA, interconnector, and ribs can be written as 

 

2 2
_

2 2

_

to MEAMEA MEA MEA
MEA

MEA v MEA

qT T T

t x y c
α

ρ
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ɺ
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, where αX (X=MEA, Conn, Rib) are thermal diffusivities, and _to Xqɺ (X=MEA, Conn, Rib) are heat 

convection to corresponding structure from surrounding gas channels. The subscripts, A/C, 

denote anode and cathode respectively. Figure 3-7 shows all the heat transport mechanisms 

(excluding radiation) within the stack including convections (superscript “conv”) and conductions 

(superscript “cond”) with their appropriate directions.  Referring to Figure 3-7(a), heat flux terms 

in above equations are 

 _ _ _

conv conv

to MEA Cathode MEA MEA Anodeq q q= −ɺ ɺ ɺ  (3.11) 

 _ _ _

conv conv

to Conn Cathode Conn Conn Anodeq q q= −ɺ ɺ ɺ  (3.12) 

 _ _ _

conv

to Rib A Rib Anodeq q=ɺ ɺ  (3.13) 

 _ _ _

conv

to Rib C Rib Cathodeq q=ɺ ɺ  (3.14) 

Equations(3.1), (3.4), and (3.8)~(3.10) comprise a complete set of non-linear differential 

equations for local gas temperature, local mass flow rate, and local temperature of MEA and 

interconnector. Boundary conditions are inlet gauge pressure, _ ( )gauge inletp t , with respect to exit 

pressure (i.e., pressure drop), and initial conditions for temperatures are all ambient 

temperature and initial conditions for mass flow rates in all the channels are zero. 

In the simulation, hot air at constant temperature of 850℃ is provided to the cathode 

channels at the inlet (the boundary between regions 3 and 4). In regions 3 and 7 in Figure 3-4, it 

is assumed that the flow is one dimensional through virtual flow channels divided by infinitely 

thin ribs, which do not contribute to flow resistances. Flow momentum and energy equations are 

applied to these virtual flow channels in regions 3 and 7. Energy equations are applied to solid 

structures in these regions. Pressure drop is specified between the inlet and exit of the stack 

and local pressures at the entrance and exit of the flow channel areas (boundary between 

regions 3 and 1 and boundary between regions 1 and 7) are internally calculated through mass 

conservation at these boundaries. 



31 

 

 

(a) 

 

(b) 

Figure 3-7 Schematic diagrams of heat transfers in the SOFC stack; (a) Heat transfer along x-

direction and Heat transfer along flow direction (y-direction) 

 

3.3.4 Discretization 

All the first and second derivative terms in governing equations are discretized with the 

central difference method [55]; 
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3.4 Results 

Typical heating methods of a SOFC stack would be either electrical heating inside a 

furnace or using hot air through the cathode flow channels while the stack is insulated. The 

developed models in this paper were applied to stack-heating using both methods. 

The 1 kW SOFC system was designed and simple thermodynamic analyses were 

performed to estimate a typical cathode air flow rate needed for the 1kW SOFC. Preliminary 1 

kW SOFC stack flow channel dimensions were chosen based on steady state operating 

conditions assuming the fuel-gas stream is generated from methane (CH4) ATR with the 

following balanced equations; 

 4 2 2 2 2 20.5 ( 3.76 ) (1 ) (3 ) 1.88CH O N H O CO H Nλ λ λ λ+ + + − ↔ + − +  (3.17) 

 2 2 2CO H O H CO+ ↔ +  (3.18) 

, where an air-to-fuel ratio λ ≈  0.2~0.3 is typically used. Equilibrium composition of ATR exit 

was calculated using principle of minimization of Gibb’s energy of formation assuming ATR exit 

temperature is at 950
o
C at 0.3λ = . Table 3-1 summarizes the design of the 1 kW SOFC stack 

for an oxygen utilization factor of 0.17 and a fuel utilization factor of 0.8. The Steam-to-Carbon 

ratio is about 1.88. The cathode air flow rate, 3.02 g/sec, calculated in Table 3-1 was used as 

the cathode flow rate for heating stack. 
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Table 3-1 Design of 1 kW SOFC stack 

Item Unit Value 

Voltage V 0.7 

Current density A/cm
2
 0.51 

Active cell area cm
2
 400 

Number of stack ea. 7 

Anode flow g/s 0.25457 

Cathode flow g/s 3.02253 

Anode inlet composition(950
o
C) 

H2 % 50.66 

H2O % 31.28 

CO % 16.67 

CO2 % 1.39 

 

In addition, the electrolyte-supported SOFC was chosen to be simulated because this 

type has better chemical tolerance at high temperature. Table 3-2 provides the physical 

dimensions of the designed SOFC stack, and Table 3-3 shows the thermo-mechanical 

properties of MEA. In this simulation, thermo-mechanical properties of MEA are assumed to 

follow those of YSZ because the thickness of anode and cathode is relatively smaller than YSZ.  

 

Table 3-2 Geometric dimensions of SOFC stack 

Element Description Size(mm) 

W Channel width 8 

trib Rib thickness 2 

tconn Interconnector thickness 1 

hc Cathode channel height 2 

tmea MEA thickness 0.28 [18] 

ha Anode channel height 1 

 

In this simulation, the cathode air at 850
o
C was supplied at cathode inlet, while there is no 

feeding of anode gases at anode inlets. All the faces of solid structures exposed to the 
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surrounding are assumed to be adiabatic (insulated). The number of segmental elements in 

each domain shown in Figure 3-4 is summarized in Table 3-4. 

 

Table 3-3 Properties of MEA [56-59] 

Element Property Value 

Membrane(YSZ) Density(kg/m
3
) 5710 

 Specific heat(J/kg�K) 606 

 Thermal conductivity(W/m�K) 2.7 

Anode(Ni-YSZ) Density(kg/m
3
) 4460 

 Specific heat(J/kg�K) 595 

 Thermal conductivity(W/m�K) 6 

Cathode(LSM) Density(kg/m
3
) 4930 

 Specific heat(J/kg�K) 573 

 Thermal conductivity(W/m�K) 3 

 

Table 3-4 Number of elements in each sub-domain in Figure 3-4 

Region x-direction y-direction 

1 10 (ribs number) 20 

2 4 20 

3 10 4 

4 10 6 

5 4 4 

6 4 6 

7 10 4 

8 10 6 

9 4 4 

10 4 6 

 

In the case of stack-heating using hot cathode air, two blower operating modes can be 

considered; one is constant mass flow mode and the other is constant speed mode. As stack is 

being heated up, flow resistance increases with temperature along the flow channel, and mass 

flow rate decreases gradually over time if the total pressure-drop across the stack is maintained 

constant. Therefore, if constant mass flow rate across the stack is desired during the heat up, 
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the blower operating points should follow the vertical dotted line shown in Figure 3-8, i.e., the 

blower speed should be increased to follow the required inlet pressure. 

 

Figure 3-8 Typical blower map under constant mass flow mode 

 

Another operating mode is at constant blower speed. When the blower is operated at 

constant speed, both pressure and mass flow rate change while stack is heated up. Because 

the blower is operated at constant speed, the operating point follows the constant speed curve 

in the blower performance map as shown in Figure 3-9. Depending on the initial blower setting 

speed, the blower can suffer surge before the stack reaches desired temperature if the flow 

resistance inside the stack increases beyond the blower surge limit. 

Because a blower performance map is not available, simulations were performed for 

only constant mass flow rate mode, and required pressure drop to maintain the specified air 

mass flow rate was calculated at each time step. Once a blower map of appropriate blower is 

available, the constant speed mode could be simulated. 
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Figure 3-9 Typical blower map under constant speed mode 

 

Figure 3-10~                                   (c)                                                                          (d)  

Figure 3-13 show the temperature distributions over solid structure, rib, MEA, 

interconnector, and each channel after 1 minute, 30 minutes, 1 hour, and 2 hours, respectively. 

Figures (a) represent the temperature distributions of the anode gases and outer solid 

structures. Figures (b) show the temperature distributions of the cathode gases and solid 

structures. Figures (c) show the temperature distributions of interconnector and solid structures. 

Finally, the temperature distributions of MEA and outer solid structures are portrayed in Figures 

(d). In the early stage, the heat transfer occurs uniformly along x and y-direction. As time goes 

by, the high temperature distribution concentrates in the middle area because bulk solid 

structures are large heat sinks from outside of electrochemically active area. Also, the figures 

indicate that the maximum temperature zone is distributed widely throughout the cathode air 

inlet during the start-up. The downstream solid structures from the cathode inlet area have 

lower temperature all the time.   
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                                   (a)                                                                        (b) 

 

                                   (c)                                                                          (d)  

Figure 3-10 Temperature distributions of gases and structures of SOFC stack including outer 

solid structure (1min.); (a) anode, (b) cathode, (c) interconnector, and (d) MEA  
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                                   (a)                                                                        (b) 

 

                                   (c)                                                                          (d)  

Figure 3-11 Temperature distributions of gases and structures of SOFC stack including outer 

solid structure (30min.); (a) anode, (b) cathode, (c) interconnector, and (d) MEA 
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                                   (a)                                                                        (b) 

 

                                   (c)                                                                          (d)  

Figure 3-12 Temperature distributions of gases and structures of SOFC stack including outer 

solid structure (1hr.); (a) anode, (b) cathode, (c) interconnector, and (d) MEA  
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                                   (a)                                                                        (b) 

 

                                   (c)                                                                          (d)  

Figure 3-13 Temperature distributions of gases and structures of SOFC stack including outer 

solid structure (2hrs.); (a) anode, (b) cathode, (c) interconnector, and (d) MEA 
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The difference of temperature between air inside the cathode and anode channels was 

caused by the different channel height (hc=2mm, ha=1mm in Table 3-2) and the larger thermal 

conductivity of interconnector compared to MEA. Therefore, it is reasonable that interconnector 

has relatively high temperature distribution compared to MEA. Figure 3-14 represents the 

evolution of temperature at the center of the outer solid structure. As Figure 3-14 shows, the 

temperature of solid structure increases rapidly from 20
o
C to about 650

 o
C and then increases 

gradually to a final steady state temperature. In addition, the small difference of rib thickness 

does not affect the temperature of solid structures because the volume of total rib is much 

smaller than the total volume of solid structures. 

 

 

Figure 3-14 Temperature on central area of 2
nd

 solid structure in Figure 3-4 

 

As was mentioned before, simulation was performed with a constant air mass flow rate 

of 3.02g/s (cathode air flow rate during normal operation from Table 3-1). A simple numerical 

control algorithm was implemented to adjust pressure drop internally at every time step to 

maintain the specified mass flow rate. Figure 3-15 plots pressure drop across the stack to 
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maintain the constant flow rate of 3.02 g/s with different rib sizes. Notably, for 2mm rib, the 

required pressure drop increases from around 40 Pa to almost 2877 Pa after 2hrs of heating. 

The bigger rib size shows the larger pressure drop. In addition, it takes about 6450 seconds 

(≅ 1.79 hours) to reach the minimum temperature of 800℃ within the stack. During that time, 

net heating energy of 1.2926kWh is required as shown in Figure 3-16.  

 

 

Figure 3-15 Required pressure drop over time to maintain the required mass flow rate 

 

However, the heating method using the hot air feeding results in poor thermal efficiency. 

The heating efficiency was calculated by the equation below and is at most around 17%. 

 
1.30651

0.1688
7.73926

e

Net Heating Energy

Input Heating Energy
η = = =  (3.19) 

A large amount of heating energy is lost through the exit flow out of the stack without 

contributing to heating of the SOFC stack, especially toward the end of heating once the stack 

has reached a certain high temperature. However, in an actual SOFC system with heat 

exchangers and a combustor, this stack exit flow would be directed to combustor with reduced 
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fuel flow rate to the combustor if constant combustor exit temperature is required for the gas 

HEX at the downstream which is used to generate hot cathode air for stack heating. In addition 

residual heat energy would be used for steam generation or fuel heating, etc. Therefore, actual 

efficiency in terms of total energy consumption during the heating would be much higher than 

that from(3.19). 

 

 

Figure 3-16 Heating Energy vs. time (Hot air feeding method) 

 

Another stack heating method using an electric furnace was simulated with all of the 

cathode and anode channel flows at zero. In this heating method, a SOFC stack is inside an 

electric furnace as shown in Figure 3-17(a). In this analysis, there is a two-dimensional heat 

input shown as Figure 3-17(b) through the outer solid structure domains (2, 4, 5, 6, 8, 9 and 10 

of Figure 3-4) from furnace to SOFC stack. In addition, the upper and lower sides are assumed 

to be insulated; this assuption is reasonable because the bottom surface of the stack should sit 

on a certain structure and the structure cannot be a heating element.  
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(a)  

 

 

(b)  

Figure 3-17 Schematic diagrams of heat transfer from Furnace to the SOFC stack; (a) Electric 

heating outline and (b) Heat transfer from the electric furnace 

 

A preliminary simulation with a fixed heat flux of 1000W results in rapid and continuous 

increase of stack surface temperature above 1000
o
C, while the inside temperature remains 

Electric furnace 

SOFC stack 
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below 200
o
C because of the large thermal mass of the stack and large heat transfer resistance 

through thin MEA and interconnector. To avoid high thermal gradient that causes thermal stress 

during the heating process, the heat flux should be controlled to keep the surface temperature 

within certain limit. The easiest and most practically used method in actual electrical heating is 

to use a simple control algorithm to adjust heating rate. Any change of heating rate at certain 

time would be  

 max_( ) ( )ref ssq t K T T∆ = −ɺ  (3.20) 

where K is proportional gain, Tmax_ss is maximum surface tempereature of soild structrue and Tref 

is a reference temperature of 850
 o

C. A block diagram of the numerical control algorithm is 

shown in Figure 3-18.  

 

 

Figure 3-18 Block diagram of simple proportional control for furnace heating 

 

One specific numerical value of input heating energy can be set as an initial condition. Initial 

heating power was chosen as 1000W with gain K=100. With K=100, overall SOFC stack 

temperature distribution can be found in                                    (c)                                                                        

(d)  

Figure 3-19~                                   (c)                                                                          (d)  

Figure 3-22. These figures depict the temperature distribution over solid structure, rib, MEA, 

interconnector, and each channel after 1 minute, 30 minutes, 1 hour and 2 hours, respectively. 
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As shown in the figures, all temperature distributions are symmetrical because each chosen 

stack is geometrically symmetric and uniform heat flux is applied at all surfaces. 

 

                                   (a)                                                                        (b) 

 

                                   (c)                                                                          (d)  
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Figure 3-19 Temperature distributions of gases and structures of SOFC stack including outer 

solid structure (1min.); (a) anode, (b) cathode, (c) interconnector, and (d) MEA  

 

 

                                   (a)                                                                        (b) 

 

                                   (c)                                                                          (d)  
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Figure 3-20 Temperature distributions of gases and structures of SOFC stack including outer 

solid structure (30min.); (a) anode, (b) cathode, (c) interconnector, and (d) MEA 

 

 

                                   (a)                                                                        (b) 

 

                                   (c)                                                                          (d)  
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Figure 3-21 Temperature distributions of gases and structures of SOFC stack including outer 

solid structure (1hr.); (a) anode, (b) cathode, (c) interconnector, and (d) MEA 

 

 

 

                                   (a)                                                                        (b) 
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                                   (c)                                                                          (d)  

Figure 3-22 Temperature distributions of gases and structures of SOFC stack including outer 

solid structure (2hr.); (a) anode, (b) cathode, (c) interconnector, and (d) MEA 

Unlike the heating method using cathode air, there is no distinctive difference of 

temperature distributions between structures and channels at the beginning. In addition, 

temperature gradient is always from the outer surface to the inside. The increase of temperature 

of anode channel is faster than cathode due to the shorter height of channel. In addition, the 

increase of temperature of interconnector is faster than MEA due to its larger thermal 

conductivity than MEA. 

Because heating rate is adjusted following Eq.(3.20), once stack surface temperature 

reaches prescribed maximum allowable temperature, net heating energy can be found using the 

following equation; 

 
0

( )
endt

FurnaceE q t dt= ∫ ɺ  (3.21) 

When an initial heating rate of 1000W was chosen, the total heating energy was found as 

1.8768 kWh using (3.21) for a total heating time of 5980 seconds (≅ 1.66 hours) until the lowest 

temperature over entire stack reaches 800
o
C. Depending on initial heating rate, transient 

behavior of stack surface temperature can be different. Figure 3-23 shows the net heating 

energy for 2 hours for two different initial heating rates of 100W and 1000W. As Figure 3-23 

implies, initial heating rate of 1000W causes rapid increase of stack surface temperature while 

initial heating rate of 100W gradually increases the stack surface temperature allowing less 

thermal gradient in the stack. 

Figure 3-24 shows the net heating energy that was supplied to the SOFC stack with the 

electric furnace for 2 hours for different rib sizes. As shown in Figure 3-24, the net heating 

energy was not affected much (only 2~3% difference of net heating energy) by changing the rib 

sizes from 1mm to 3mm because total rib volume is negligible compared to the total stack 

volume. 
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Figure 3-23 Net heating energy with different furnace heat inputs 

 

 

Figure 3-24 Net heating energy vs. time (furnace heating) 

 

Figure 3-25 compares the net heating energy for both heating methods. When only net 

heating energy is considered, the hot air heating method requires less net heating energy than 



52 

 

the electric furnace heating method. The temperature range of the whole SOFC stack with hot 

air heating for 1 hour is around 202~220
o
C, while around 128~172

 o
C with furnace heating for 1 

hour. In addition, after 2 hours of heating, the temperature ranges are 29~31
 o

C for hot air 

heating and 19~27
 o

C for furnace heating. However, different initial heating rates for furnace 

heating result in a different thermal gradient inside the stack. Likewise, different hot air flow 

rates result in a different thermal gradient inside the stack. Therefore, heating rates or hot air 

flow rates should be controlled accordingly depending on allowable maximum thermal stress or 

thermal gradient for specific stack design. 

 

 

Figure 3-25 Net heating energy comparison between furnace and hot air heating method 

 

 

 



53 

 

Chapter  4  

Heat Exchanger 

4.1 Heat exchanger configuration 

Figure 4-1(a) illustrates a commercial heat exchanger (HEX) acquired for the research. 

It is composed of corrugated fins, plates and outer parts such as Swagelok
©
 for tube fitting and 

flanges for connecting with small pipes. And, Figure 4-1(b) shows the flow direction of both hot 

air and cold air through the HEX. The HEX can be easily bundled for larger HEX configuration 

and is also available as a reactor/reformer by depositing catalysts. Although a variety of 

corrugation geometries can be inserted into the HEX module to tailor an appropriate heat 

transfer and pressure drop, round-type of corrugated fins were inserted between plates as 

shown in Figure 4-1(b).  

 

 

 

(a) 

(b) 
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Figure 4-1 (a) Configuration of HEX, (b) Components of the HEX and (c) flow direction of air 

 

Table 4-1 provides physical dimensions of the HEX, and Table 4-2 shows thermo-

mechanical properties of materials of which are used for making plates and inserted fins. In this 

simulation, the material of the plates is Inconel 600 and the material of fins which are inserted 

between the channels is Fe-Cr alloy (Fe / Cr / Al /Y). 

 

Table 4-1 Geometric dimensions of HEX 

Element Description Size(mm) 

L Length of HEX 225 

W Width of HEX 38.1 

tfin Fin thickness 0.1016 

tplate Plate thickness 1.905 

hh Hot air channel height 1.8 

hc Cold air channel height 1.8 

 

 

 

 

 

 

Hot air 

Cold air 

Hot air 

Cold air 

(c) 
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Table 4-2 Properties of materials 

Element Property Value 

Inconel 600 Density(kg/m
3
) 8470  

 Specific heat(J/kg�K) 444  

 Thermal conductivity(W/m�K) 26.1 

Fe-Cr Alloy Density(kg/m
3
) 7169.09 

 Specific heat(J/kg�K) 460 

 Thermal conductivity(W/m�K) 16 

 

4.2 Flow channel modeling 

The theoretical background such as heat transfer mechanisms, momentum and energy 

equations, discretization, etc. to model the HEX is the same as the method for the CHER in 

section 4.4. The only difference between the HEX and CHER, the FSM through lower channels 

was replaced by the cold air as shown in Figure 4-2. In other words, there is no chemical 

reaction inside both channels. 

 

(a)  
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(b)  

Figure 4-2 Schematic diagrams of heat transfers in HEX; (a) Heat transfer along x-direction 

(channels cross section view) and (b) Heat transfer along flow direction (y-direction) 

 

4.3 Results 

Firstly, transient simulation results focusing on temperature profiles inside both hot air 

and cold air channels of the HEX are discussed. In addition, the temperature profiles of all solid 

structures such as plates, fins, and outer walls are presented in this research. Concomitantly, 

any kind of desired thermal analytical result can be examined in this simulation and can be 

compared by experimental results. 

An air pre-heater as shown in Figure 4-3(a) was used to supply the hot air for the HEX. 

Also, an electric cabinet as shown in Figure 4-3(b) was used for various purposes such as 1) 

power supply for the air pre-heater, 2) communication between air pre-heater and computer, 3) 

temperature measurement, 4) mass flow control, 5) external safety device.  
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Figure 4-3 (a) Air pre-heater and (b) electric cabinet 

 

Figure 4-4 shows the simplified layout of the HEX test rig that is used for the experiment. 

(a) 

(b) 
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Figure 4-4 The HEX test rig, (a) schematic diagram of the experimental apparatus and (b) 

overview of the test rig 

 

Here, PT represents a pressure transducer and T is a thermocouple. Both the hot air 

and cold air were supplied for the HEX at a constant mass flow rate. With digital mass flow 

controllers (MFC), mass flow rates are managed to follow the set-point mass flow rate which is 

(a) 

(b) 
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set at 1 gram per second on both sides in this experiment. The temperatures on both inlets 

were measured by the duplex insulated K type thermocouples and the pressures on both inlets 

were measured by the pressure transducers in real time. A computer controlled data acquisition 

(DAQ) hardware collects all the signal from thermocouples and transducers. 

For the validation of simulation with the experiment, interpolating data from the 

experimental measurement were applied to this simulation for the initial input conditions of 

simulation such as pressures and temperatures on both inlets of the HEX. Figure 4-5 and 

Figure 4-6 show measured and interpolated pressures and temperatures on both inlets of the 

HEX. Both experiment and simulation were performed for total duration of 1,800 seconds. 

Simulation results were compared with experimental measurements.    

 

 

                                   (a)                                                                        (b)  

Figure 4-5 HEX inlet pressure, measured and interpolated; (a) Pressure of hot air at inlet and 

(b) Pressure of cold air at inlet 
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                                   (a)                                                                        (b)  

Figure 4-6 HEX inlet temperature, measured and interpolated; (a) Temperature of hot air at inlet 

and (b) Temperature of cold air at inlet 

 

Measured and simulated temperatures of both the hot air and cold air at the outlet of 

the HEX were shown in                                    (a)                                                                    

(b)  

Figure 4-7, and the comparative results show a similar tendency between the measured 

data and predicted data. Although there are some discrepancies during the heat exchanging 

process, they can be estimated within about 20
o
C temperature difference. This difference can 

be acceptable for a real time model. However, it needs to be clarified that the causes of this 

discrepancy are due to uncertainty in mechanical properties and physical dimensions (hydraulic 

diameter, surface area, etc).. 
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                                   (a)                                                                        (b)  

Figure 4-7 HEX outlet temperature, measured and simulated; (a) Temperature of hot air at 

outlet and (b) Temperature of cold air at outlet 

 

With a geometric limitation, it is impossible to measure the temperatures of plate, fins, 

and both airs in the center of the HEX. However, if there are no noticeable temperature 

differences of both the simulation and experiment at the outlet of the HEX, other temperature 

distributions from the simulation are consistent with temperatures from the experiment. 

Temperature distributions at any considered control volume of each component can be 

achieved in this simulation. For example, the temperatures in the middle of the HEX can be 

shown in Figure 4-8. The HEX reaches steady state after operating 30 minutes.  
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Figure 4-8 Temperature distribution of HEX with time at specific C.V. 



63 

 

Chapter  5  

Compact Heat Exchange Reformer   

5.1 Scope of this research 

This chapter focuses on the simulation of transient characteristics of the compact heat 

exchange reformer (CHER) during the initial phase of Stage 2 described in Figure 2-1(b), where 

the stack and CHER have been already heated up to a specified design temperature, and the 

FSM is ready to be fed into the CHER. In addition, SR reaction with WGS reaction was chosen 

as the most appropriate reforming model for the CHER characterization. Even if a combustion 

gas would be used as a thermal energy source to the CHER, the current model in the research 

will approximate the exhaust gas as air. The CHER is modeled as two-dimensional array of 

finite control volumes (see modeling section for details). All the finite control volumes in the air 

channels and solid structures are modeled with transient energy equations. All the control 

volumes in FSM channels will be also modeled with transient energy equations and dynamic 

molar balance equations. Both reaction enthalpy and convection heat transfer due to convective 

flow of reactants and products between the catalyst-coated fins and FSM channels are 

considered. Several parametric simulations were performed as methane as a primary fuel 

mixed with steam to evaluate the performance of the CHER as a function of different operating 

temperature, steam-to-carbon ratio at the inlet, pressure gradient across the CHER, channel 

length, and flow configuration (co-flow and counter-flow). 

5.2 CHER configuration and flow channel modeling 

Figure 5-1 shows the CHER purchased from a commercial supplier, which is composed 

of corrugated inserts (fins) separate by plates. The figure also shows the flow directions of FSM, 

reformate gas (H2, CO, CO2), and air.  
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Figure 5-1 Configuration of the CHER and flow directions of gases; (a) Compact Heat Exchange 

Reformer (CHER) and (b) Flow directions of gases 

 

The corrugated fins inserted between the plates divide the air and FSM streams as 

shown in Figure 5-2(a). One layer is with hot air channels separated by fins and the other layer 

is for FSM channels separated by catalyst-coated fins. These layers are repeated as co-flow or 

counter-flow plate-fin gas HEX configuration. Figure 5-2(b) is the slightly simplified fin geometry 

with heat conduction paths within the fins, which is acceptable for the purpose of the current 

 Air 

CH4+steam 

 Air 

CH4 

Steam 
H2 
CO 
CO2 

(a) 

(b) 
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research that focuses on the transient thermal dynamics of the CHER with simplified 1-D flow 

through the each channel. 

 

 

(a)  

 

(b)  
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(c)  

Figure 5-2 (a) Corrugated fins and plates, (b) Simplified flow channel model of the CHER with 

unidirectional heat transfer, and (c) Model of thermal circuit  

 

In addition, the current model assumes identical behaviors among all the unit cell layers 

along the vertical direction. The assumption was based on the fact that the CHER design in the 

research can be stacked along the vertical direction to scale up the total capacity of the CHER. 

However, stacking along the in-plane direction (horizontal direction) is prohibited due to the inlet 

and exit flanges (see Figure 5-1). Therefore, variation along the horizontal direction should be 

considered, and thus total control volume array is two-dimensional, i.e., along the flow and in-

plane directions. Figure 5-2(c) presents the model of thermal circuit for unit cell particularly from 

Figure 5-2(b). All conductive heat transfer between plate and fins for both sides were 

considered with this thermal circuit model. 

5.3 System Layout for the simulation 

Figure 5-3 describes the layout of the system to be used to analyze the performance of 

the CHER. For flow and thermal modeling, proper thermal and pressure boundary conditions 
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should be applied. Particularly, the inlet region in front of each gas channel should be modeled 

carefully because the flow resistances of the connecting tube (i.e. Swagelok
©
 adapters) are not 

negligible. The plenums should also be in front of both inlets of the FSM and air side to mimic 

the fuel-steam mixing chamber.  

 

 

Figure 5-3 System layout for simulation of co-flow CHER 

 

Figure 5-4 shows a coordinate system for the model discretization. Flow direction 

represents the y-coordinate. And the x-coordinate shows perpendicular coordinate to the y-

coordinate. The number of channels divided by fins is Nx and each flow channel is divided by Ny 

control volumes along the flow direction for both air and FSM channels as shown in Figure 5-4.  

Connecting tube 

Insulation material 

CHER 

Air inlet Plenum 

FSM inlet Plenum 
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Figure 5-4 Coordinate system for model discretization (y is along the flow direction), Nx=10, 

Ny=30 

 

Figure 5-5 describes more details of each control volume with heat transfer 

mechanisms. Hot air at certain temperature (at air inlet plenum) flows to positive y-direction in 

the upper channels and FSM at certain prescibed temperature (at FSM inlet plenum) flows in 

the lower channels to the same direction, i.e., as a co-flow configuration. 

 

 

(a)  
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(b)  

Figure 5-5 Schematic diagrams of heat transfers in the CHER stack; (a) Heat transfer through 

convection and molecular (channels cross section view) and (b) Heat transfer through 

conduction along flow direction (y-coordinate) 

 

Although Figure 5-5 shows only one layer among all stacks, the repetitive heat transfer 

scheme was considered for the entire heat transfer analyses. The representation of conductive 

heat transfers among all solid structures was skipped due to the lack of space in Figure 5-5(a).  

Table 5-1 summarizes the dimensions of the CHER which are channel pitch, heights of 

both air and FSM channels, and thicknesses of plate and each fin used in the simulation. 

 

Table 5-1 Geometric dimensions of a Control Volume 

Description Size (mm) 

Fin thickness 0.1016 

Plate thickness 1.905 

Channel pitch 8.467 

Air channel height 1.8 

FSM channel height 1.8 
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5.4 System Layout for the experiment 

In simulation-based research, the combustion gas was used as a thermal energy 

source to the CHER as shown in Figure 2-1(b). However, the CHER is heated up to a specified 

design temperature by flowing the hot air through air channels. The air preheater is used to heat 

the air and the gas preheater is used to heat the FSM and the evaporator generates the steam 

to be supplied for the SR process. The experiment was performed by various hot air inlet 

temperatures and SCRs. The specific inlet temperatures of both the air and FSM are controlled 

by an electric cabinet as shown in Figure 5-6 that includes several PID controllers and 

thermocouple panels and the SCR is controlled by the mass flow controller for CH4 and water 

metering pump for water. Water at a constant flow rate is evaporated by the evaporator/steam 

generator. 

 

        

Figure 5-6 (a) Electric cabinet and (b) an inner view of controller units 
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Figure 5-7 The CHER test rig, (a) schematic diagram of the experimental apparatus and (b & c) 

overview of the test rig 

 

Figure 5-7 describes the schematic diagram and experimental apparatus of the CHER 

test rig that is used for the experiment. Although Figure 5-7 does not show a precise thermal 

insulation process for the CHER and all tubes, the outer solid walls of the CHER and all 

connecting tubes were completely insulated with surrounding by the ceramic tape, fiber product 

for an ultra-high temperature (~2600
o
F), and wood. Here, GC represents a gas chromatography 

and T stands for thermocouple. As mentioned earlier, the air, N2, CH4, and steam are supplied 

with the CHER at a constant mass flow rate by using the digital MFCs.  

Nitrogen is used as an inert carrier gas to heat the channels on the reforming side. The 

mass flow rate of the air is set at 1.0 gram per second (g/s) on the air side and the mass flow 

rates of CH4 and H2O are set at 0.04 g/s and 0.09 g/s each on the reforming side to maintain 

the SCR over 2.0. The mass flow rate of CH4 can be calculated by equation(4.1). 

 4

4 2

2

1 CH

CH H O

set H O

M
m m

SCR M
= ⋅ ⋅ɺ ɺ  (4.1) 

, where mɺ is the mass flow rate and M is the molecular weight and SCRset represents the set 

steam to carbon ratio.  
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The temperatures on the inlet and outlet of both the air and reforming side are 

measured by the duplex insulated K-type thermocouples in real time. An appropriate data 

acquisition (DAQ) hardware was chosen for acquiring the electric signals from the 

thermocouples. The reaction products are sampled by a flex-foil gas bag for quantitative 

analysis with Gas Chromatography (GC).  

5.5 Modeling 

5.5.1 Air channels 

Besides the plenums, the inlet of air channels is a small dead volume distributing the air 

to all the channel layers. The temperature and pressure of the dead volume serve as true 

boundary conditions to the air flows through the channels. The properties of the dead volume 

should be found from mass and energy conservation applied to the inlet dead volume. Because 

the flow resistance between the plenum and inlet volume is insulated, inlet temperature is the 

same as that of the plenum. The inlet pressure, _Air inletP , at the air side is determined by the 

following equation. 

 
_ _

_ _

_

Plenum Air Inlet Air

Plenum Air ch Air

ct Air

P P
m

R
ρ

−
=∑ ɺ   (4.2) 

_Plenum Airρ , _Plenum AirP represent the density and pressure of air at the plenum, _ch Airm∑ ɺ is 

total mass flow rate into all the air channels, and _ct AirR is the flow resistance of connecting 

tube between the plenum and inlet volume given as  

 ( ) _ _

_ _ _

_

1

2

Plenum Air ct Air

ct ct Air Plenum Air Inlet Air

ct Air h

L
R f P P

A d

ρ
= −  (4.3) 

where _ct Airf is total friction factor, which is a combination of Darcy’s friction factor [53] for 

laminar flow through the connecting tube and all the other parasitic parameters related to the 

entrance and Swagelok. _ch Airmɺ is found from the flow momentum equation applied to each air 
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flow channel. Neglecting the spatial fluctuation of mass flow rate inside the channel (i.e., 

_ / 0ch Airm y∂ ∂ =ɺ ), the mass flow rate is a function of only time (through the changes in air 

properties). Using the ideal gas law relating density, pressure, and temperature, the momentum 

equation for the air flow along the one-dimensional channel with a hydraulic diameter of hD is 

given by 

 

2

_ _ _

_
32

avg air h ch Air ch Air

ch Air

air y

D A p
m

L

ρ

µ

∆
=ɺ  (4.4) 

If the conduction within the air and viscous heat dissipation are neglected, the transient 

energy equation applied to the air channels is written as 

 
_ _ _ _ _ _

_

ch Air p Air ch Air ch Air ch Air ch Air to air

v Air ch Air Air v

T c R T m T RT q

t c p A y p c

∂ ∂
= − +

∂ ∂

ɺ ɺ
 (4.5) 

where _to airqɺ is the total heat flux input per unit volume of the control volume, and it is given by   

 _ _ _+ to air plate air fin airq q q=ɺ ɺ ɺ  (4.6) 

Here, _plate airqɺ is convection heat transfer from the plate to air, and _fin airqɺ  is convection heat 

transfer from fins to the air channel. To find the heat convection coefficients, airh , the average 

temperature of the air in channel, plate, and fins was used as the reference temperature for the 

air properties (Prandtl number Pr,  heat conduction coefficient kair, and viscosity) used in the 

following equations for Nusselt number [54] of laminar flow,  

 
2

3

0.0668 Re Pr

3.66

1 0.04 Re Pr

h

h

h

h
D

air h
D

air
h

D

D

h D L
Nu

k
D

L

  ⋅ ⋅ 
 = = +
  + ⋅ ⋅  
  

 (4.7) 

Energy equations for plate and fins in the air side can be written as  
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2 2

_ _2 2

plate plate plate

plate v plate plate to plate

T T T
C k q

t x y
ρ

 ∂ ∂ ∂
= + +  ∂ ∂ ∂ 

ɺ  (4.8) 

 

2 2

_ _ _

_ _2 2

fin air fin air fin air

fin v fin fin to fin

T T T
C k q

t x y
ρ

 ∂ ∂ ∂
= + +  ∂ ∂ ∂ 

ɺ
ɶ

 (4.9) 

, where Xk (X =plate and fin) represents the thermal conductivities. _to plateqɺ is a summation of 

1) the convection from the air and FSM to the plate, and 2) the conduction between the plate 

and fins of the air and FSM sides. And, _to finqɺ is the summation of 1) the convection from the air 

to the fin and 2) the conduction between the fin and plate. The expressions for _to plateqɺ  and 

_to finqɺ are given by;  

 _ _ _ _ _

conv conv cond cond

to plate air plate plate FSM fin plate plate finq q q q q= − + −ɺ ɺ ɺ ɺ ɺ  (4.10) 

 _ _ _

conv cond

to fin air fin plate finq q q= +ɺ ɺ ɺ  (4.11) 

where superscripts ‘conv’ and ‘cond’ denote convection and conduction, respectively.  

5.5.2 FSM channels 

Heat energy from the air channels are used for SR reactions in the FSM side.  Figure 

5-5 shows all the heat transport mechanisms including convections and conductions with their 

appropriate directions excluding radiations (The thickness of plates was exaggerated).  

A dynamic model of the CHER FSM channels is developed for CH4 as a primary fuel 

but the model can be applied to other fuels such as JP-A and diesel. General balanced 

equations for SR and WGS reaction are represented by  

 4 2 23CH H O CO H+ ↔ +  (4.12) 

 2 2 2CO H O H CO+ ↔ +  (4.13) 
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The conversion rate of CH4 into H2 by SR at ( , )thi j control volume (index are omitted in the 

following equations for brevity) inside the FSM channels is described by forward reaction 

rate,
4 _ _( )CH SR fin FSMk T , and equilibrium constant for SR reaction, _ _( )P SR fin FSMK T ; 

 2

4 4 4 2

3

_ _

_ _

( )
( )

H CO

CH CH SR fin FSM CH H O
SR

P SR fin FSM

Q Q
n k T Q Q

K T

 
= −  

 
ɺ  (4.14) 

, where ( )iQ i species=  is the activity of the species defined as its partial pressure in bar. The 

conversion rate of CO into H2 by WGS reaction can be found in a similar way using forward 

reaction rate, _ _( )CO WGS fin FSMk T , and equilibrium constant, _ _( )P WGS fin FSMK T ; 

 2 2

2_ _

_ _

( )
( )

H CO

CO CO WGS fin FSM CO H OWGS
P WGS fin FSM

Q Q
n k T Q Q

K T

 
= −  

 
ɺ  (4.15) 

Once the reforming and shifting rates have been determined, the consumption rate of steam 

and the generation rate of CO2 follow the molar stoichiometric ratio described in Eqs. (4.12) and 

(4.13). 

The reaction rates are usually expressed in the unit of moles per second. The Arrhenius 

Equation relates the activation energy, absolute temperature, and the specific rate constant for 

a reaction [60], which is given by 

 
_

4

_

exp ; reaction = CH _SR/CO_WGS
a reaction

reaction reaction

fin FSM

E
k A

RT

 −
=   

 
 (4.16) 

The numerical values of pre-exponential factors used in this simulation are ACH4_SR 

15 1=4.225 10 mol s−× ⋅ for the SR reaction and ACO_WGS 
6 11.955 10 mol s−= × ⋅ for the WGS 

reaction [61]. The activation energies are 
4

1

_ _   240,100 J mola CH SRE −= ⋅ for the SR reaction, 

and 
1

_ _  67,130 J mola CO WGSE −= ⋅  for the WGS reaction [61]. R is the universal gas constant 

in the unit of
1 1 J mol K− −⋅ ⋅ . The equilibrium constants are given by 
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 (4.17) 

 
_

_

_

exp
f WGS
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fin FSM

G
K

RT

 −∆
=   

 
 (4.18) 

, where fG∆ is the change in Gibbs free energy of formation over the given reaction.  

Applying the dynamic mass balance to each molar species inside the FSM channels, a 

set of non-linear dynamic equations for molar concentration of each species at ( , )thi j control 

volume (index are omitted for brevity in the following equations) in the FSM channels can be 

found. For example, for hydrogen and water; 

 2

2 4 2_ _3
H

H in CH CO H outWGSSR

n
n n n n

t

∂
= + + −

∂
ɺ ɺ ɺ ɺ  (4.19) 

 2

2 4 2_ _

H O

H O in CH CO H O outWGSSR

n
n n n n

t

∂
= − − −

∂
ɺ ɺ ɺ ɺ  (4.20) 

Dynamic equations for other species can be found in a similar way. In the above 

equations, _X innɺ  and _X outnɺ  (X=species) correspond to into- and out of the ( , )thi j control 

volume, respectively.  

The thermal dynamics of gas channels considers convective thermal enthalpy exchange 

between the reactants and products associated with SR and WGS reactions, convection with 

the plates, and thermal enthalpy flux along the flow direction;  

 

_ 1

_ _ , _ _ , _

_ _                              

j

ch FSM j j

FSM v FSM X in p X ch FSM X out p X ch FSM

X X

conv conv
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T
n c n c T n c T

t

q q q

−∂    
= −   ∂    

+ + +

∑ ∑⌢ ⌢ ⌢
ɺ ɺ

ɺ ɺ ɺ

 (4.21) 

, where superscript j describes the control volume location along the flow direction (superscript i 

denoting the in-plane direction was omitted for brevity), _conv Plateqɺ is a convection with plate, and 
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MIqɺ is a net thermal enthalpy exchange between the reactants and products due to SR and 

WGS reactions; 
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 (4.22) 

In the above equation, _fin FSMT  is a catalyst-coated fin temperature that is governed by the 

following energy equation; 

 
4

2

_ _

_ _2

_ _ _                            

fin FSM fin FSM
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+ ∆ + +
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ɺ ɺ ɺ

 (4.23) 

, where _ /f SR WGSh∆  are reaction enthalpies. The flux terms in (4.19)~(4.21) are calculated from 

the total molar flux totalnɺ  given by 

 
_ch FSM

total

i i

i

m
n

y M
=
∑
ɺ

ɺ  (4.24) 

, where iy  is the mole fraction of species i. Even if local pressure would vary due to reactions, 

the total mass flow, _ch FSMmɺ  (along the channel) should be conserved, and it is found in a 

similar way to Eq.(4.25), i.e., 
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The average FSM viscosity (for _ _L ch FSMf ) and gas constant ( )FSMρ were evaluated from the 

Chapman-Enskog theory of ideal gas mixture [62] at the center of each reformer channel. Then, 

molar flux of each species i , is written as 

 
_ch FSM

i i total i

i i

i

m
n y n y

y M
= =

∑
ɺ

ɺ ɺ  (4.26) 

5.6 Results 

5.6.1 Simulation 

As indicated in the scope of this research, the focus of simulation is the transient 

characteristics of CHER during the initial phase of Stage 2 described in Figure 2-1(b), when the 

stack and CHER have been already heated up to the specified design temperature, and FSM is 

ready to be fed into the CHER. In addition, the FSM should be at certain elevated temperature 

before it enters the CHER to initiate reforming reaction from the entrance of the CHER. 

SCR is evaluated at the inlet of FSM channels as 

 2

4

H O

CH

n
SCR

n
=
ɺ

ɺ
 (4.27) 

, where molar fluxes of fuel and steam are evaluated by the following equations; 
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 (4.28) 

For example, 
4 2

0.359, 0.641CH H Oy y= = at the inlet result in SCR of 2, while
4

0.31CHy = , 

2
0.69H Oy =  result in SCR of 2.5. 

The total number of the control volumes along the flow direction is 30 (=Ny) for air 

channels, FSM channels, fins, and plate.  In addition, there are a total of 10 channels along the 
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x-direction. The simulation conditions are as follows. Due to the series connection of the main 

HEX and CHER in Figure 2-1, it is assumed that the initial temperature of the CHER is at 500
o
C. 

It is also assumed that the hot air temperature is increased to 600
o
C when FSM at 500

o
C is fed 

into the CHER. The initial SCR is set to 2.5 to avoid carbon coking inside the FSM channels [63]. 

The total pressure drop from the plenum to discharge side is assumed 1,000Pa for both air and 

FSM, and channel length, L=762mm.  

Temperature distributions of both gases and plate are presented in Figure 5-8 after 90 

seconds of simulation. 

 

 

                                 (a)                                                                               (b)  

 

                                 (c)   

Figure 5-8 Temperature distributions in each channel and plate (90 sec.) Tair=600
o
C, 

TFSM=500
o
C, Tinitial=500

o
C, SCR=2.5, ∆P=1,000Pa, L=762mm; (a) Air channel, (b) FSM channel, 

and (c) Plate 

 

The maximum temperature of air is shifted toward the central channel due to the heat loss to 

outer walls on both sides, which exchanges heat with surrounding (natural convection). As soon 
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as FSM enters the channels, both SR and WGS reactions occur inside the channels. Because 

the combined effect of both SR and WGS reactions is endothermic, the FSM temperature 

decreases abruptly at the entrance and recovers due to the heat transfer from the air side. 

The effect of a different operating temperature was investigated by changing the air 

temperature, FSM temperature, and initial CHER temperature by the same amount with keeping 

SCR =2.5, ∆P=1,000Pa, and L=762mm. For example,                                  (c)   

Figure 5-9 presents the temperature distributions of each channel and plate when all 

the initial temperatures are increased by 100
o
C, i.e., air at 700

o
C, FSM at 600

o
C, and initial 

CHER temperature at 600
o
C. The general trend of temperature distribution is similar to that in 

Figure 5-8.   

 

 

                                 (a)                                                                               (b)  

 

                                 (c)   

Figure 5-9 Temperature distributions in each channel and plate (90 sec.) Tair=700
o
C, 

TFSM=600
o
C, Tinitial=600

o
C, SCR=2.5, ∆P=1,000Pa, L=762mm; ; (a) Air channel, (b) FSM 

channel, and (c) Plate 

 

 



82 

 

Figure 5-10 shows the molar fraction of each species in the central FSM channel. The 

temperature legend in the graph is for the inlet air temperature. When the temperatures were 

increased from Tair=600
o
C (TFSM=500

o
C and Tinitial=500

o
C) to Tair=800

o
C (TFSM=700

o
C, 

Tinitial=700
o
C), higher mole fraction of H2 and CO are observed at the exit while mole fractions of 

CH4, H2O and CO2 are reduced. However, the actual mass flow rate of FSM in the central 

channel at steady state (after 90 sec) decreases with temperature as presented in Figure 

5-11(a) due to increased flow resistance (i.e., viscosity) with temperature. The higher mole 

fraction of H2 and CO combined with reduced total FSM mass flow rate results in no significant 

difference in the mass flow rate of H2 at the exit within the range of temperature variations in 

this paper as shown in Figure 5-11(b). In addition, it takes more time to reach the steady state 

at lower temperature due to smaller flow residence time (due to lower flow resistance). 

 

 

                                   (a)                                                                        (b)  
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                                    (c)                                                                        (d)  

 

                                    (e)  

Figure 5-10 Molar fractions of each species with different temperature sets at steady state in the 

central channel, SCR=2.5, ∆P=1,000Pa, L=762mm; (a) CH4, (b) H2O, (c) H2, (d) CO, and (e) 

CO2 

 

The effects of various SCRs (2.0, 2.5, and 3.0) are presented in Figure 5-12~                                  

(e)                                                                        

Figure 5-16 with Tair=700
o
C, TFSM=600

o
C, Tinitial=600

o
C, ∆P=1,000Pa, and L=762mm. The 

temperature of FSM channels is slightly increased with SCR as shown in Figure 5-12 due to 

increased amount of thermal energy carried by the steam. 
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                                  (a)                                                                         (b)  

Figure 5-11 Mass flow rate of FSM and H2 in central channel at different temperature; (a) FSM 

and (b) H2 

 

The molar fractions of each species in the FSM channels are shown in                                  (e)                                                 

Figure 5-13~                                 (e)                                                                                

Figure 5-15 for different SCRs. For example in Figure 5-14, the mole fractions are: 5.44% of 

CH4, 23.50% of H2O, 55.28% of H2, 7.82% of CO, and 7.96% of CO2 at the exit of center 

channel. Results are summarized in                                     (e)                                                                        

Figure 5-16, where lower SCR shows slightly better performance in terms of the molar fraction 

of H2.  
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Figure 5-12 Temperature of FSM at various SCRs in the central channel 

 

 

 

                                 (a)                                                                               (b)  

 

                                 (c)                                                                               (d)  
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                                 (e)                                                                                

Figure 5-13 Molar fraction of each species inside FSM channel (SCR: 2.0, 90 sec.); (a) CH4, (b) 

H2O, (c) H2, (d) CO, and (e) CO2 

 

 

 
                                 (a)                                                                               (b)  

  
                                 (c)                                                                               (d)  

 

                                 (e)                                                                                

Figure 5-14 Molar fraction of each species inside FSM channel (SCR: 2.5, 90 sec.); (a) CH4, (b) 

H2O, (c) H2, (d) CO, and (e) CO2 
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                                 (a)                                                                               (b)  

  

                                 (c)                                                                               (d)  

 

                                 (e)                                                                                

Figure 5-15 Molar fraction of each species inside FSM channel (SCR: 3.0, 90 sec.); (a) CH4, (b) 

H2O, (c) H2, (d) CO, and (e) CO2 
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                                    (a)                                                                       (b)  

 

                                    (c)                                                                       (d)  
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                                    (e)                                                                        

Figure 5-16 Molar fractions of each species at various SCRs in the central channel; (a) CH4, (b) 

H2O, (c) H2, (d) CO, and (e) CO2 

 

Simulations were performed with different pressures at both air and FSM sides at 

SCR=2.5, Tair=700
o
C, TFSM=600

o
C, Tinitial=600

o
C, and L=762mm.                                     (c)                                                 

Figure 5-17 shows the mass flow rate of FSM, H2 and, CO at the center channel. As the 

pressure was increased from 500Pa to 2,000Pa, the mass flow rate of FSM was increased from 

2.32 
1mg s−⋅  to 11.50

1mg s−⋅ . 

 

 

                                    (a)                                                                       (b)  
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                                    (c)                                                                         

Figure 5-17 Mass flow rate of FSM, H2 and CO in central channel with different ∆P; (a) FSM, (b) 

H2, and (c) CO 

 

                                    (a)                                                                       (b)  

Figure 5-18 presents the temperature distributions of the air channels and FSM 

channels. While the air channel temperatures increase with pressure due to more mass flow 

(and thermal energy carried by the air mass flow), FSM channel temperatures decrease with 

pressure due to more active endothermic reactions.    

    

 

                                    (a)                                                                       (b)  

Figure 5-18 Temperature distributions in the central channel at different ∆P; (a) Air and (b) FSM 

 

Figure 5-19 presents the mass flow rate of H2 in the central channel and temperatures 

of FSM and catalyst-coated fins at the outlet for different CHER channel lengths at SCR=2.5, 

Tair=700
o
C, TFSM=600

o
C, Tinitial=600

o
C, and ∆P=1,000Pa. Longer CHER length results in smaller 

air mass flow rate and also smaller FSM flow rate. The smaller air flow rate means reduced 

thermal energy supply rate to the FSM channels, which in turn slows down the endothermic 

reforming reaction. 
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Figure 5-19 Mass flow rate of H2 in central channel & temperatures of FSM and catalytic fin at 

outlet with different channel lengths 

 

Figure 5-19(a) shows the reduced H2 flow rate at a longer channel length. Total 

reforming reaction decreases and mass flow rate of H2 decreases with increasing length. There 

is a correlation between the reduced heat input from air side to FSM side and reduced 

reforming rate (less heat supply from FSM to catalytic fins). The net combined effect of the 

reduced heat input and reduced reforming rate (less endothermic) results in the increased FSM 

temperature with increasing length. In other words, the heat exchange rate due to reforming 

reaction between FSM and fins is significantly dominant compared to the heat transfer from the 

air side to FSM side. As shown in Figure 5-19(b), there is no distinct difference about the 

temperature of fins with various CHER lengths.  

CHER was also characterized with different flow directions. All the previous simulations 

were performed with co-flow configuration. 
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                                    (a)                                                                       (b)  

 

                                    (c)                                                                       (d)  

Figure 5-20 Temperatures and chemical compositions with different flow directions; (a) FSM, (b) 

Fin, (c) CH4 & H2O, and (d) H2 & CO 

 

                                    (c)                                                                       (d)  

Figure 5-20 compares the simulation results at the outlet of the center channel for the 

co- and counter-flow configurations at SCR = 2.5 Tair=700
o
C, TFSM=600

o
C, Tinitial=600

o
C, 

∆P=1,000Pa, and L=762mm. Molar fractions of H2 and CO (not shown) and FSM channel 

temperatures (                                    (c)                                                                       (d)  
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Figure 5-20a) were almost non-distinguishable between the co-flow and counter-flow 

configurations. However, counter-flow configuration allows the fin temperature slightly higher 

(                                    (c)                                                                       (d)  

Figure 5-20b), and H2 and CO yields are also higher with the counter-flow configuration 

(                                    (c)                                                                       (d)  

Figure 5-20d). 

5.6.2 Equilibrium calculation of the molar fraction of each species due to the SR and WGS 

reactions 

As mentioned in section 5.5, the chemical reactions such as the SR and WGS reactions 

are simultaneously considered in the CHER. The reference [64] presents a theoretical 

explanation of the processes about the chemical equilibrium calculation for both reactions. 

When two independent reactions such as the SR and WGS reactions proceed at the same time, 

a separate reaction coordinate applies to each reaction. Table 5-2 shows the stoichiometric 

coefficients of each species due to the SR and WGS reactions. 

 

Table 5-2 Stoichiometric coefficients of each species due to the SR and WGS reactions 

i= CH4 H2O CO CO2 H2  

j      vj 

1 -1 -1 1 0 3 2 

2 0 -1 -1 1 1 0 

 

For example, if there are present initially 1 mole CH4 and 2 moles H2O, the expressions 

for the molar fraction of each species can be determined by the following equations;  
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−
= =

+ + + +

 (4.29) 
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Here, y is the molar fraction and ε is the reaction coordinate. To find the reaction coordinate for 

each reaction, the equilibrium constant, K can be calculated by both the standard Gibbs energy 

and the ratio of molar fraction between reactants and products as shown in Eq.(4.30);  

 ( )exp iv

i

i

G
K y

RT

−∆ = = 
 

∏  (4.30) 

, where ∆G is the change of Gibbs energy between the reactants and products and iv is the 

stoichiometric coefficient of species i.  

The equilibrium constants for each reaction become Eq.(4.31) and (4.32). 
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3 2 3 2
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ε ε ε
ε ε

ε ε ε ε
ε ε

  +
  + +   =
  − − −
  + +  

 (4.32) 

One simultaneous equation that includes two unknown reaction coordinates for each reaction 

can be generated by the Eq.(4.30). Generated Eqs.(4.31) and (4.32) can be solved by the 

Newton-Raphson method [55].                                     (a)                                                 

(b)  

Figure 5-21 shows the molar fraction of each species varying with temperature from both the 

SR and WGS reactions. 

 



95 

 

 

                                    (a)                                                                       (b)  

Figure 5-21 Theoretic molar fraction of each species from the SR and WGS reaction; (a) with 

steam and (b) without steam 

5.6.3 Experiment 

In the experiment, the measurement of mass flow rates of methane was performed by a 

digital MFC and the mass flow rate of steam is controlled by a metering pump for water. And the 

set SCR is directly calculated by the following equation; 

 2 4

2 4

H O CH

set

H O CH

m M
SCR

M m
= ⋅
ɺ

ɺ
 (4.33) 

5.6.3.1 Temperature effect for the molar fraction of each species 

The initial temperature of the CHER is set to the room temperature of laboratory, 20
o
C 

and the initial SCR is set to 2.5 to avoid carbon coking inside the FSM channels. Based on the 

modeling methods as mentioned earlier, several simulations were conducted at three air inlet 

temperatures (550
o
C, 600

o
C, and 650

o
C) and three SCRs (1.5, 2.0, and 2.5). In total six cases 

were experimented with the CHER in the developed test rig under the same simulational 

operating conditions. The air inlet temperature was varied from 550
o
C to 650

o
C by 50

o
C over 

the SCR range of 1.5~2.5 to determine the optimal inlet air temperature and SCR and to be 

compared with the simulational results. The experimental results about the effect of the air inlet 
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temperature come with the fixed other conditions such as the constant FSM inlet temperature 

(200
o
C), SCR (2.0), and mass flow rates for both sides.  

Figure 5-22 shows a comparative result of the molar fraction of each species among three 

cases such as the equilibrium calculations in                                     (a)                                                 

(b)  

Figure 5-21(b), the simulational results based on the aforementioned modeling method, 

and the experimental results at various operating temperatures. The molar fractions of each 

species for each case were closely analogous to one another. This indicates that a sufficient 

heat energy from the hot air supplies to the CHER to promote the SR reactions actively in the 

experiment. 

 

Figure 5-22 Comparison of molar fraction for each species among the experiment, equilibrium 

calculation, and simulation with the temperature variation 

 

The developed simulational model for this type of CHER in the previous research [65] was well 

validated by the experiment. In addition, the equilibrium calculation with the reaction coordinates 

also validates the properness of both the developed model and experiment. With increasing the 
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CHER air inlet temperature, the molar fraction of H2 increased from 49.76% to 67.66%. As 

shown in Figure 5-22, the molar fraction of the steam was not considered from the analysis with 

the GC because the GC in the laboratory does not have a function to detect the amount of the 

steam. This result was predictable to some extent because the SR reaction is the endothermic 

reaction such that the hotter inlet air conveys more thermal energy into the CHER for more 

active SR reaction. However, the WGS reaction rate has a certain limit with increasing the 

operating temperature as shown in Figure 5-23. Based on this experimental observation, the 

CHER inlet temperature of 650
o
C was chosen to perform the CHER test with various SCRs. 

 

 

Figure 5-23 Reaction coordinates for the SR and WGS reaction with various temperatures and 

SCRs 

 

5.6.3.2 SCR effect for the molar fraction of each species 

Carbon formation on the catalyst surface is a major problem in the methane SR process. 

Due to the carbon formation, side reactions such as methane cracking may occur at the catalyst 

surface leading to carbon deposition in different forms. The formed carbon can encapsulate the 

catalyst surface or diffuse inside the catalyst pellet and causes the reduction of catalyst activity. 

In order to decrease the risk of carbon formation, industrial steam reformers are fed with gas 
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streams with a SCR over about 3.0 because a large excess of steam is favorable for both low 

methane and low carbon monoxide. But, important economical benefits would be obtained if a 

lower SCR, typically below 2.5, can be used because low SCRs in hydrogen plants can reduce 

the mass flow rate through the plant and the reduced size of equipment can therefore save the 

production cost for the plants. Building the hydrogen plant with the low SCRs is generally 

applied for the SR facilities. In this context, the SCR less than equal to 2.5 was chosen to 

experiment and simulate the CHER with various the SCRs. 

Five experiments for each specific SCR were performed to increase the accuracy of an 

experiment. As mentioned earlier, the CHER inlet temperature, 650
o
C was chosen to perform 

the CHER test with various SCRs. Table 5-3 presents all numerical values and average values 

of the molar fraction of each species for each SCR. 

 

Table 5-3 Experimental results with various SCRs 

 Test 1 Test 2 Test 3 

SCR SCR SCR 

1.5 2.0 2.5 1.5 2.0 2.5 1.5 2.0 2.5 

CH4 0.2650 0.2250 0.1936 0.2575 0.2408 0.2081 0.3074 0.2181 0.2008 

H2 0.6068 0.6443 0.6486 0.6254 0.6402 0.6917 0.5717 0.6582 0.6881 

CO 0.0358 0.0388 0.0367 0.0368 0.0218 0.0199 0.0334 0.0317 0.0246 

CO2 0.0924 0.0918 0.1211 0.0803 0.0971 0.0803 0.0875 0.0920 0.0864 

 Test 4 Test 5  

SCR SCR  

1.5 2.0 2.5 1.5 2.0 2.5    

CH4 0.3095 0.2059 0.2084 0.2942 0.2155 0.2101    

H2 0.5637 0.6737 0.6798 0.5867 0.6630 0.6747    

CO 0.0357 0.0332 0.0199 0.0302 0.0360 0.0201    

CO2 0.0911 0.0871 0.0920 0.0889 0.0855 0.0951    

 

Average data 

 1.5 2.0 2.5 
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CH4 0.286708 0.221070 0.204188 

H2 0.590868 0.655898 0.676574 

CO 0.034384 0.032312 0.024244 

CO2 0.088036 0.090722 0.094996 

 

 

Figure 5-24 Comparison of molar fraction for each species among the experiment, case study, 

and simulation with the SCR variation 

 

Figure 5-24 shows the comparative results with changing the SCR on the inlet gas 

composition of the CHER from the experiment, equilibrium calculation, and developed 

simulation model. Figure 5-24 demonstrates the acceptable agreement between the developed 

simulation model and experimental results: the developed module for the commercial CHER is 

individually validated against experimental data and chemical equilibrium calculations. At high 

SCRs, the CHER produced more H2 for all cases due to more SR reaction with CH4 and WGS 

reaction as shown in Figure 5-23, while the molar fraction of CO2 has no distinct difference 

(~3%) from each case. In other words, the H2 production rate is not quite dependent on the 

WGS reaction because the WGS reaction is not most favorable at the temperature, 650
o
C. 
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5.6.3.3 Verification of thermal dynamics of the CHER 

To validate the thermal dynamics of the simulation of the CHER with the experiment for 

the heat exchanging process inside the CHER, several temperatures were measured at four 

different locations such as both the inlets and outlets of the air and FSM. All operating 

conditions such as the SCR, temperatures, mass flow rates, and CHER length were maintained 

at a constant level between the experiment and simulation.  

 

 

Figure 5-25 Comparison of measured temperature with the simulation, where arrows show the 

flow direction of both the hot air and FSM 

 

Figure 5-25 presents the comparative results between the measured temperature and 

simulated temperature at both the inlet and outlet of the air and FSM. When the hot air at 650
o
C 

flows through the channels, both temperatures of the air at the outlet were 451.685
o
C from the 

measurement and 444.754 
o
C from the simulation. In the experiment, the FSM at 210.01

o
C 

travels through the channels, the outlet temperature of the FSM was 419.722
o
C. In the 



101 

 

simulation, the temperature of the FSM at inlet was 178.742
o
C and that of the FSM at outlet 

was 377.025
o
C. 

The thermal dynamics of the hot air side matched each other very well such that there 

was only about 7
o
C difference at the outlet between the experiment and simulation. For the 

FSM side, there exists relatively large temperature differences (30~40
o
C) on both sides 

between the measurement and simulation. The presumable reason for this phenomenon is that 

the inlet temperature of the FSM instantaneously decreases due to the immediate endothermic 

SR reaction in spite of fixing the initial boundary condition for the FSM inlet to 200
o
C in the 

simulation. However, controlling the FSM inlet temperature over 200
o
C in the experiment was 

possible by using the PID controller installed in the electric cabinet. Consequently, the outlet 

temperature of the FSM of the simulation was also smaller than that of the experiment while the 

same amount of thermal energy was transferred to the reforming channel from the hot air side. 
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Chapter  6  

SOFC Electric Power Generation Mode 

6.1 Modeling 

Except an electric circuit modeling, the method for all theoretic equations and 

discretization are the same with the SOFC start-up process and CHER reforming process. For 

the reference of modeling method, read the contents as described in section 2.3 of Chapter 2 

and section 4.4 of Chapter 4. 

6.1.1 Resistivity 

An electric resistivity (ρ), which is a reciprocal quantity of an electric conductivity (σ), is 

a measure of how strongly a material opposes the flow of electric current. The unit of resistivity 

is normally Ω�m in SI unit. Conductivity is generally a temperature dependent property. In this 

module, conductivities of each component are as functions of temperature, and can be 

evaluated by the following equations;  

 

4690

. . 7.962 T
s s eσ

−
=  (5.1) 

 

1392

43.35 10 T
anode eσ

−
= ×  (5.2) 

 

500

41.23 10 T
cathode eσ

−
= ×  (5.3) 

 

10300

3 51/ 3.685 10 2.838 10 T
electrolyte eσ − − 

= × + × 
 

 (5.4) 

, where σ is electric conductivity and s.s. stands for stainless steel for interconnector. 

6.1.2 Contact and Ionic Resistances 

Contact resistances, R′′ between self supporting ceramic elements cannot be avoided 

and losses due to contact resistance between the cells and interconnectors have been reported 

[66]. The contact resistance can be divided into two main contributions. The small area of 
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contact between ceramic components results in a resistance due to the current constriction. 

Resistive phases or potential barriers at the interface result in an interface contribution to the 

contact resistance, which may be smaller or larger than the constriction resistance. The contact 

resistance of the investigated materials was dominated by current constriction at high 

temperatures [67]. The numerical values of contact resistances of each component are listed in 

Table 6-1.  

 

Table 6-1 Contact Resistances of each component in SOFC 

Components Unit (Ω�cm
2
) 

Interconnector–GDLa 0.14 

Interconnector–GDLc 0.14 

GDLa–anode 0.5 

GDLc–cathode 0.5 

Anode-electrolyte 0.25 

Cathode-electrolyte 0.25 

 

The physical mechanism of ionic conductivity (σionic), which is reciprocal with ionic 

resistivity, is a diffusivity of hopping ions. Diffusivity is defined as  

 
/ 2

0 [ / ]aG RT
D D e m s

−∆=  (5.5) 

where ∆Ga is the activation barrier (50~120 kJ/mol) for hopping process. And, for instance, D0 is 

1e-11 m
2
/s for ceramic electrolyte (700~1000

o
C). Ionic resistance Rionic for MEA can be 

represented by the following equation;  

 

''

, , , ,

, , ,

[ ]

                  

contact
ionic MEA anode ionic electrolyte ionic cathode ionic

contact

t t

anode electrolyte electrolyte cathode electrolyte

anode ionic electrolyte ionic cathode ionic

R
R R R R

A

t t t

A A A

ε ε

σ σ σ

Ω = + + +

= + + +
''

contact

contact

R

A

 (5.6) 
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, where Xt is thickness of each component (X=anode, electrolyte, and cathode), ε
t
 is the partial 

thickness where the effective reaction plane is defined and it is typically assumed 0.5. In 

addition, A is the overall active area, and Acontact is the contact area. Land ratio landε  is defined 

as equation(5.7); 

 contact contact
land

contact channel

A A

A A A
ε = =

+
 (5.7) 

6.1.3 Reversible voltage 

The following equation shows a general chemical reaction, where A, B are reactants, M, 

N are products, and a, b, m, n are mole numbers of each chemical component. 

 aA bB mM nN+ +�  (5.8) 

From this equation, Gibbs’ free energy change can be represented such as equation(5.9); 

 
0 ln

m n

M N

a b

A B

a a
G G RT

a a
∆ = ∆ +  (5.9) 

Equation (5.9) is Van’t Hoff isotherm equation, which is a function of activities of reactants and 

products. And, there is a correlation between Gibbs’ free energy and reversible cell voltage like 

equation(5.10). 

 G nFE∆ = −  (5.10) 

By combining (5.9) and(5.10), reversible voltage can be represented as a function of activities of 

chemicals; 

 
0 ln

m n

M N

a b

A B

a aRT
E E

nF a a
= −  (5.11) 

This important equation (5.11) is called the Nernst equation that considers reversible 

electrochemical voltage change as a function of concentration, partial pressure, etc. 
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6.1.4 Activation loss and Ohmic loss 

When current is drawn, the Fermi level inside the cathode is increased pumping 

electron out of the electrode, resulting in net reduction reaction. While, Fermi level inside the 

anode is decreased drawing electrons from electrolyte, resulting in net oxidation reaction. As 

anode potential increases (Fermi level decreases) and cathode potential decreases (Fermi level 

increases), resultant cell voltage (=cathode potential-anode potential) is decreased. The amount 

of “cell voltage drop” is regarded as voltage loss compared to OCV (Nernst reversible potential). 

This voltage loss is called activation loss, ηact.  

Many fuel cell books explain the activation loss in detail. In this simulation, the Butler-

Volmer (B-V) equation [33] and Tafel’s electrochemical kinetics [68] relating the rate of an 

electrochemical reaction to the overpotential were applied for the calculation of activation loss. 

Firstly, if oxidation reaction (at anode) is given as forward reference reaction, the corresponding 

B-V equation is given by 

 0

(1 )
exp exp     with >0act act

act

u u

n F n F
i i

R T R T

α η α η
η

    −
= − −    

    
 (5.12) 

, where i0 is exchange current density, and α is transfer coefficient. In most cases, a more 

important engineering factor that determines fuel cell performance is the exchange current 

density i0
 
rather than α. Usually α=0.5 is accepted in most cases.  Secondly, if ηact is greater 

than 0.05V at near room temperature, the second terms can be neglected in the B-V equation. 

Therefore, at anode;  

 
,

0, ,

0,

exp  or ln
a a a a u

a a a a

u a a a

n F R T i
i i

R T n F i

α η
η

α
 

= = 
 

 (5.13) 

at cathode; 

 
,

0, ,

0,

exp  or ln
c c a c u

c c a c

u c c c

n F R T i
i i

R T n F i

α η
η

α
 

= − = − 
 

 (5.14) 

These equations are called Tafel’s equation. By combining both activation losses;  
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0, 0,

ln lnu u
act a c

a a a c c c

R T R Ti i

n F i n F i
η η η

α α
= − = +  (5.15) 

Experimentally measured exchange current densities at both electrodes using concentration of 

species participating in the reactions can be found as [18]; 

2 2

0.5

0,

0, exp
H H O a a

a anode

ref ref u

p p E
i

p p R T
γ

−
   

= −       
 , where γanode= 5.7e6 A/cm

2
, 

0,a aE =140,000kJ/kmol

 

2

0.25

0,

0, exp
O a c

c cathode

ref

p E
i

p RT
γ

   
= −       

 , where γcathode =7e5 A/cm
2
,

0,a cE =160,000kJ/kmol 

The loss due to the transfer of charge is the friction loss. Because the medium which 

charge transfers has an intrinsic resistivity, the voltage loss always exists during the transfer 

process. This voltage loss follows the Ohmic law; it is called ohmic loss (ηohmic).  

 ohmic ohmici Rη = ⋅  (5.16) 

In this simulation, the ohmic contact resistance, Rohmic is being updated corresponding to the 

calculation at each time step. And, the electric circuit model in the next section contains all 

resistance and resistivity in all the equations for the calculation of ohmic loss.  

6.2 Electric circuit modeling 

When the total stack current is specified, actual current density distribution across the 

stack depends on local hydrogen and oxygen concentrations (through activation loss, etc.) and 

the electric resistance network inside the ribs and MEAs that in turn depends on their local 

temperatures.  

Figure 6-1 shows the schematic of single planar SOFC stack, the names of each 

component, and locations for nodal voltage calculation. Although Figure 6-1 represents single 

stack, repetitive structure can be achieved by stacking with bipolar plate or interconnector as 

shown in Figure 3-1. 
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Figure 6-1 The names of each component and the nodal point in a planar SOFC stack 

 

Figure 6-2 shows the electric circuit network with nodal voltages located in every bi-

polar plates, ribs, and MEAs. ,

X

i jV
⌢

 (X= A, C, k, RibA, MEAA, RibC, MEAC, FLA, and FLC) 

represents voltages in each nodal point. For example, ,

k

i jV is the voltage of bipolar plate (k is 

index for stack layer, k=1~NFC-1).  If we assume each stack layer has the same characteristics, 

,

X

i jV
⌢

 are all the same along the vertical directions.  
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Figure 6-2 Cross section view of equivalent electrical circuit; i is flow direction, j is in-plane 

direction, and k=1~NFC-1 

 

Kirchhoff’s current law (KCL) can be applied to each nodal point and they are 

summarized in Table 6-2 with k=NFC-1.  
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Table 6-2 KCL Equations for nodal points 

Nodal 
point 

KCL equation 

,

A

i jV  
 

( ) ( )

( ) ( )

_
, 1 , 1, ,, ,

_

, , ,

, , 1 , 1,

, ,

A A A AA rib A
i j i j i j i ji j i j

A A rib A

i j i j i j

A A A A

i j i j i j i j

A A

i j i j

y V V x V VV V

R RC R

y V V x V V

R R

+ −

− +

∆ − ∆ −−
+ +

∆ − ∆ −
= +

⌢

 (5.17)

  

,

C

i jV  
 

( ) ( )

( ) ( )

_
, 1 , 1, ,, ,

_

, , ,

, , 1 , 1,

, ,

C C C CC rib C
i j i j i j i ji j i j

C C rib C

i j i j i j

C C C C

i j i j i j i j

C C

i j i j

y V V x V VV V

R RC R

y V V x V V

R R

+ −

− +

∆ − ∆ −−
+ +

∆ − ∆ −
= +

⌢

 (5.18)

  

,

An

i jV   

( )

( )

_
1, , 1,, ,

_

, ,

_
, 1 , , 1 , ,

_

, ,

2

2
0

An An Anelec A An
i j i j i ji j i j

An elec An

i j i j

An An An A rib An
i j i j i j i j i j

An GDL An

i j i j

x V V VV V

RC R

y V V V V V

R RC

+ −

+ −

∆ − +−
+ +

∆ − + −
+ =

 (5.19) 

,

Cat

i jV   

( )

( )

_
1, , 1,, ,

_

, ,

_
, 1 , , 1 , ,

_

, ,

2

2
0

Cat Cat Catelec C Cat
i j i j i ji j i j

Cat elec Cat

i j i j

Cat Cat Cat C rib Cat
i j i j i j i j i j

Cat GDL Cat

i j i j

x V V VV V

RC R

y V V V V V

R RC

+ −

+ −

∆ − +−
+

∆ − + −
+ + =

 (5.20) 

,

k

i jV   

( ) ( )

( ) ( )

_
, 1 , 1, ,, ,

_

, , ,

_
, , 1 , 1, , ,

_

, , ,

k k k kA rib k
i j i j i j i ji j i j

k A rib k

i j i j i j

k k k k k C rib
i j i j i j i j i j i j

k k C rib

i j i j i j

y V V x V VV V

R RC R

y V V x V V V V

R R RC

+ −

− +

∆ − ∆ −−
+ +

∆ − ∆ − −
= + +

⌢

⌢  (5.21) 

_

,

A rib

i jV
⌢

  

( )

( )

_ _ __
, 1 , , 1, ,

_ _ _

, ,

_ _ _ _
1, , 1, , ,

_ _ _

, ,

2

2
0

A rib A rib A ribAn A rib
i j i j i ji j i j

An A rib A rib

i j i j

A rib A rib A rib k A rib
i j i j i j i j i j

A rib k A rib

i j i j

y V V VV V

RC R

x V V V V V

R RC

+ −

+ −

∆ − +−
+

∆ − + −
+ + =

⌢

 (5.22) 
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_

,

C rib

i jV
⌢

  

( )

( )

_ _ __
, 1 , , 1, ,

_ _ _

, ,

_ _ _ _
1, , 1, , ,

_ _ _

, ,

2

2
0

C rib C rib C ribCat C rib
i j i j i ji j i j

Cat C rib C rib

i j i j
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i j i j i j i j i j
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R RC
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+ −

∆ − +−
+

∆ − + −
+ + =

⌢

 (5.23) 

_

,

C MEA

i jV
⌢
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_

, ,

2

2
0
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i j i j

C elec C elec C elec A elec C elec
i j i j i j i j i j
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 (5.24) 

_

,

A MEA

i jV
⌢

 
 

( )

( )

_ _ __
, 1 , , 1, ,

_ _ _

, ,

_ _ _ _ _
1, , 1, , ,

_

, ,

2

2
0

A elec A elec A elecAn A elec
i j i j i ji j i j

An A elec A elec
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A elec A elec A elec C elec A elec
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y V V VV V
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+
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⌢

 (5.25) 

 

All boundary nodes should be slightly modified to accommodate non-existent nodes. 

Solutions for all unknowns’ nodal voltages and local current densities can be found by solving 

all of these equations using the Gauss-Seidal iteration method, which is a well-known standard 

numerical method to solve highly non-linear multiple algebraic equations. Electronic resistances 

for bipolar plates (
/

,

A C

i jR ) and ribs (
/ _

,

A C Rib

i jR ) will be evaluated at a local temperature of these 

elements. ,

Ionic

i jR in (5.24)~(5.25) corresponds to summation of reciprocal of ionic conductance of 

YSZ and equivalent resistance from activation loss at both the anode and cathode surface. 

/ _

,

C A MEA

i jR corresponds to the electronic resistance of the catalyst layer. Once all the nodal 

voltages are found, local current density can be found as ( )_ _

, , , ,/C MEA A MEA Ionic

i j i j i j i ji V V R= −
⌢ ⌢

.  

6.3 Thermal Dynamics of SOFC 

Thermal dynamics of stacks follows a similar approach to compact heat exchanger 

reformer (CHER) except the heat of SR/WGS reaction, the heat of electrochemical oxidation of 
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hydrogen, and electrical power are included in the energy equation for membrane electrode 

assembly (MEA). The heat of SR/WGS reactions in the (i, j)
th
 MEA element is; 

 
( )
( )

4 4 2 2

2 2 2

, _ _ , _ , _ , _ , _ , ,

_ , _ , _ , _ , _ , ,WGS

( ) ( ) ( ) 3 ( ) /

( ) ( ) ( ) ( ) /

A MEA MEA MEA MEA MEA

i j SR WGS CH i j f CH i j f H O i j f CO i j f H O i j i j
SR

A MEA MEA MEA MEA MEA

CO i j f CO i j f H O i j f CO i j f H i j i j

q n h T h T h T h T V

n h T h T h T h T V

+ = + − −

+ + − −

ɺ ɺ

ɺ

 (5.26) 

The heat of electrochemical oxidation of hydrogen in the (i,j)
th
 MEA element and local 

electric work determined from Nernst open circuit potential minus activation and Ohmic losses 

is; 

 

2 2 2

, , ,

, _ _ , _ , _ ,

,

, _

, _

,

1
( ) ( ) ( ) ;

2 4 2

i j i j i jA C MEA

i j ELC f H i j f O i j f H O i jMEA

i j

i j FC

i j FC MEA

i j

i i i
q h T h T h T

V F F F

W
w

V

 
= + − 

 

=

ɺ

ɺ
ɺ

 (5.27) 

Molecular interaction (MI) between MEA and anode channels due to the thermal 

enthalpy exchange of reacting gases can be interpreted as heat exchange mechanism similar to 

convection. There is hydrogen and water exchange due to the oxidation of hydrogen; 

 

( )

( )
( )

2 2

4 2 4 2

2 2 2

,

, _ _ _ , _ ,

,

_ , _ , _ , _ , _ , ,

_ , _ , _ , _ , _ , ,WGS

1

2

3 /

/

i jMEA A

i j MI A p H O i j p H i j A

i j

A MEA MEA A A A

CH i j p CO i j p H i j p CH i j p H O i j i j
SR

A MEA MEA A A A

CO i j p CO i j p H i j p CO i j p H O i j i j

i
q c T c T

F V

n c T c T c T c T V

n c T c T c T c T V

= −

+ + − −

+ + − −

ɺ

ɺ

ɺ

 (5.28) 

Molecular interaction between MEA and cathode channels is a pure loss of thermal 

enthalpy of oxygen from the cathode channels, and it is given by 

 
2

,

, _ _ _ ,

,

1

4

i jC

i j MI C p O i j C

i j

i
q c T

F V
= −ɺ  (5.29) 

It is noteworthy that (5.28) and (5.29) are heat transfer terms replacing convection between 

MEA and anode/cathode channels while (5.27) is the heat of reactions involved with 

electrochemical oxidation of hydrogen at MEA.  
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The conductive heat transfer schematic between the rib and connecting plate is as 

shown in Figure 6-3. 

 

Figure 6-3 Conductive heat transfer schematic between the rib and plate 

 

The conductive heat flux between the rib and plate is given by 

 
/ 2 / 2cond

c

rib rib conn conn

T
q

H x

k t y k t y

∆
=

∆
+

∆ ∆

ɺ  (5.30) 

, where condqɺ  is the conductive heat transfer rate between two nodal points of the rib and plate 

respectively, T∆ is the temperature difference between two nodal points, cH is the height of 

cathode channel, and k and t are the thermal conductivity and thickness of each component. In 

addition, these two assumptions are performed by equation (5.31) 

 , 
2 2 2 2 2 2

finh conn h
tH t H x x∆ ∆ ∆ ∆

+ ≈ + ≈  (5.31) 
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The thermal dynamics equations for stacks consider convection between bipolar 

plate/ribs and anode/cathode channels, molecular interactions between MEA and 

anode/cathode channels (i.e., convections), heat conduction within solid structures, and local 

electric works, and they are summarized in Table 6-3. 

 

Table 6-3 Equations for thermal dynamics of stack 

 

,

_ , _ , _ _ , _ _ , _ _ , _ _

_ _ , _ 1, _ _ , _ ,                               

A

i jA

X i j v X i j MI A i j MEA A i j Plate A i j RibA A
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A A A A
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T
n c q q q q

t

n c T n c T−

∂ 
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+ −   
   

∑

∑ ∑

ɺ ɺ ɺ ɺ

ɺ ɺ

 (5.32) 

 

,
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C
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 (5.33) 
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, _

_ , _ _ , _ _ , _ _ , _ _

2 2

, _ , _

2 2
                               

i j Plate

Plate v Plate i j Plate A i j Plate C i j RibA Plate i j RibC Plate

i j Plate i j Plate

Plate

T
C q q q q

t

d T d T
k

dx dy

ρ
∂

= − − + +
∂

 
+ +  

 

ɺ ɺ ɺ ɺ

ɶ ɶ

 (5.35) 
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 (5.36) 

 

6.4 Case studies 

A case study is performed to explore the researches about the planar type of SOFC 

and compare those results with my simulational result. Li et al. [69]  provide a simulational tool 

for researchers to conduct parametric studies of the SOFC. The three types of over-potentials 
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caused by different polarizations in a planar type solid oxide fuel cell was identified and 

compared. Aguiar et al. [70] present a mathematical modeling method that is an efficient 

analyzing tool for the design of the SOFC. From both researches, the electrochemical 

performances of the SOFC are analyzed at several temperatures by means of the voltage 

versus relatively high current density curves. In other words, the steady-state performance of 

the SOFC with various operating conditions such as air and fuel utilization factors, temperatures, 

and flow configurations are studied. Jung et al. [71] develop the SOFC with various materials for 

electrodes, and tested the SOFC assembly to investigate for the most desirable material for low 

polarization losses of the unit-cell performance. The most important part for the performance 

was reducing the Ohmic and polarization resistance of the cathode. The cell voltages as a 

function of the current density at 1073K are as shown in Figure 6-4. 

 

Figure 6-4 Cell voltage as a function of current density at 1073K 

 

6.5 Results 

In this research, the performances of SOFC stack were investigated with varying 

current densities. 20 cm by 20 cm cells were designed for 1kW power output and each cell was 
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connected by using stainless steels as interconnectors at certain operating temperature (800
o
C). 

As seen in Figure 6-5, I-V characteristic curve (current density vs. voltage) of the SOFC stacks 

was investigated by the aforementioned modeling methods in previous sections and using 

reformate gases from the CHER as fuels.   

 

 

Figure 6-5 I-V characteristic curves comparison 

 

During the electrochemical process, a layer is formed near the surface of the electrolyte, 

whereby the solution immediately adjacent to the electrolyte surface becomes depleted in the 

permeating solute on the feed side of the electrolyte, and its concentration is lower than that in 

the bulk fluid. On the other hand, the concentration of the non-permeating component increases 

at the electrolyte surface. A concentration gradient is formed in the fluid adjacent to the 

electrolyte surface. This phenomenon is known as concentration polarization and it serves to 

reduce the permeating component's concentration difference across the electrolyte, thereby 

lowering its flux. In the developed SOFC power generation module, the concentration 

loss/polarization is not considered. Normally, the cell is unstable because a cell showed a large 
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concentration polarization at a high applied current density. In that context, the voltages at the 

high current density in this research shows a relatively higher voltage compared to other 

researches. Although the concentration polarization is not considered in this analysis for the 

simplicity, the effects may be neglected without causing any substantial errors. Therefore, it can 

be concluded that the developed power generation module is applicable for the integrated 

SOFC system.  

 

 

Figure 6-6 Cell voltage distribution in a planar SOFC at 0.5A/cm
2 

 

The electrical potential distribution in the designed planar SOFC at a specific current 

density is depicted in Figure 6-6. Any result can be obtained for other physical characteristics in 

the model such as temperature, current density distribution, molar concentration distribution, etc.  
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(a)  

 

(b)  

Figure 6-7 Molar fraction in the channels of H2 and CO; (a) Molar fraction of H2 and (b) Molar 

fraction of CO 
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As shown in Figure 6-7, the cell voltage distribution is related to the molar fraction of both H2 

and CO in the channels. In particular, the electrical potential in unit cell is normally tailored for 

the compositions of chemical species.  
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Chapter  7  

Integration of each sub-module 

A system is a group of interacting components that collaborate to achieve certain 

common purpose. Any type of energy system requires an efficient, reliable, and safe function. 

The design of a fuel cell system involves many trade-off options to optimize the fuel cell section 

with regard to an efficiency or economics or environment. It also considers minimizing the cost 

of producing electricity within the limitations of the desired application. For most applications, 

the proper arrangements among each component should be integrated into an efficient system 

with a low cost and a high efficiency. Often, these purposes are controversial; therefore, the 

system needs a precise design process and an appropriate design decision must be made. In 

addition, system performances should be met with each sub-component such as the SOFC 

stack, reformer (for an efficient fuel processing), HEX and afterburner (for the exhaust heat 

process to increase the system efficiency).  

 

 

Figure 7-1 Schematic of the integrated SOFC system module
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Figure 7-1 shows the schematic of the integrated SOFC system module. After 

completing developments of each sub, they were integrated into one module. The modeling 

method that comprises the integrated SOFC system is explained. The performance and 

endurance of the integrated SOFC system can be improved by operating at the most efficient 

operating range. 

The objectives of this research are to develop a computational model of the SOFC 

system described in Figure 2-1 and to provide useful fundamental design guideline of HEX, 

reformer, compressor, etc. This model is on the basis of the satisfaction of conservation laws 

mass, energy and concentration of chemical species with specific source terms through the 

whole system. In other words, all boundary conditions for temperature, pressure, etc. should be 

satisfied with all conservation laws. For example, the cathode air inlet condition of the SOFC is 

directly affected by operating conditions of cold air from the outlet of HEX (located in front of 

SOFC) as shown in Figure 2-1 at the same time. 

Significant fuel cell parameters that can be varied are the pressure, temperature, and 

fuel/oxidant composition and utilization. In order to manipulate design parameters of the SOFC 

system with various design practices of each component, a wide range of operating design 

parameters are examined. In addition, the integrated SOFC system model is designed not only 

to simulate each of the operating conditions, but also to simulate different configurations, etc.  

However, pressurizing small systems is often not useful because the cost of the 

associated equipment outweighs the performance benefits. Changing the pressure from one to 

ten atmospheres would change the cell voltage by ~60mV for the SOFC. Therefore, in this 

research, a pressure parameter is not deeply considered. As explained earlier, the performance 

at operating conditions increases with increasing temperature due to reduced mass transport 

polarizations ohmic losses. The temperature increase is limited by material constraints. Again, 

the temperature difference in the cell is an important design parameter that affects not only 

SOFC stack performance but also mechanical integrity of the MEA.  
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As explained in previous chapters, each component module such as the SOFC stack 

start-up, HEX, reformer, and SOFC power generation module was successfully developed to be 

ready for building up the dynamic integrated SOFC system. And, all simulational results were 

found in agreements with experimental results.  

7.1 Introduction 

Figure 2-1 shows a possible configuration of the SOFC systems (other configurations 

may exist) composed of the fuel supply system (including reformer and HEX), SOFC stack, air 

HEX, combustor, and anode recirculation system. At stage 1, fuel is supplied to combustor and 

air is supplied to the HEX through the air line (HEX � SOFC stack � combustor � 

HEX/CHER). In other words, the exhaust gas from the combustor supplies thermal energies to 

the HEX and CHER using 3-way valve until the SOFC stack and CHER reaches desired 

temperatures without providing FSM to the CHER. At stage 2, once the SOFC and CHER 

reaches the prescribed temperatures, CH4/steam mixture is supplied to the mixing chamber 

which is located in front of CHER. Steam is supplied through an external steam generator 

(evaporator). The FSM enters the CHER, which provides hydrogen-rich reformate gas to the 

stack through the AI. The non-reacted residual FSM is completely burned inside the combustor 

to increase fuel efficiency. At stage 3, once the stack begins to generate an electric power, a 

blower begins to recirculate the anode exhaust to M/C. At this stage, steam-neutral normal 

operation begins. Like mentioned earlier, the continuous operation of the combustor is essential 

to burn non-reacted residual fuel (20~30% of total supplied fuel). Additional fuel supply to the 

combustor would be optional depending on the required operating conditions of downstream 

components such as the inlet temperature of hot air for the HEX, etc. 

Summarizing each stage, the efficient heat transfer from the hot air to the cold air 

occurs through the HEX. And, the fuel for SOFC stack is provided through anode channels by 

reformate from the CHER. To increase the temperature of the CHER, the hot air from the 

combustor is bypassed to the inlet of the CHER. At the CHER, the SR and WGS reactions are 
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assumed to occur. The amount of the steam supplied to the CHER is decided by STCR. Both 

H2 and CO generated by the CHER participate in the electrochemical reaction in the SOFC 

stack. And, non-reacted residual reformate from the CHER is being internally reformed inside 

anode chambers. The cell voltage is a major parameter that determines the cell performance 

and depends on the various operating conditions and also depends on the cell material and 

structural geometry. Since this study does not focus on a specific fuel cell design, a simplified 

SOFC model is used.  

7.2 Design process 

Flows through the SOFC stack, HEX, and CHER depend on pressure and thermal 

boundary conditions at their respective inlets and outlets, which change continuously but are 

truly unknown. Cut timing of the bypassed air supply and external steam to the M/C relies on 

several thermodynamic conditions at the stack and CHER, which are very difficult to measure 

in-situ. The electric load control from the stack is followed by very slow dynamics of the stack 

itself, HEX, and CHER due to their long flow passages and large thermal mass. System level 

integration of the whole system relies mostly on the picking up of the off-the shelf HEX, blower, 

etc., which makes the optimization of each subsystem very difficult in terms of size and 

capacity. The air compressor and blower should be in optimal condition and should not reach 

“surge” in any operating condition of entire system. The surge is a well-known flow instability 

typically observed in the centrifugal compressor or blower. When the surge happens in the 

compressor, the total flow resistance downstream of the impeller becomes too high. Concerning 

the surge of the air compressor, total air flow resistance of the system relies on viscosity 

(increases with temperature) and flow geometry of the stack and HEXs, and it is very difficult to 

estimate in the design stage. Total system activation energy is much higher than typical internal 

combustion engines due to the long start-up time.  
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Pressures at both inlets and outlets of each sub-system should be considered to satisfy 

the mass conservation in entire system. It is noteworthy that the pressures at the inlets of the 

sub-system are unknown and those should be found through a mass conservation equation.  

 

    

 

 

 

 

 

Figure 7-2 Schematic of pressures and flow resistances at stage 1 

 

Figure 7-2 shows pressures and flow resistances at each location. Here, P means pressure and 

R is flow resistance. Mass flow rate is set to a constant. With increasing flow resistances, 

pressures should be increased by increasing the speed of the blower to maintain the mass flow 

rate. Considering the mass conservation between two sub-systems;  
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where β is a bypass ratio, defined as the rate between the amount of air flowing from the stack 

and the amount of air passing through the CHER. 

Equation (6.1) builds a set of simultaneous equation as follows.  
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These equations (6.2)~(6.4) can be changed into one matrix form such as equation (6.5). 
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Therefore, inlet/exit pressures of each sub-system can be calculated in equation(6.5) during the 

transient operation (Stage 1) at the constant mass flow rate.   

On the other hand, the inlet/exit pressures of the CHER and stack can be calculated 

with the same method as previously mentioned during the transient operation (Stage 2) at the 

constant mass flow rate. 

 

 

Figure 7-3 Schematic of pressures and flow resistances at stage 2 

 

Figure 7-3 shows pressures and flow resistances at each location. With increasing flow 

resistances, pressures should be increased by increasing the speed of the blower to maintain 

the mass flow rate. Considering the mass conservation between two sub-systems;  
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Therefore, inlet pressures of the SOFC stack can be calculated in equation(6.6) during the 

transient operation (stage 2) at the constant mass flow rate.   
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7.3 Results 

As mentioned earlier, the SOFC system requires the integration of many sub-

components including the SOFC stack itself. In this context, various sub-system components 

such as the HEX, CHER, blower/compressor, and combustor are appropriately incorporated 

into an integrated SOFC system to achieve a desired performance and increase the efficiency. 

Numerous phenomena within the integrated SOFC system can be described with partial 

differential equations with unknown parameters such as the temperature, partial pressure, 

concentration of chemical species, while some phenomena would be described as global mass 

and energy balance equations. 

Figure 7-4 shows the total mass flow rates of air flowing through 1) the cold channels in 

the HEX, 2) the cathode channels in the SOFC stack, and 3) the air channels in the CHER. In 

every case, the mass flow rate of air become steady state within very short time in the system.  
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Figure 7-4 Mass flow rates of air flowing through the HEX and cathode channels 

 

Figure 7-5 plots transient temperature curves at various locations in the SOFC stack at 

Stage 1. The temperatures of solid structures such as the interconnector, MEA, and fins 

increased with the cathode air at Stage 1. Temperatures of solid structures are the average 

temperatures of entire control volumes.  

Figure 7-6 shows the temperature distribution of the MEA in the SOFC stack at the 

steady state. Although any temperature profile at any interested location can be obtained by the 

simulational results, all temperature distributions were not presented in the paper.  
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Figure 7-5 Temperature profile of SOFC stack in the integrated system 

 

 

 

Figure 7-6 Temperature profile of MEA in the SOFC stack 
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(a)  

 

 

(b)  

 

 

(c)  

Figure 7-7 Temperature profiles of hot air, cold air, and plate in the HEX; (a) Interconnector, (b) 

Hot air, and (c) Cold air 

 

Figure 7-7 presents the temperature profiles of both the cold air and hot air inside the 

HEX and the plate inserted in the HEX at the steady state. These simulational results provide a 

guideline for evaluating the performances of the developed integrated SOFC system. 

Flow 

Flow 
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Figure 7-8 Temperature profile of the CHER at the Stage 1 

 

Figure 7-8 presents the temperature profiles of both the cold steady air at the outlet and 

hot air at outlet, and the plate inserted in the CHER during the Stage 1. These simulational 

results provide a guideline for evaluating the performances of the developed integrated SOFC 

system. 

Figure 7-9 shows the temperature profiles of both the reformate gases and air inside 

channels at Stage 2. As the CHER reaches a certain desired temperature toward the reforming 

reaction, the FSM is supplied to the inlet of the CHER while the air continuously flows through 

the channels at the opposite direction. Due to the endothermic SR reaction, the temperature of 

the FSM immediately decreases at the inlet as shown in Figure 7-9. And the heat energy from 

the hot air transfers to the channels that take place the SR and WGS reactions.  
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(a)  

 

(b)  

Figure 7-9 Temperature profiles of reformate gases and air in the CHER; (a) Reformate gases 

and (b) Air 

 

Figure 7-10 shows the averaged molar fraction of each species at the outlet of the 

CHER. It is observed from the figure that the reforming reaction instantaneously becomes 

steady state within one minute.  
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Figure 7-10 Molar fraction of each species at reformer exit since fuel supply begins 

 

The species molar fractions in the FSM channels are shown in Figure 7-11. It may be 

observed that the WGS reaction takes place through entire channels by looking at the CO2 

molar fraction while the SR reaction is dominant in the region close to the outlet by looking at 

the CO molar fraction. This is due to the different preference of the SR and WGS reactions with 

respect to various operating temperatures as shown in Figure 5-23. 

 

 

(a)  
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(b)  

 

(c)  

Figure 7-11 Molar fraction of each species inside the FSM channels of the CHER; (a) H2, (b) 

CO, and (c) CO2 
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Chapter  8  

Summary 

8.1 SOFC start-up process 

A computational model was developed to find temperature distributions of solid 

structures and gas channels in a SOFC stack during the start up process using both cathode 

hot air and electrical furnace heating. Using the developed model, temperature distribution of 

solid structures and gas channels can be found at any specific time step. The computational 

model is a very effective tool to understand the thermal transient response of stack during start-

up heating.  

The model was applied to 1 kW planar SOFC stack to investigate transient behavior of 

the stack during both hot cathode air heating and electrical heating inside the furnace. In the 

case of using hot cathode air with a constant mass flow rate, the inlet pressure required to 

maintain the constant mass flow rate increases significantly over time as the flow resistance 

inside the stack increases with temperature. The selection of an air blower and its required 

performance map should be tuned to meet the pressure requirement for proper air delivery.  

Electrical heating requires controlled heating to a avoid rapid temperature rise of the 

stack surface. Depending on the thickness of MEA and interconnectors, thermal conduction 

through these thin structures varies and the heating rate should be controlled accordingly to 

avoid large thermal gradient during heating. 

Both heating methods require similar net heating energy to achieve a uniform stack 

temperature within prescribed limit. However, air heating with constant mass flow rate results in 

a waste of a large amount of heat energy through exiting air with high enthalpy. Operating the 

blower at a constant speed mode allows the gradual decrease of air mass flow rate when the 

stack is heated and may result in higher heating efficiency. However, for either constant mass 

flow rate or constant speed case, the thermal energy of the exiting air should be recovered 
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through heat exchangers for the reformer or steam generator which are integral parts of most 

SOFC systems. 

8.2 Both Simulation and Experiment of HEX 

In this research of HEX, the concept of computational model was implemented to a 

commercial HEX, and its dynamic model was developed. 

Simulation results show the temperature distributions of solid structures and both air 

channels in HEX during the heat exchanging process. Using the developed model, temperature 

distribution of solid structures and both air channels can be found at any specific time step. The 

computational model is a very effective tool to understand thermal transient response of HEX 

during heat exchanging process. This research also shows the test rig setup for the experiment 

and verifies the results against simulation.  

The developed simulation model has been validated against the experimental 

measurements, showing acceptable accuracy for a HEX of SOFC system. 

8.3 Simulation of CHER 

The developed computational model is based on the thermal-fluid transport theories of 

plate-fin gas heat exchangers combined with dynamic molar balance equations, transient 

energy equations to the fuel-steam mixture and air, and currently available reforming reaction 

kinetics in the open literature. Several parametric simulations were performed to evaluate the 

performance of CHER. 

A higher operating temperature results in a smaller total FSM mass flow rate due to the 

increased flow resistance (i.e., viscosity) while mole fractions of H2 and CO at the exit increase 

with temperature. The combined effect of the reduced total FSM mass flow rate and the 

increased mole fraction of H2 results in a similar mass flow rate of H2 at the reformer exit within 

the range of simulation. Pressure affects the performance of CHER significantly. While the air 

channel temperatures increase with pressure due to more mass flow and thermal energy 

carried by the air mass flow, the FSM channel temperatures decrease with pressure due to 
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more active endothermic reforming reactions. Longer CHER length under the same pressure 

results in smaller mass flow rates on both the air and FSM sides. Due to the reduced air flow 

rate, total heat supply rate to the FSM channels also decreases, which slows down the 

reforming rate. Even if molar fractions of H2 and CO do not show a noticeable difference 

between the two flow configurations, actual H2 and CO yields are higher with the counter-flow 

configuration.  

The computational model can be easily extended to other types of fuels and different 

reaction kinetics. Also transient responses such as load-following characteristics or transient 

thermal response to sudden change of inlet temperature of the air side can be easily simulated. 

The current model simulations were based on the specific SR and WGS reaction rates 

(pre-exponential factors and activation energies) available in the literature. However, the 

reaction kinetics depends not only on the environmental conditions (species activity, 

temperature, etc) but also on the catalyst type and surface morphology of the catalyst. This 

catalyst-specific information is not generally well-documented in the open literature, and more 

systematic parameterization of reaction kinetics should be done as a function of not only the 

catalyst material and loading method but also the surface morphology and total active reaction 

surface area. 

Lastly, the simulated temperature range of the air side is based on the assumption of 

the in-series arrangement of the main HEX and CHER as shown in Figure 2-1. The parallel 

distribution of combustion gas (modeled as air in the paper) to the main HEX and CHER would 

allow a much higher inlet temperature of the air side in the CHER.     

8.4 Experiment of CHER 

In previous research, a theoretical thermal dynamic and thermal chemical simulation 

model has been developed to investigate the transient characteristics of the CHER based on 

the thermal-fluid transport theories of plate-fin gas HEXs combined with dynamic molar balance 

equations, transient energy equations to the air and FSM. In the research, the developed 
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computational model was validated by the experimental results with various operating 

conditions such as an air inlet temperature and a steam to carbon ratio (SCR) during the initial 

phase of start-up procedure of the typical small SOFC systems.  

Under given conditions, the results indicated that there exist the optimal air inlet 

temperature and SCR for both the air and FSM to reach equilibrium for the reforming reaction. 

The previously developed transient thermal chemical model was well validated with the 

experimental results by comparing the molar fraction of each species with varying the air inlet 

temperatures and SCRs. Thermal dynamics for the heat exchanging process was also validated 

by measuring temperatures of the air and FSM at both the inlet and outlet. 

The developed simulation model was based on the specific SR and WGS reaction rates 

such as the specific pre-exponential factors and activation energies that were available in the 

open literature. In this research, the chosen reaction parameters were acceptable by the 

comparison with the experimental results. However, the found reaction kinetics may not be 

relevant to any reformer type because the reaction kinetics depend on the coated catalyst type 

on the inserted corrugated fin surface and surface morphology of the catalyst. In addition, the 

catalyst-specific information is not generally well documented in the open literature. The 

purpose of this research was not to investigate the used catalyst information such as the 

material, loading method, surface morphology and total active reaction surface area. But, the 

chosen reaction variables were steadily applicable for the developed simulation model.  

8.5 SOFC Electric Power Generation Mode  

This research focuses on the development of a detailed numerical model of the SOFC 

power generation mode. The complete modeling methods for resistivity, contact and ionic 

resistances, reversible voltage calculation, and activation and ohmic polarizations are presented. 

And, the electric circuit modeling method for each element of the SOFC is built on the basis of 

the conservation law (KCL). In addition, the thermodynamic model is developed to calculate the 

transient temperature of each component of the SOFC. The thermodynamic model for SOFC 
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stacks consider convection between bipolar plate/ribs and anode/cathode channels, molecular 

interactions between MEA and anode/cathode channels (i.e., convections), heat conduction 

within solid structures, and local electric works.  

A case study for the performance of SOFC stack is conducted in order to validate the 

developed SOFC power generation module. The results from the models previously developed 

by the authors or found in the literature survey are presented. I-V characteristic curve of the 

SOFC was investigated by the aforementioned modeling methods in previous sections. The cell 

performance at the high current density shows a relatively higher voltage level compared to 

other research methods since the concentration polarization is not considered in the analysis. 

The purposes of the development of the SOFC stack power generation module are not the 

complete development of the power generation module but the pilot research preliminary to a 

full-scale study for the integrated SOFC system. However, the simulation results confirm that 

the developed SOFC power generation model can be useful to comprehend the dynamics of the 

SOFC in a system and can be integrated for control and operability studies of the integrated 

system. 

8.6 Integrated SOFC system 

Design characteristics and performance of the integrated SOFC system are analyzed in 

this research. The simulation model for each sub-component such as the SOFC stack heating 

and power generation module and auxiliary parts (HEX and CHER) are developed and the 

simulation models for the HEX and CHER were validated with experiments. And, the validated 

sub-modules are appropriately incorporated into an integrated SOFC system to achieve a 

desired performance.  

The integrated SOFC system module is designed not only to simulate each of the 

operating conditions but also to test the performances of each component including the SOFC 

stack. In every case, the module produces a time-dependent profile of temperatures, molar 

fractions of each species, electrical potentials, and thermal gradients for the entire system. The 
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obtained results confirm that the developed model can be used to simulate the integrated SOFC 

system. For instance, the essential time to reach the steady-state temperature distribution for 

the SOFC stack in the integrated SOFC system can be estimated by the developed module. 
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Appendix A 

A manual for 1-kW SOFC stack design
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This manual outlines the design procedures and instructions for designing a 1-kW 

SOFC stack.  The active area per cell was defined for the desired power generation. Depending 

on the chosen active area, proper geometric dimensions were selected through the literature 

reviewed. Table 3-1 and Table 3-2 show the designed parameters and geometric dimensions of 

1kW SOFC stack. The thickness of MEA is not specified in detail in Table 3-2. The numerical 

dimensions for thickness of each component among MEA are 36µm for anode, 64µm for 

cathode, and 180µm for electrolyte.  

For the SOFC start-up process, widths of both the anode and cathode channel were 

selected by choosing the discretized number of control volume along x-direction and the 

thickness of ribs. For this simulation, the channel width was designed as 8mm which is a 

relatively large dimension compared to a commercial SOFC. This was for the reduction of 

simulation time.  

 

 

Assembly holes 

Assembly holes 

(a) 
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Figure A. 1 Designed SOFC (a) Anode channel, (b) Anode channel, MEA, and Bipolar plate to 

show the flow direction of H2 

 

As shown in Figure A. 1(a), 6 holes in outer region of the mono-polar plate are 

assembly holes to make the stack.  Figure A. 1 (b) shows the flow direction of hydrogen inside 

the SOFC stack. Likewise, the flow direction of air can be understood in a similar way to the 

flow of hydrogen. With this kind of design, the mixing of fuel and air never occurs inside the 

stack, but sealing between the plate and inactive MEA becomes critical around the holes. Many 

researchers are trying to develop better sealing technologies for SOFC stack assembly. 

H2 

(b) 
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Appendix B 

ANSYS Fluent SOFC module manual [72] 
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Introduction 

The SOFC with Unresolved Electrolyte Model is provided as an add-on module with the 

standard ANSYS FLUENT licensed software. 

The ANSYS FLUENT SOFC with Unresolved Electrolyte Model provides the following 

features: 

• Local electrochemical reactions coupling the electric field and the mass, species, and 

energy transport. 

• Electric field solution in all porous and solid cell components, including ohmic heating in 

the bulk material. 

• The ability to handle H2 and combined CO/H2 electrochemistry. 

• The inclusion of tortuosity for porous regions 

• The treatment of an arbitrary number of electrochemical cells arranged as a stack. 

• Significant geometric flexibility for treating planar, tubular, and other nonstandard SOFC 

configuration. 

• The use of non-conformal interface meshing (as a long as these interfaces are not the 

electrolyte interfaces). 

• The ability to model high-temperature electrolysis. 

Modeling 

All aspects of fluid flow, heat transfer, mass transfer in the flow channels and porous 

electrodes, current transport and potential field are handled by ANSYS FLUENT. All theoretical 

backgrounds of modeling are explained in this manual in detail. 

Using the SOFC with Unresolved Electrolyte Model 

The SOFC with Unresolved Electrolyte Model is loaded into ANSYS FLUENT through 

the text user interface (TUI). Remember that the module can only be loaded after a valid 

ANSYS FLUENT mesh or case file has been set or read. The text command to load the addon 

module is define � models � addon-module 
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After typing /define/models> addon-module, ANSYS FLUENT will display sentences below.  

FLUENT Addon Modules: 

 0. None 

 1. MHD Model 

 2. Fiber Model 

 3. Fuel Cell and Electrolysis Model 

 4. SOFC Model with Unresolved Electrolyte 

 5. Population Balance Model 

Enter Module Number: [0] 4 

Select the SOFC with Unresolved Electrolyte Model by entering the module number 4. 

Once, the module has been loaded, to open the SOFC model dialog, select Models under 

Problem Setup in the navigation pane to display the Models task page. In the Models task page, 

select the SOFC Model (Unresolved Electrolyte) option in the Models list and click the Editk 

button. When the SOFC Model dialog appears, select the Enable SOFC Model option as shown 

in Figure B. 1. 
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Figure B. 1 Opening the SOFC Model Dialog in the Models Task Page 

 

For the next procedures required in order to use the SOFC Model in ANSYS FLUENT, 

following the manual instructions step by step is sufficient for using this software. 

However, there are important features in ANSYS FLUENT that need more explanation 

for various parameters such as Model, Electrochemistry, Electrode-Electrolyte Interfaces, 

Electric Field Model parameters.  

For Model Parameters, the Enable Electrolyte Conductivity Submodel option allows the 

ionic conductivity (or resistivity) of the electrolyte to change as a function of temperature. At the 

moment, there is one correlation that provides ionic conductivity of the electrolyte as the 

function of temperature as shown in the next equation. 

10300

0.3685 0.002838

100

Te
resistivity

+
=  

Note that this is valid only for temperature ranging from 1073 to 1373K. By turning off the 

Enable Electrolyte Conductivity Submodel option, ANSYS FLUENT excludes the heat addition 
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due to electrochemistry and all the reversible processes. This option should be turned on at all 

time. The Enable Volumetric Energy Source option includes the ohmic heating throughout the 

electrically conducting zones. This option needs to be turned off to avoid slowing the 

convergence rates until a certain rate of convergence for the potential field has been achieved, 

at which point, the option should be turned on manually. Note that this option is important so 

that the solution can account for the effects of the internal Ohmic heating.  

 

 

Figure B. 2 The Model Parameters Tab in the SOFC Model Dialog 

 

In the Electrochemistry Parameters, we can set the anode and cathode exchange 

current density, the anode and cathode mole fraction reference values, the concentration 

exponents, the Butler-Volmer coefficient, and the temperature-dependent exchange current 

density as shown in Figure B. 3 .  
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Figure B. 3 The Electrochemistry Tab in the SOFC Model Dialog 

 

The Enable Temperature Dependent I_O option allows the exchange current density to change 

as a function of temperature in an exponential fashion 

 

1

0
BTi Ae

−
=   

where the constants A and B values can be provided. 

For both anode and cathode interfaces as well as set tortuosity parameters, setting up 

the Electrolyte and Tortuosity tab in the SOFC Model Dialog properly is required. For example, 

in the fuel cell modeling, tortuosity is thought of as an effective diffusive path length factor. We 

can specify tortuosity settings for the SOFC Model by enabling the Enable Tortuosity option in 

the Electrolyte and Tortuosity tab in the SOFC Model dialog as shown in Figure B. 4. 
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Figure B. 4 The Electrolyte and Tortuosity Tab in the SOFC Model Dialog 

 

After enabling the Enable Tortuosity option, select an appropriate zone from the corresponding 

Zone(s) list and click Apply. In a porous zone, the mass diffusion coefficient is reduced as 

follows due to the porosity effect; 

 eff

porosity
D D

tortuosity
=   

There typically are no standard means of measuring tortuosity as it either needs to be 

measured experimentally or tuned to match other experimental data. Tortuosity value may 

typically be in the range of 2 to 4, although it can be used for much higher values. 
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Appendix C 

Classification of all variables in each module 
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1) SOFC stack heating module 

a) Global variables 

Parameter Definition Value Unit 

a1~a3 Regression constants for air viscosity   

alpha_conn Thermal diffusivity of interconnector  m
2
/s 

alpha_MEA Thermal diffusivity of MEA  m
2
/s 

Area_a Channel area of anode  m
2
 

Area_a_w Virtual channel area of anode exit region  m
2
 

Area_c Channel area of cathode  m
2
 

Area_c_w Virtual channel area of cathode inlet region  m
2
 

C_conn Specific heat of interconnector 460 J/kg/K 

C_MEA Specific heat of MEA 606 J/kg/K 

Cell_voltage Single cell voltage 0.7 V 

cp1~ cp6 
Regression constants for specific heat for 

constant pressure 
  

Current_density Current density of a single stack 0.51 A/cm
2
 

cv1~ cv6 
Regression constants for specific heat for 

constant volume 
  

Cv_a Specific heat for constant volume of anode gas  J/kg/K 

Cv_a_ex 
Specific heat for constant volume of anode gas in 

anode exit region 
 J/kg/K 

Cv_a_in 
Specific heat for constant volume of anode gas in 

anode inlet region 
 J/kg/K 

Cv_c Specific heat for constant volume of cathode air  J/kg/K 

Cv_c_ex 
Specific heat for constant volume of cathode air 

in cathode exit region 
 J/kg/K 

Cv_c_in 
Specific heat for constant volume of cathode air 

in cathode inlet region 
 J/kg/K 

del_k 
Horizontal length of a control volume for outer 

solid structure 
 m 

Del_K Nondimensional del_k   

del_m 
Vertical length of a control volume for outer solid 

structure on cathode inlet side 
 m 
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Del_M Nondimensional del_m   

del_r 
Vertical length of a control volume for cathode 

exit region 
 m 

Del_R Nondimensional del_r   

del_w 
Vertical length of a control volume for cathode 

inlet region 
 m 

Del_W Nondimensional del_w   

del_x 
Horizontal length of a control volume for active 

region 
 m 

Del_X Nondimensional del_x   

del_y 
Vertical length of a control volume for active 

region 
 m 

Del_Y Nondimensional del_y   

del_z 
Vertical length of a control volume for outer solid 

structure on cathode exit side 
 m 

Del_Z Nondimensional del_z   

delp_a Pressure drop through anode channel 0 Pa 

delp_a1 
Temporary parameter of pressure calculation for 

anode channel on active region 
 Pa 

delp_a3 
Temporary parameter of pressure calculation for 

anode channel on cathode inlet region 
 Pa 

delp_a7 
Temporary parameter of pressure calculation for 

anode channel on cathode exit region 
 Pa 

delp_c Pressure drop through cathode channel 30 Pa 

delp_c1 
Temporary parameter of pressure calculation for 

cathode channel on active region 
 Pa 

delp_c3 
Temporary parameter of pressure calculation for 

cathode channel on cathode inlet region 
 Pa 

delp_c7 
Temporary parameter of pressure calculation for 

cathode channel on cathode exit region 
 Pa 

density0 Density of air at standard state 1.2 kg/m
3
 

density_a Density of anode gas  kg/m
3
 

density_a_ex Density of anode gas in anode exit region  kg/m
3
 

density_a_in Density of anode gas in anode inlet region  kg/m
3
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density_avg_a Average density of anode gas  kg/m
3
 

density_avg_c Average density of cathode air  kg/m
3
 

density_c Density of cathode air  kg/m
3
 

density_c_ex Density of cathode air in cathode exit region  kg/m
3
 

density_c_in Density of cathode air in cathode inlet region  kg/m
3
 

density_conn Density of interconnector 7640 kg/m
3
 

density_MEA Density of MEA 6100 kg/m
3
 

Dh_a Hydraulic diameter of anode channel  m 

Dh_a_w 
Hydraulic diameter of virtual channel in anode 

exit region 
 m 

Dh_c Hydraulic diameter of cathode channel  m 

Dh_c_w 
Hydraulic diameter of virtual channel in cathode 

inlet region 
 m 

dt Delta time  s 

f1_ma~f4_ma 
Parameters for Runge-Kutta (RK) calculation for 

mass flow rate of anode gas  
  

f1_mc~f4_mc 
Parameters for RK calculation for mass flow rate 

of cathode air 
  

f1_TX~f4_TX 
Parameters for RK calculation for temperature of 

each region, where X is each region 
  

f_La Summation of friction coefficients of anode gas   

f_La_ex 
Summation of friction coefficients of anode gas 

on anode exit region 
  

f_La_in 
Summation of friction coefficients of anode gas 

on anode inlet region 
  

f_Lc Summation of friction coefficients of cathode gas   

f_Lc_ex 
Summation of friction coefficients of cathode gas 

on cathode exit region 
  

f_Lc_in 
Summation of friction coefficients of cathode gas 

on cathode inlet region 
  

fa Friction coefficient of anode gas   

fa_ex 
Friction coefficient of anode gas on anode exit 

region 
  

fa_in Friction coefficient of anode gas on anode inlet   
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region 

fc Friction coefficients of cathode gas   

fc_ex 
Friction coefficient of cathode gas on cathode 

exit region 
  

fc_in 
Friction coefficient of cathode gas on cathode 

inlet region 
  

h_a Convective heat coefficient of anode gas  W/m
2
/K 

h_a _ex 
Convective heat coefficient of anode gas on 

anode exit region 
 W/m

2
/K 

h_a _in 
Convective heat coefficient of anode gas on 

anode inlet region 
 W/m

2
/K 

h_c Convective heat coefficient of cathode gas  W/m
2
/K 

h_c _ex 
Convective heat coefficient of cathode gas on 

cathode exit region 
 W/m

2
/K 

h_c _in 
Convective heat coefficient of cathode gas on 

cathode inlet region 
 W/m

2
/K 

Height_a Height of anode channel 0.001 m 

Height_c Height of cathode channel 0.002 m 

i_flow_control Parameter for blower operating mode control 1  

i_max_flow Parameter for blower operating mode control   

i_speed_control Parameter for blower operating mode control 0  

iStep Number of step   

k_conn Thermal conductivity of interconnector 21.4 W/m/K 

k_MEA Thermal conductivity of MEA 2.6 W/m/K 

ka1~ka3 Regression constants for air   

L_m 
Vertical length for outer solid structure on 

cathode inlet side 
0.0666 m 

L_r Vertical length for cathode exit side 0.0286 m 

L_w Vertical length for cathode inlet side 0.0286 m 

L_x Horizontal length for reaction region 0.1 m 

L_y Vertical length for reaction region 0.2 m 

L_z 
Vertical length for outer solid structure on 

cathode exit side 
0.0666 m 

m1_a Parameters for Runge-Kutta (RK) calculation for   
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mass flow rate of anode gas 

m1_c 
Parameters for RK calculation for mass flow rate 

of cathode air 
  

ma Mass flow rate of anode gas   

ma_dot ma/dt   

matotal Total mass flow rate of anode gas   

mc Mass flow rate of cathode air   

mc_dot mc/dt   

mctotal Total mass flow rate of cathode air   

mctotal_set Setting mass flow rate of cathode air 0.003 kg/s 

mdot_avg Average of mass flow rate   

N_k Number of control volume along k-coordinate 4  

N_m Number of control volume along m-coordinate 6  

N_r Number of control volume along r-coordinate 4  

N_stack_cell Number of stacks for designed power output   

N_w Number of control volume along w-coordinate 4  

N_x Number of control volume along x-coordinate 10  

N_y Number of control volume along y-coordinate 20  

N_z Number of control volume along z-coordinate 6  

Ncycle Parameter for deciding operating time   

Ncycle_write Number of time frame shot of monitor output   

No_frame_shot Number of  frame shot for monitor output  10 

No_out Number of RK calculation  500 

No_print Number of data saving  500 

No_step Parameter for defining dt  400 

omega_t 1/ts  1/s 

p1~p6 Regression constants for air Prandtl number   

P_avg_a Average pressure of anode gas  Pa 

P_avg_c Average pressure of cathode air  Pa 

P_exit_a Exit pressure of anode gas  Pa 

P_exit_c Exit pressure of cathode air  Pa 

P_inlet_a Inlet pressure of anode gas  Pa 

P_inlet_c Inlet pressure of cathode air  Pa 
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Pa Pressure of anode gas   

Pa_ex Pressure of anode gas on anode exit region   

Pa_in Pressure of anode gas on anode inlet region   

Pc Pressure of cathode air   

Pc_ex Pressure of cathode air on cathode exit region   

Pc_in Pressure of cathode air on cathode inlet region   

Perimeter_a Perimeter of anode channel  m 

Perimeter_a_w 
Perimeter of virtual anode channel on anode exit 

region 
 m 

Perimeter_c Perimeter of cathode channel  m 

Perimeter_c_w 
Perimeter of virtual cathoe channel on cathode 

inlet region 
 m 

Power Output of designed SOFC 1000 W 

Q_anode_riba 
Convective heat transfer between anode gas and 

rib on anode side 
 W 

Q_cathode_conn 
Convective heat transfer between cathode air 

and interconnector 
 W 

Q_cathode_MEA 
Convective heat transfer between cathode air 

and MEA 
 W 

Q_cathode_ribc 
Convective heat transfer between cathode air 

and rib on cathode side 
 W 

Q_conn_anode 
Convective heat transfer between interconnector 

and anode gas 
 W 

Q_MEA_anode 
Convective heat transfer between MEA and 

anode gas 
 W 

Rgas_a Gas constant of anode gas  J/kg/K 

Rgas_c Gas constant of cathode air  J/kg/K 

T1_X 
Parameters for Runge-Kutta (RK) calculation for 

each region, where X is each region 
  

t_actual Actual physical operating time  s 

TX 
Nondimensional temperature for each region, 

where X is each region 
  

TX_dot 
Nondimensional temperature gradient for each 

region, where X is each region 
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tend Total simulational time  s 

thickness_conn Thickness of interconnector 0.001 m 

thickness_MEA Thickness of MEA 0.00028 m 

thickness_rib Thickness of rib 0.002 m 

thickness_s Thickness of outer solid structure 0.00428 m 

Tmax_SS Maximum temperature of outer solid structure  K 

Tmin_anode Minimum temperature of anode gas  K 

Tmin_SS Minimum temperature of outer solid structure  K 

ts Residence time   

vis0 Dynamic viscosity of air  Pa.s 

vis_a Dynamic viscosity of anode gas  Pa.s 

vis_a_ex 
Dynamic viscosity of anode gas on anode exit 

region 
 Pa.s 

vis_a_in 
Dynamic viscosity of anode gas on anode inlet 

region 
 Pa.s 

vis_c Dynamic viscosity of cathode air  Pa.s 

vis_c_ex 
Dynamic viscosity of cathode air on cathode exit 

region 
 Pa.s 

vis_c_in 
Dynamic viscosity of cathode air on cathode inlet 

region 
 Pa.s 

Volume_conn Volume of a control volume of interconnector  m
3
 

Volume_conn_w 
Volume of a control volume of interconnector on 

cathode air inlet region 
 m

3
 

Volume_MEA Volume of a control volume of MEA  m
3
 

Volume_MEA_w 
Volume of a control volume of MEA on cathode 

air inlet region 
 m

3
 

Volume_rib_a Volume of a control volume of anode rib  m
3
 

Volume_rib_c Volume of a control volume of cathode rib  m
3
 

Volume_s 
Volume of a control volume of outer solid 

structure 
 m

3
 

Volume_s_m 
Volume of a control volume of outer solid 

structure on cathode inlet region 
 m

3
 

Volume_s_w 
Volume of a control volume of outer solid 

structure on cathode inlet region 
 m

3
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W_FCS Short length of solid structure 0.04 m 

Width Width of channel  m 

 

b) All sub-routines 

Sub-routines Definitions 

evaluate_channel_properties 
To evaluate properties such as convective heat coefficient, 

specific heat, etc. for both anode and cathode channel 

evaluate_entrance_properties To evaluate properties for entrance of cathode air 

evaluate_exit_properties To evaluate properties for exit of cathode air 

function( ) 

1) Calculation of pressure and temperature 

2) Calculation of all heat transfers 

3) Definition of Partial Differential Equations (PDEs) such as 

energy equation and momentum equation by combining with 

continuity equation 

get_max_temp To find the maximal temperature of all solid structure 

get_min_temp 
To find the minimal temperature of all solid structure and 

anode inlet gas 

main( ) 

1) Definition of non-global variables 

2) Reading input files 

3) Initialization of global variables 

4) Production of output file as results of running program 

5) Monitor output to check a running status of program 

6) 4
th
 order RK method for solving PDE by using while loop 

7) Extra calculations such as heating energy, area, etc. 

 

2) HEX module 

a) Global variables 

The common (shared) global variables with a different sub-module were skipped in the 

following table. The most different thing of this sub-module with SOFC stacking heating module 

is the subscript c and h, where c stands for cold air and h means hot air. While a stands for 

anode gas and c stands for cathode air in stack heating module.  
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Parameter Definition Value Unit 

alpha_fin Thermal diffusivity of corrugated fin  m
2
/s 

alpha_mid Thermal diffusivity of middle plate  m
2
/s 

Area_c Channel area of cold air side  m
2
 

Area_h Channel area of hot air side  m
2
 

C_fin Specific heat of fin 460 J/kg/K 

C_mid Specific heat of mid 444 J/kg/K 

del_h Half of hypotenuse of each channel  m 

Del_H Nondimensional del_h   

delp_c Pressure drop through cold air channel  Pa 

delp_h Pressure drop through hot air channel  Pa 

density_fin Density of fin 7169.094 kg/m
3
 

density_mid Density of middle plate 8470 kg/m
3
 

h_n Natural convection coefficient 4.0 W/m
2
/K 

Height_c Height of cold air channel 0.0018 m 

Height_h Height of hot air channel 0.0018 m 

Hypo_c Length of hypotenuse of cold air channel  m 

Hypo_h Length of hypotenuse of hot air channel  m 

k_fin Thermal conductivity of fin 16.0 W/m/K 

k_mid Thermal conductivity of middle plate 26.1 W/m/K 

L_k Thickness of outer solid structure 0.0004 m 

L_r Length of entrance region of cold air 0.0189 m 

L_w Length of entrance region of hot air 0.0189 m 

L_x Horizontal length of HEX 0.0381 m 

L_y Vertical length of HEX 0.225 m 

m1_c 
Parameters for Runge-Kutta (RK) calculation for 

mass flow rate of cold air in upper channel  
  

m1_cd 
Parameters for Runge-Kutta (RK) calculation for 

mass flow rate of cold air in lower channel  
  

m1_h 
Parameters for Runge-Kutta (RK) calculation for 

mass flow rate of hot air in lower channel  
  

m1_hu 
Parameters for Runge-Kutta (RK) calculation for 

mass flow rate of hot air in upper channel  
  

N_f Number of inclined fins   
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pc1~pc5 
Regression constants for inlet pressure of cold 

air from experimental result 
  

Pc_old Old value for pressure of cold air   

ph1~ph5 
Regression constants for inlet pressure of hot air 

from experimental result 
  

Ph_old Old value for pressure of hot air   

pr1~pr6 Regression constants for Prandtl number   

Q_con_cold 
Convective heat transfer between interconnector 

and cold air 
 W 

Q_hot_con 
Convective heat transfer between hot air and 

interconnector 
 W 

Q_hot_mid 
Convective heat transfer between hot air and 

middle plate 
 W 

Q_mid_cold 
Convective heat transfer between middle plate 

and cold air 
 W 

Q_wall_cold 
Convective heat transfer between wall and cold 

air 
 W 

Q_wall_hot 
Convective heat transfer between wall and hot 

air 
 W 

Rate_c Correction ratio for heating input from cold air 0.7  

Rate_h Correction ratio for heating input from hot air 1.3  

ratio_c Area correction factor for cold air channel 0.98  

ratio_h Area correction factor for hot air channel 1.02  

Res_duct Flow resistance through channel    

T_initial Initial temperature of HEX 25 
o
C 

T_initial_non Nondimensional initial temperature of HEX    

tc1~tc5 
Regression constants for inlet temperature of 

cold air from experimental result 
  

Tc_inlet Inlet temperature of cold air  
o
C 

Tc_inlet_K Inlet temperature of cold air with unit of Kelvin  K 

Tc_inlet_non Nondimensional inlet temperature of cold air   

th1~th7 
Regression constants for inlet temperature of hot 

air from experimental result 
  

Th_inlet Inlet temperature of hot air  
o
C 
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Th_inlet_K Inlet temperature of hot air with unit of Kelvin  K 

Th_inlet_non Nondimensional inlet temperature of hot air   

thickness_fin Thickness of fin 0.000102 m 

thickness_mid Thickness of middle plate 0.001905 m 

thickness_wall Thickness of wall 0.005505 m 

 

b) All sub-routines 

Sub-routines Definitions 

evaluate_channel_properties 

To evaluate properties of both hot and cold air such as 

convective heat coefficient, specific heat, etc. as a function of 

temperature 

function( ) 

1) Calculation of all heat transfers 

2) Calculation of pressure and temperature 

3) Definition of Partial Differential Equations (PDEs) such as 

energy equation and momentum equation by combining with 

continuity equation 

Gauss_Seidal_method 
Finding pressure of cold air inside channels with respect to 

flow resistance of channel 

Gauss_Seidal_method_air( ) 
Finding pressure of hot air inside channels with respect to 

flow resistance of channel 

main( ) 

1) Definition of non-global variables 

2) Reading input files 

3) Reading experimental data at inlet for both temperature 

and pressure  

4) Initialization of global variables 

5) Production of output file as results of running program 

6) Monitor output to check a running status of program 

7) 4
th
 order RK method for solving PDE by using while loop 

8) Extra calculations such as heating energy, area, etc. 

 

3) CHER module 

a) Global variables 
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The common (shared) global variables with a different sub-module were also skipped in 

the following table. The distinctive feature of this sub-module is the subscript c and h, where c 

stands for relatively cold reformate and h means hot air. While c stands for cold air and h stands 

for hot air in HEX module. 

Parameter Definition Value Unit 

Act_energy_SR Activation energy for SR reaction -240100 J/mol 

Act_energy_WGS Activation energy for WGS reaction -67130.0 J/mol 

activity Activity of reformate in upper channel   

activity_d Activity of reformate in lower channel   

CE1 Molar flux coefficients going in    

CE2 Molar flux coefficients going out   

CE3 Stoichiometric coefficients of SR reaction   

CE4 Stoichiometric coefficients of WGS reaction   

Cp_gas_mix 
Specific heat for constant pressure of gas 

mixture in upper channel 
 J/mol/K 

Cp_gas_mix_inlet 
Specific heat for constant pressure of gas 

mixture at inlet 
 J/mol/K 

Cp_gas_mixd 
Specific heat for constant pressure of gas 

mixture in lower channel 
 J/mol/K 

Cp_gas_part 
Specific heat for constant pressure of each gas 

in upper channel 
 J/mol/K 

Cp_gas_part_inlet 
Specific heat for constant pressure of each gas 

at inlet with considering mole fraction 
 J/mol/K 

Cp_gas_partd 
Specific heat for constant pressure of each gas 

in lower channel in lower channel 
 J/mol/K 

Cp_inlet 
Specific heat for constant pressure of each gas 

at inlet 
 J/mol/K 

D_tube 
Diameter of connecting tube between plenum 

& inlet 
0.0127 m 

enthalpy_rxn_SR Reaction enthalpy of SR reaction  J/mol 

enthalpy_rxn_WGS Reaction enthalpy of WGS reaction  J/mol 

entropy_rxn_SR Reaction entropy of SR reaction  J/mol/K 

entropy_rxn_ WGS Reaction entropy of WGS reaction  J/mol/K 
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fh Friction coefficients of hot air in lower channel   

fhu Friction coefficients of hot air in upper channel   

Gibbs_energy_SR Gibbs energy for SR reaction  J/mol 

Gibbs_energy_ WGS Gibbs energy for WS reaction  J/mol 

Hf0 
Enthalpy of formation of each component at 

standard state 
 J/mol 

inlet_mass_fraction Mass fraction at inlet   

k_reforming Reaction rate of SR reaction in upper channel  mol/s 

k_reforming_d Reaction rate of SR reaction in lower channel  mol/s 

k_shifting Reaction rate of WGS in upper channel  mol/s 

k_shifting_d Reaction rate of WGS in lower channel  mol/s 

Kp_reforming Equilibrium constants of SR in upper channel   

Kp_reformingd Equilibrium constants of SR in lower channel   

Kp_shifting Equilibrium constants of WGS in upper channel   

Kp_shiftingd Equilibrium constants of WGS in lower channel   

L_ct Length of connecting tube  0.1 m 

M Molecular weight of each component  g/mol 

M_air Molecular weight of air 28.97 g/mol 

mdot_CH4_inlet Mass flow rate of CH4 at inlet  kg/s 

mdot_H2O_inlet Mass flow rate of H2O at inlet  kg/s 

Mgas_mix_inlet Molecular weight of gas mixture at inlet  g/mol 

molarity Molarity  mol/L 

molarity_flux_total_in 
Total molarity flux going inward in upper 

channel 
 mol/L/s 

molarity_flux_total_o

ut 

Total molarity flux going outward in upper 

channel 
 mol/L/s 

molarity_flux_totald_i

n 

Total molarity flux going inward in lower 

channel 
 mol/L/s 

molarity_flux_totald_

out 

Total molarity flux going outward in lower 

channel 
 mol/L/s 

molarity_total Total molarity in upper channel  mol/L 

molarity_total_inlet Total molarity at inlet in upper channel  mol/L 

molarity_totald Total molarity in lower channel  mol/L 

molarity_totald_inlet Total molarity at inlet in lower channel  mol/L 
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molecular_interaction Molecular interaction in upper channel  J/s 

molecular_interaction

_d 
Molecular interaction in lower channel  J/s 

mu Viscosity of each gas in upper channel  g/cm/s 

mud Viscosity of each gas in lower channel  g/cm/s 

mu_inlet Viscosity of each gas at inlet  g/cm/s 

mumix 
Viscosity of each gas with molar fraction in 

upper channel 
 g/cm/s 

ndot_CH4_inlet Mole flow rate of CH4 at inlet  mol/s 

ndot_H2O_inlet Mole flow rate of H2O at inlet  mol/s 

omega 
Intermittent variable to find the viscosity of 

each gas in upper channel 
 g/cm/s 

omega_inlet 
Intermittent variable to find the viscosity of 

each gas at inlet 
 g/cm/s 

omegad 
Intermittent variable to find the viscosity of 

each gas in lower channel 
 g/cm/s 

P_plenum_c Pressure of plenum on reformate side 1000 Pa 

P_plenum_c_non Nondimensional plenum pressure of reformate   

P_plenum_h Pressure of plenum on hot air side 1000 Pa 

P_plenum_h_non Nondimensional plenum pressure of hot air   

P_cr Critical pressure of each species  Pa 

phiab 
Intermittent variable to find the viscosity of gas 

mixture in upper channel 
  

power_SR Power index for pre-exponential factor of SR 15  

power_WGS Power index for pre-exponential factor of WGS 6  

pre_exp_factor_SR Coefficient of pre-exponential factor of SR 4.225 mol/s 

pre_exp_factor_ 

WGS 
Coefficient of pre-exponential factor of WGS 1.955 mol/s 

product 
Intermittent variable to find the viscosity of gas 

mixture in upper channel 
  

product_inlet 
Intermittent variable to find the viscosity of gas 

mixture at inlet 
  

productd 
Intermittent variable to find the viscosity of gas 

mixture in lower channel 
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productym 
Summation of molar fraction of each gas times 

molecular weight of each gas in upper channel 
 g/mol 

Productym_inlet 
Summation of molar fraction of each gas times 

molecular weight of each gas at inlet 
 g/mol 

productymd 
Summation of molar fraction of each gas times 

molecular weight of each gas in lower channel 
 g/mol 

R_univ Universal gas constant 8.314 J/mol/K 

Reforming_rate Reforming rate of SR reaction in upper channel  mol/s 

Reforming_rated Reforming rate of SR reaction in lower channel  mol/s 

Res_duct Resistance of channel   

Res_tube_h Flow resistance of tube for hot air   

Res_tube_c Flow resistance of tube for reformate gas   

Rgas Gas constant of each gas  J/kg/K 

Rgas_inlet Gas constant of each gas at inlet  J/kg/K 

Rgas_mix Gas constant of gas mixture in upper channel  J/kg/K 

Rgas_mixd Gas constant of gas mixture in lower channel  J/kg/K 

Rgas_mix_part 
Gas constant of gas mixture in upper channel 

times molar fraction 
 J/kg/K 

Rgas_mix_partd 
Gas constant of gas mixture in lower channel 

times molar fraction 
 J/kg/K 

Sf0 
Entropy of formation of each component at 

standard state 
 J/mol/K 

Shifting_rate Shifting rate of WGS reaction in upper channel  mol/s 

Shifting_rated Shifting rate of WGS reaction in lower channel  mol/s 

sigma_1 
Intermittent variable to find the viscosity of gas 

mixture in upper channel 
  

sigma_1d 
Intermittent variable to find the viscosity of gas 

mixture in lower channel 
  

STCR Steam to Carbon Ratio   

sum Summation of product   

sumd Summation of productd   

T_cr Critical temperature of each species  K 

T_star Intermittent temperature to calculate viscosity   

Volume_liters Volume of a control volume in liter unit   
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y Molar fractions in upper channel of CHER   

y_CH4 Initial molar fraction of CH4 at inlet   

y_H2O Initial molar fraction of H2O at inlet   

y_inlet Mole fraction at inlet   

y_d Molar fractions in lower channel of CHER   

 

b) All sub-routines 

Sub-routines Definitions 

evaluate_properties( ) 
Evaluation of properties of  hot air such as convective heat 

coefficient, specific heat, etc. as a function of temperature 

find_activities( ) 
Finding of activities of each gas species for both upper and 

lower channel of reformate 

find_convection( ) 
To find molecular interaction (convective heat transfer) 

between fin and reformate gas 

find_flux_terms( ) 
To find productym and the total molar flux going in and out of 

control volume 

find_gas_properties( ) 
To find the specific heat for constant volume and pressure of 

each gas component and gas mixture 

find_inlet_properties( ) 

To find properties such as viscosity and specific heat for 

constant volume and pressure of each gas component and 

gas mixture at inlet 

find_reaction_parameters( ) 
To find reaction rate and equilibrium constant of both SR and 

WGS reaction 

find_reforming_shifting_reacti

on_rates( ) 

To find reforming rate and shifting rate of both SR and WGS 

reaction 

find_viscosity( ) 
To find viscosity of reformate inside both upper and lower 

channel 

function( ) 

1) Calculation of all heat transfers 

2) Calculation of enthalpy in and out 

3) Definition of Partial Differential Equations (PDEs) such as 

molarity equation and energy equation  

Gauss_Seidal_method( ) 
Finding pressure of gas mixture inside channels with respect 

to flow resistance of channel 
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Gauss_Seidal_method_air( ) 
Finding pressure of hot air inside channels with respect to 

flow resistance of channel 

Gibbs_energy_calculation( ) Gibbs energy calculation for both SR and WGS reaction 

main( ) 

1) Definition of non-global variables 

2) Reading input files 

3) Initialization of global variables 

4) Production of output file as results of running program 

5) Molar fraction calculation from molarity and total molarity 

6) Monitor output to check a running status of program 

7) 4
th
 order RK method for solving PDE by using while loop 

8) Extra calculations such as mass flow rate, heating energy, 

area, etc. 

 

4) SOFC electric power generation mode  

a) Global variables 

The common (shared) global variables with a different sub-module were also skipped in 

the following table. The distinctive feature of this sub-module is electric power generation. Many 

new variables related to power generation were added in this sub-module. 

Parameter Definition Value Unit 

CE5 
Stoichiometric coefficients of H2 and H2O for 

electricity generation reaction 
  

CE6 
Stoichiometric coefficients of O2 for electricity 

generation reaction 
  

Con_an Conductivity of anode  S/cm 

Con_an_elec Conductivity of electrolyte on anode side  S/cm 

Con_an_rib Conductivity of GDL on anode side  S/cm 

Con_ca Conductivity of cathode  S/cm 

Con_ca_elec Conductivity of electrolyte on cathode side  S/cm 

Con_ca_rib Conductivity of GDL on cathode side  S/cm 

Con_elec Conductivity of electrolyte  S/cm 

Con_k Conductivity of repetitive bipolar plate  S/cm 

Con_mono_an Conductivity of mono-polar plate on anode side  S/cm 
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Con_mono_ca 
Conductivity of mono-polar plate on cathode 

side 
 S/cm 

Cp_a_ex_kg 
Specific heat for constant pressure of anode 

gas (kg unit) which is going out of channel  
 J/kg/K 

Cp_a_ex_mol 
Specific heat for constant pressure of anode 

gas (mol unit) which is going out of channel 
 J/mol/K 

Cp_a_in_kg 
Specific heat for constant pressure of anode 

gas (kg unit) which is going into channel  
 J/kg/K 

Cp_a_in_mol 
Specific heat for constant pressure of anode 

gas (mol unit) which is going into channel  
 J/mol/K 

Cp_a_kg 
Specific heat for constant pressure of anode 

gas (kg unit) 
 J/kg/K 

Cp_a_mol 
Specific heat for constant pressure of anode 

gas (mol unit)  
 J/mol/K 

Cp_ex_kg 
Specific heat for constant pressure of each gas 

(kg unit) which is going out of channel  
 J/kg/K 

Cp_ex_mol 
Specific heat for constant pressure of each gas 

(mol unit) which is going out of channel  
 J/mol/K 

Cp_gas_part 
Specific heat for constant pressure of each gas 

(mol unit) after multiplying mole fraction 
 J/mol/K 

Cp_gas_part_ex 
Specific heat for constant pressure of each gas 

(mol unit) after multiplying mole fraction at exit  
 J/mol/K 

Cp_gas_part_ex_kg 
Specific heat for constant pressure of each gas 

(kg unit) after multiplying mole fraction at exit   
 J/kg/K 

Cp_gas_part_in 
Specific heat for constant pressure of each gas 

(mol unit) after multiplying mole fraction at inlet  
 J/mol/K 

Cp_gas_part_in_kg 
Specific heat for constant pressure of each gas 

(kg unit) after multiplying mole fraction at inlet   
 J/kg/K 

Cp_gas_part_kg 
Specific heat for constant pressure of each gas 

(kg unit) after multiplying mole fraction 
 J/kg/K 

Cp_H2_amb Specific heat of H2 at ambient temperature  kJ/kg/K 

Cp_H2O_amb Specific heat of H2O at ambient temperature  kJ/kg/K 

Cp_O2_amb Specific heat of O2 at ambient temperature  kJ/kg/K 

Cp_in_kg Specific heat for constant pressure of each gas  J/kg/K 
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(kg unit) which is going into channel  

Cp_in_mol 
Specific heat for constant pressure of each gas 

(mol unit) which is going into channel  
 J/mol/K 

Cp_kg 
Specific heat for constant pressure of each gas 

(kg unit) in channel  
 J/kg/K 

Cp_mol 
Specific heat for constant pressure of each gas 

(mol unit) in channel 
 J/mol/K 

Cv_a_ex_mol 
Specific heat for constant volume of anode gas 

(mol unit) which is going out of channel 
 J/mol/K 

Cv_a_in_mol 
Specific heat for constant volume of anode gas 

(mol unit) which is going into channel  
 J/mol/K 

Cv_a_mol 
Specific heat for constant volume of anode gas 

(mol unit)  
 J/mol/K 

Cv_ex_mol 
Specific heat for constant volume of each gas 

(mol unit) which is going out of channel  
 J/mol/K 

Cv_gas_part 
Specific heat for constant volume of each gas 

(mol unit) after multiplying mole fraction 
 J/mol/K 

Cv_gas_part_ex 
Specific heat for constant volume of each gas 

(mol unit) after multiplying mole fraction at exit  
 J/mol/K 

Cv_gas_part_ex_kg 
Specific heat for constant volume of each gas 

(kg unit) after multiplying mole fraction at exit   
 J/kg/K 

Cv_gas_part_in 
Specific heat for constant volume of each gas 

(mol unit) after multiplying mole fraction at inlet  
 J/mol/K 

Cv_gas_part_in_kg 
Specific heat for constant volume of each gas 

(kg unit) after multiplying mole fraction at inlet   
 J/kg/K 

Cv_mol 
Specific heat for constant volume of each gas 

(mol unit) in channel 
 J/mol/K 

del_x_cm 
Horizontal length of a control volume for active 

region in cm unit 
 cm 

del_y_cm 
Vertical length of a control volume for active 

region in cm unit 
 cm 

F Faraday constant 96485 C/mol 

G_rxn Gibbs energy of formation  J/mol 

h_rxn Reaction enthalpy  J/mol 
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hf0_H2 
Enthalpy of formation of H2 at  the standard 

state 
0.0 J/mol 

hf0_H2O 
Enthalpy of formation of H2O at  the standard 

state 
-241814 J/mol 

Hf0_O2 
Enthalpy of formation of O2 at  the standard 

state 
0.0 J/mol 

hf_H2 Enthalpy of formation of H2 at a given state  J/mol 

hf_H2O Enthalpy of formation of H2O at a given state  J/mol 

hf_O2 Enthalpy of formation of O2 at a given state  J/mol 

hs_H2 Sensible enthalpy of H2 at a given state  J/mol 

hs_H2O Sensible enthalpy of H2O at a given state  J/mol 

hs_O2 Sensible enthalpy of O2 at a given state  J/mol 

i_elec Current that flows through cell  A 

inlet_mass_fraction Mass fraction of each gas at inlet   

Mgas_mix_inlet Molecular weight of mixed gas at inlet  g/mol 

molarity_flux_total_inl

et_in 
Total molarity flux going inward at inlet   mol/L/s 

molarity_flux_total_inl

et_out 
Total molarity flux going outward at inlet   mol/L/s 

molarity_flux_total_o

utlet_in 
Total molarity flux going inward at outlet  mol/L/s 

molarity_flux_total_o

utlet_out 
Total molarity flux going outward at outlet  mol/L/s 

mu_ex Viscosity of each gas at exit region  g/cm/s 

mu_in Viscosity of each gas at inlet region  g/cm/s 

mumix_ex 
Viscosity of each gas with molar fraction at exit 

region 
 g/cm/s 

mumix_in 
Viscosity of each gas with molar fraction at 

inlet region 
 g/cm/s 

Ohm_act_a Activation resistance on anode side  Ω�cm
2
 

Ohm_act_c Activation resistance on cathode side  Ω�cm
2
 

omega_ex 
Intermittent variable to find the viscosity of 

each gas at exit region 
 g/cm/s 

omega_in Intermittent variable to find the viscosity of  g/cm/s 
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each gas at inlet region 

phiab_ex 
Intermittent variable to find the viscosity of gas 

mixture at exit region 
  

phiab_in 
Intermittent variable to find the viscosity of gas 

mixture at inlet region 
  

R_an Resistivity of anode   

R _an_elec Resistivity of electrolyte on anode side  Ω�cm 

R_an_rib Resistivity of GDL on anode side  Ω�cm 

R_ca Resistivity of cathode  Ω�cm 

R_ca_elec Resistivity of electrolyte on cathode side  Ω�cm 

R_ca_rib Resistivity of GDL on cathode side  Ω�cm 

R_elec Resistivity of electrolyte  Ω�cm 

R_k Resistivity of repetitive bipolar plate  Ω�cm 

R_mono_an Resistivity of mono-polar plate on anode side  Ω�cm 

R_mono_ca Resistivity of mono-polar plate on cathode side  Ω�cm 

RC_an_elec 
Contact Resistance between anode and 

electrolyte 
 Ω�cm

2 

RC_ca_elec 
Contact Resistance between cathode and 

electrolyte 
 Ω�cm

2
 

RC_GDL_an Contact Resistance between GDL and anode  Ω�cm
2
 

RC_GDL_ca Contact Resistance between GDL and cathode  Ω�cm
2 

RC_ma_GDL 
Contact Resistance between plate on anode 

side and GDL 
 Ω�cm

2
 

RC_mc_GDL 
Contact Resistance between plate on cathode 

side and GDL 
 Ω�cm

2
 

Rgas_mix_ex Gas constant of gas mixture at exit  J/kg/K 

Rgas_mix_in Gas constant of gas mixture at inlet  J/kg/K 

Rgas_mix_part_ex 
Gas constant of gas mixture at exit times molar 

fraction 
 J/kg/K 

Rgas_mix_part_in 
Gas constant of gas mixture at inlet times 

molar fraction 
 J/kg/K 

s0_H2 Entropy of H2 at the standard state 130.7 J/mol/K 

s0_H2O Entropy of H2O at the standard state 188.8 J/mol/K 

s0_O2 Entropy of O2 at the standard state 205.1 J/mol/K 
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s_H2 Entropy of H2 at a given state  J/mol/K 

s_H2O Entropy of H2O at a given state  J/mol/K 

s_O2 Entropy of O2 at a given state  J/mol/K 

s_rxn Reaction entropy  J/mol/K 

sigma_1_ex 
Intermittent variable to find the viscosity of gas 

mixture at exit 
  

sigma_1_in 
Intermittent variable to find the viscosity of gas 

mixture at inlet 
  

sum_ex Summation of product at exit   

sum_in Summation of product at inlet   

T_star_ex 
Intermittent temperature to calculate viscosity 

at exit 
  

T_star_in 
Intermittent temperature to calculate viscosity 

at inlet 
  

V_act Activation loss of cell  V 

V_act_a Activation loss on anode side  V 

V_act_c Activation loss on cathode side  V 

V_an Voltage of anode  V 

V_X_old Voltage of X at the previous time step  V 

V_an_elec Voltage of electrolyte on anode side  V 

V_an_rib Voltage of anode rib (GDL)  V 

V_ca Voltage of cathode  V 

V_ca_elec Voltage of electrolyte on cathode side  V 

V_ca_rib Voltage of cathode rib (GDL)  V 

V_g Reversible voltage  V 

V_k Voltage of repetitive bipolar plate  V 

V_mono_an Voltage of mono-polar plate on anode side  V 

V_mono_ca Voltage of mono-polar plate on anode side  V 

V_rev_cell Reversible cell voltage  V 

y_ex Molar fractions at exit region   

y_in Molar fractions at inlet region   
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b) All sub-routines 

Sub-routines Definitions 

activation_loss( ) Evaluation of activation loss of cell 

contact_resistance( ) Calculation of contact and ionic resistances 

current_calculation( ) Calculation of current density of cell 

evaluate_channel_properties() 
Evaluation of properties of  hot air such as convective heat 

coefficient, specific heat, etc. as a function of temperature 

find_flux_terms_inlet( ) To find productym and the total molar flux going at inlet 

find_flux_terms_outlet( ) To find productym and the total molar flux going at outlet 

find_reformate_entrance_spec

ific_heat( ) 
To find the specific heat of gas mixture (reformate) at inlet 

find_reformate_entrance_visco

sity( ) 
To find viscosity of reformate at inlet 

find_reformate_exit_specific_h

eat( ) 
To find the specific heat of gas mixture (reformate) at outlet 

find_reformate_exit_viscosity( 

) 
To find viscosity of reformate at outlet 

function_e( ) 

This function is the similar with function( ), but this function 

is for electricity production mode 

1) Calculation of all heat transfers 

2) Calculation of enthalpy in and out 

3) Definition of Partial Differential Equations (PDEs) such as 

molarity equation and energy equation 

get_voltage( ) 
With Gauss-Seidal method, calculation of all voltage 

distributions 

monitor_output( ) For monitor output of electricity production module 

reformate_entrance_properties

( ) 

To find the convective heat transfer coefficient of gas 

mixture (reformate) at inlet 

reformate_exit_properties( ) 
 To find the convective heat transfer coefficient of gas 

mixture (reformate) at outlet 

resistivity( ) Calculation of each resistivity with conductivity  

reversible_voltage( ) Calculation of reversible cell voltage 

save_data_file( ) For saving output data of voltage, current, etc. 

update_resistance( ) Update of contact resistance including ohmic losses 
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Appendix D 

The HEX Experimental Set-up
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This appendix summarizes experimental setup procedures and instructions for the 

operation of the HEX test rig. Procedures for the hardware wire connection and alignment, and 

instrumentation specifications were introduced. 

Air Preheater 

 

Figure D. 1 Electrical Air Preheater with indication of air inlet, air outlet, electrical connections as 

well as thermocouples for control and safety 

 

 

Figure D. 2 Characteristic curve of air preheater 
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Figure D. 1 shows the electrical air preheater with an indication of the air inlet, air outlet, 

electrical connections as well as thermocouples for temperature control and safety. Mass flow 

rate range of the air is between 25~250 SLPM. With respect to various mass/volume flow rates, 

the temperature of TRC, TSH, output temperature, percentage output, and pressure were 

shown in Figure D. 2. The air preheater has been installed as close as possible to the inlet of 

the HEX, since heat loss at small flow rates drastically decreases the fluid temperature. Precise 

wiring procedures will be explained in the electrical cabinet section. The operation limits and 

gradients that are given in Table D. 1 must not be exceeded. 

 

Table D. 1 Maximal allowed gradients and operation limits 

Parameter change Operation limit Remark 

Flow rate 20 SLPM Prevents temperature over shooting 

Heat up temperature rate 
20 K/min < 700

o
C  

10 K/min > 700
o
C  

Max. heater temperature 965 
o
C Temperature safeguard (TSH) 

Max. gas temperature 850 
o
C Control temperature (TRC) 

 

Electric cabinet 

                 

Figure D. 3 Electric cabinet and an enlarged view of TC panel 

TC panel 

Main power 
switch 

On/Off switch of 
each component 

Excess 
temperature 
warning lamp 
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The test rig is equipped with thermocouples for the control and safety management 

system as well as for measuring tasks. All thermocouples are connected to the measurement 

system via a connecting Thermocouple (TC) panel inside the test rig. Access to the TC panel is 

possible on the right side of the cabinet as shown in Figure D. 3.  

 

  

Figure D. 4 Terminals on X0 (Left) and Position of X0, K1, K2, and K3 (Right) 

 

Table D. 2 Overview of cabling 

Device 1 To Device 2 Details 

Power supply components Grid 277V/480V, 3×16A 

Power supply cabinet Grid 120V, 1×16A 

Contactor K1:2 and K1:4 terminal 

+ PE (protective earth) 
Air preheater 480V (L1 and L2), 6.1kW 

Contactor K2:3 and K2:4 terminal 

+ PE (protective earth) 
Gas preheater 277V (L3 and N), 1.9kW 

Contactor K3:3 and K3:4 terminal 

+ PE (protective earth) 
Evaporator 277V (L3 and N), 0.75kW 

 

Each component such as the air preheater, gas preheater and evaporator needs 

electric power, which is provided by the proper cabling with the electric cabinet. Figure D. 4 and 

Table D. 2 show names, positions of each contactor terminal, and an overview of the cabling. 

For more details of the electric wiring of the cabinet, have a look to the schematic in Figure D. 5. 
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Figure D. 5 120V and 277/480V networks 
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Table D. 3 shows the overview of temperature measurement using the electric cabinet. Except 

listed slots in Table D. 3, remaining slots are free to be used by other TCs.  

 

Table D. 3 Overview of temperature measurement 

Location PID name TC Type TC Type 

Control temperature evaporator TRC evaporator K TC 01 

Steam temperature evaporator outlet  TR steam K TC 02 

Control temperature air preheater TRC air preheater N TC 04 

Control temperature gas preheater TRC gas preheater N TC 05 

Evaporator safety temperature Safety TC evaporator K TC 09 

Air preheater safety temperature Safety TC air preheater N TC 12 

Gas preheater safety temperature Safety TC gas preheater N TC 13 
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Appendix E 

The CHER Experimental Set-up



180 

 

This appendix summarizes the experimental setup procedures and instructions for the 

operation of the CHER test rig. The procedures for the hardware wire connection and alignment, 

and instrumentation specifications were introduced. 

Gas preheater 

 

Figure E. 1 Electrical Gas Preheater with indication of gas inlet, gas outlet, electrical 

connections as well as thermocouples for control and safety 

 

 

Figure E. 2 Characteristic curve of air preheater 
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Figure E. 1 shows the electrical gas preheater with indication of gas inlet, gas outlet, 

electrical connections as well as thermocouples for control and safety. The volume flow rate 

range for the device is between 10~80 SLPM. With respect to various mass/volume flow rates, 

the temperature of TRC, TSH, output temperature, and controller output were shown in Figure E. 

2. The gas preheater has been installed as close as possible to the air inlet of the CHER, since 

heat loss at small flow rates drastically decreases the fluid temperature. Precise wiring 

procedures were explained in the electrical cabinet section in Appendix D.  

Water metering pump 

 

Figure E. 3 Control Panel of Variable-Speed Peristaltic Tubing Pump (S1: Power/Direction 

switch; S2: Pump speed switch; C1: Variable flow control) 

 

Figure E. 3 shows compact, variable-flow, bi-directional, self-priming, peristaltic tubing 

pump that offers precise flow deliveries. Using a power/direction switch, three functions 

(selecting forward, reverse, and power off) are possible. It provides outstanding flow control and 

flexibility for transferring and dosing liquids. Fluid contacts only the tubing for contamination-free 

pumping. Temperature range of fluids is from -80 to -500
o
F (-62 to 260

o
C). The 120-VAC CSA-

approved wall power supply ensures that a safe 12 volts drive the pump motor. Flow rates are 

from 0.005 milliliters per minute to 600 milliliters per minute. Variable-speed flow control and six 

different tubing sizes provide fine resolution with a wide flow range. The revolution of one roller 

delivers a precise measured volume specific to the tubing size and motor speed. It may be used 
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with up to 120 feet of tubing for remote sampling. Table E. 1 shows approximate flow rates for 

different ID and length of tubing.  

For the application of an evaporator, a ¼” tubing ID was selected because around 

0.1g/sec (6 ml/min) mass flow rate, according to the capacity of evaporator was chosen to 

supply the steam for the evaporator inlet.   

 

Table E. 1 Tubing dimensions for various mass flow rates 

Tubing ID Approximate Tubing length Approximate Flow Rate 

1/50”, 0.5mm 3.25”, 83mm 0.03~0.06 ml/min 

1/32”, 0.8mm 3.5”, 89mm 0.04~0.14 ml/min 

1/16”, 1.6mm 4.25”, 108mm 0.25~0.8 ml/min 

3/32”, 2.4mm 4.5”, 114mm 0.4~1.7 ml/min 

3/16”, 4.8mm 5.0”, 127mm 1.7~4.6 ml/min 

1/4”, 6.4mm 4.375”, 111mm 1.8~8.2 ml/min 

 

As shown in Figure E. 3, variable flow control is possible to vary the mass flow rate with 

this type of pump. However, a precise mass flow is not available although changing the mass 

flow rate is achievable. Therefore, a straightforward experiment was performed to find out the 

exact mass flow rate for each flow speed number on the control panel. For this experiment, a 

precise digital scale and a stopwatch were used to measure mass flow rate of distilled water for 

one minute at each flow speed from 0 to 10. Table E. 2 shows the exact mass flow rate for each 

flow speed of C1 knob with the fast mode of S2 switch in Figure E. 3. As a result, the specific 

speed rates (0 ~ 3) are available for the evaporator (30~350 g/hr).  
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Table E. 2 Digital mass flow rate for each flow speed of C1 knob 

Speed gram/minute gram/second 

0 4.956 0.0826 

1 5.483 0.0914 

2 5.809 0.0968 

3 5.959 0.0993 

4 6.459 0.1077 

5 7.240 0.1207 

6 7.584 0.1264 

7 7.861 0.1310 

8 8.210 0.1368 

9 8.691 0.1449 

10 9.106 0.1518 

 

Evaporator 

 

Figure E. 4 Evaporator with indication of water inlet, steam outlet, electrical connections as well 

as thermocouples for control and safety 
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Figure E. 4 shows the evaporator with indication of water inlet, steam outlet, electrical 

connections as well as thermocouples for control and safety. The evaporator has to be operated 

in a vertical position with the cold inlet at the bottom. The operation limits and gradients in Table 

E. 3 must not be exceeded. 

 

Table E. 3 Maximal allowed gradients and operation limits 

Parameter change Operation limit Remark 

Gradient flow rate 10 (g/h)/min For > 50g/hour 

Flow rate 30 g/hour Minimal flow rate 

Flow rate 350 g/hour Maximal flow rate 

Heat up temperature 15K/min  

Max. heater temperature 500 
o
C Temperature safeguard 

 

If the steam supply has to be changed, it is recommend performing small steps with 

some hold times in order to always guarantee a correct steam-to-carbon ratio in the reforming 

process. In order to keep the functioning of the heating elements, it is recommended not to pass 

300°C heater temperature if the evaporator is operated without flow supply.  

Mass flow rate calculation of each species 

As mentioned before, the maximum flow rate for the evaporator is 350 g/hour=0.09722 

g/second. To maintain the STCR over 2.0 for the SR process, the following relationship 

2

4

2.0
H O

CH

m

m

 
>  

 

ɺ

ɺ
 should be met between the mass flow rate of H2O and CH4. Due to the limited 

capacity of the evaporator, the lowest mass flow rate (0.0826 g/sec) was chosen for the flow 

rate of the water metering pump.  
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Appendix F 

Etc. 
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Future work 

The effective functional range can be found by connecting a digital controlling 

apparatus of BOP to the developed SOFC power generating system. Building a proper digital 

control unit is a future goal of the research. In other words, future projects are the design and 

implementation of the fuel cell control system and a design of power control scheme for the fuel 

cell power generation system. 

The BOP system should be made to ensure the application of the SOFC. The object of 

this research is to establish the system technology for SOFC Power Generation System (Plant). 

The main goal is to come up with a compact power plant system and components. The SOFC 

power plant BOP system consists of several components such as reformer, after burner, HEX, 

etc. 

In my future research, I will develop dynamic integrated modules that can be 

communicated with any auxiliary devices of an entire system. I will also collaborate with 

colleagues in the area of control to improve the developed technology up to a suitable level that 

has a control function to choose proper sub-devices such as the blower/compressor and GT. 

Through the research, I will develop several in-house computer programs. With my future 

project sponsors, I will consider licensing one of the computer software programs developed in 

my lab. I am very enthusiastic about pursuing these goals in an academic setting where 

opportunities for collaborations across diverse fields are abundant and where revolutionary 

thinking is encouraged. 

As reported in the DOE BESAC report “Directing Matter and Energy: five Challenges in 

Science and Imagination”, understanding the physical behavior of complicated energy systems 

with multi-physical domains operating beyond equilibrium conditions poses significant scientific 

and engineering challenges. The SOFC system has multiple physical domains interacting with 

each other through different physical phenomena in a different time scale. Due to the 

complicated flows characterized by a large thermal mass, mass storage effect within ducts and 
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channels, flow inertia, and electrochemical reactions, the system is operating at far beyond a 

thermodynamic steady state during many operating conditions.  

The evolving integrated computational model can be used as a valuable tool for the 

system-level optimization of individual sub systems and the balance of plants. The individual 

optimization of each subsystem is very difficult in current practices due to so many unknown 

thermal/electrochemical boundary conditions once they are placed within the flow passages of 

complete SOFC systems. The developed computational model combines all the subsystems 

using transient mass (or molar) continuity and energy equations allowing one to predict all the 

thermodynamic and chemical properties over the flow passages once only the global boundary 

conditions at system-level inlets and outlets are specified. Once the developing research is 

successfully finished, the computational model will provide the most innovative engineering 

design tool of SOFC systems to academia and industry.  

The developing research will have a significant impact on the academic and industry 

professionals working on SOFC system development. For economic consideration, the research 

enables the US to remain a leader in the fuel cell industry in both commercial and military 

applications. The knowledge and understanding of the thermal dynamics of the SOFC system 

obtained through the research will provide the most efficient engineering solution reducing the 

lead-time for the development of the SOFC systems. The research outcomes will be 

disseminated through industrial seminars, local ASME meetings, presentations at international 

conferences, journal publications, and the graduate-level course curriculum.   
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