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ABSTRACT 
 

The afterburner is an important components for 

thermal balance in a solid oxide fuel cell system. The 

chemical energy of the off-gases from anode and 

cathode is changed to heat energy for thermal balance 

of system and further heat recovery and reuse. This 

study uses the computational fluid dynamics to 

simulate the combustion flow field in the afterburner. 

The flue gas is mixed by hydrogen and nitrogen 

carrying gases at different ratio. The effects of 

afterburner geometric size is also studied in this 

researches. The results show that the amount of 

nitrogen gases significantly affects the thermal 

uniformity and outlet temperature. In the study cases, 

the temperature of exhaust gases is reduced to be less 

than 950°C as the hydrogen components is less than 

60% of the mixing fuel gas. In the case, the system cost 

can be reduced by using common materials which 

cannot be operated at high temperature above 1000°C. 

 

INTRODUCTION 
 

With the increasing demand for energy, the 

development of sustainable, low-pollution and high-

efficiency alternative energy technologies has become 

the most important issue in the world. Recently, the 

fuel cells which convert the chemical energy of 

hydrogen-containing fuel gas into electrical energy are 

considered one of the most promising technologies for 

green energy. By the protons produced in anode or 

oxygen ions produced in cathode passing through the 

electrolytes to another electrode, the fuel cells generate 

power at appropriate  

 

 

 

 

 

 

 

operation temperature combined with only water 

production. 

Among various types of fuel cells, the solid oxide 

fuel cell (SOFC) (Choudhury et al., 2013) operates at 

a high temperature of 800-1000°C with a relative high 

efficiency up to 60%. Even in an intermediate SOFC, 

it also requires 550-700°C to achieve a good oxygen 

ion conductivity (Brett et al., 2008; Cheng et al., 2016). 

As a result, hydrocarbon fuel gases like methane are 

also adoptable for SOFCs to generate power through 

the internal reformation of fuel gases to hydrogen, i.e. 

the fuel sources of SOFCs are diverse. 

Generally, the fuel utilization of SOFCs is above 

70%, and the remaining fuel gases are introduced into 

an afterburner to convert chemical energy into heat 

energy by combustion. Then the heat energy is used 

for the fuel and air pre-heating of the system by using 

heat exchanger, and also used for hot air or water 

production to further improve the system efficiency up 

to 90% (Onda et al., 2003; Braun et al., 2006). Another 

solution for residual hydrogen gas is fuel reuse. For 

example, Somekawa et al. (2017) presented a two-

stage SOFC stack configuration, in which the 

remaining fuel that are not used at the 1st SOFC stack 

are introduced into the 2nd stack. The total fuel 

utilization of the system is 92% and the electrical 

efficiency is 77.8% (DC, LHV). However, to remove 

the H2O and CO2 in the fuel exiting 1st SOFC, an off-

gas regenerating technique was used accompanied 

with the 2nd stack and hence increased the system cost. 

Therefore, the cost down issue of this scheme is 

important in the progressive development. 

    Since the temperature of SOFC off-gases usually 

exceed the self- ignition temperature of hydrogen, the 

gas combustion in a SOFC afterburner is high 

efficiency. The heat recovery of high-temperature 

exhaust gas is implemented through the heat 

exchanger to preheat air and provide the heat energy 

required for fuel reformer. As one of the most 

important key components of the SOFC system, the 

afterburner must be able to convert low-calorific value 

gases into thermal energy during system operation. 

When the system is shut down, the afterburner must 

convert the high-heat reformate gas. 

    Frenzel et al (2011) listed components of anode 

off-gas corresponding to the operation of the SOFC, as 
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well as the components at system startup and 

shutdown. The gases mainly include H2, CO, CO2, N2, 

H2O. At different power generation and fuel utilization 

rates, the proportion of gas composition is also 

different. Therefore, for the power generation and 

component configuration of the SOFC system, the 

afterburner design needs to meet the performance 

requirements. 

In terms of structural design, Hong et al. (2013) 

presented a 2kW SOFC system. An afterburner 

without fuel and air premixing was used to avoid high-

temperature flash over of the fuel. The operational 

control is relatively easy in this case. Frenzel et al. 

(2011) proposed a burner with a two-stage combustion 

mechanism. As the system is operating, the fuel off-

gas can be completely combusted in the first 

combustion chamber with high temperature air 

diverted into the reactor. When the system is turned 

on/off, the high-heat-value reformed gas that has not 

been burned in the first combustion chamber enters the 

second combustion chamber with the combustion 

exhaust gas and reacts with more high-temperature air. 

Through the action of this two-stage combustion gas, 

the energy of the unreacted fuel gas entering the SOFC 

can be completely converted into heat energy for 

further recycling.  

Pianko-Oprych and Jaworski (2017) used 

computational fluid dynamics simulation (CFD) to 

study the performance of an afterburner proposed by 

Sunfire. The inlet flow channels for SOFC anode 

exhaust gas and natural gas are different. The 

combustion chamber is divided into two parts, i.e. the 

startburner and afterburner. The simulation results 

were consistent with the experimental data. It shows 

that the numerical simulation is suitable for the 

characteristic research and technical development of 

the SOFC burner. 

Since the literatures and reports of the SOFC 

afterburner are few, it is necessary to study the 

characteristic of the afterburner for SOFC system 

operation. This study uses the CFD to simulate the 

combustion of the SOFC afterburner. To simply the 

exhaust gas components, pure hydrogen gas is used in 

this work combined with nitrogen carrying gas. The  

characteristics of flow field in the afterburner are 

investigated as the hydrogen/ nitrogen ratio is changed. 

 

METHODOLOGY 
 

Governing equations 

The conservation equations are solved in the 

numerical simulations of the SOFC afterburner 

including: 

(1) Continuity equation 
∂ρ

∂t
+

∂

∂𝑥𝑖
(ρ𝑢𝑖) = 0                         (1) 

where ρ, t and 𝑢𝑖 are the fluid density, evolution time, 

and flow velocity at i direction respectively. 

 

(2) Reynolds-averaged Navier–Stokes equations 

(RANS) 
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where p  is pressure, 𝜇  is fluid viscosity, and 𝑢𝑖
′𝑢𝑗

′̅̅ ̅̅ ̅̅  

is the terms of Reynolds stress. 

 

(3) The standard k-ε turbulence model  
∂
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 ( 3 ) 
∂
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In the equations, 𝐺𝑘  is the turbulent kinetic energy 

generation term due to the average velocity gradient, 

and 𝐺𝑏  is the turbulent kinetic energy generation 

term due to buoyancy. The term 𝑌𝑀  represents the 

contribution of the expansion expansion to the overall 

dissipation rate in the compressible turbulent flow, and 

𝜇𝑡 is the turbulent flow viscosity. The coefficients, 𝜎𝑘 

and 𝜎𝜀, are the turbulent Prandtl number of k and ε.  

 

(4) The energy equations  
∂

∂t
(ρ𝐸) +

∂

∂𝑥𝑖

[𝑢𝑖(ρ𝐸 + 𝑝)] 

=
∂
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+ 𝑢𝑖(𝜏𝑖𝑗)𝑒𝑓𝑓] + 𝑆ℎ         (5) 

where E is the total energy, 𝑐𝑝  is the heat capacity 

under constant pressure, T is the temperature, and 𝑆ℎ 

is the heat source. (𝜏𝑖𝑗)𝑒𝑓𝑓   is the deflection stress 

tensor defined as 

(𝜏𝑖𝑗)𝑒𝑓𝑓 = 𝜇𝑒𝑓𝑓 (
∂𝑢𝑖

∂𝑥𝑗
+

∂𝑢𝑗

∂𝑥𝑖
) −

2

3
𝜇𝑒𝑓𝑓

∂𝑢𝑖

∂𝑥𝑖
𝛿𝑖𝑗       (6) 

 

(5) The Chemical species transmission equation 

As the Species Transport model is used to calculate the 

chemical reaction part, the 𝑌𝑖  solution equation for 

each chemical species needs to be expressed as 
∂

∂t
(ρ𝑌𝑖) +

∂

∂𝑥𝑗
(ρ𝑢𝑗𝑌𝑖) = −

∂𝐽𝑖𝑗

∂𝑥𝑗
+ 𝑅𝑖 + 𝑆𝑖         (7) 

where 𝐽𝑖𝑗 is the diffusive flux of type i, 𝑅𝑖 is the net 

generation rate of i type due to chemical reaction, and 

𝑆𝑖 is the source term. 

 

(6) Mixture fraction transmission equation 

The mixture fraction is defined as 

f =
𝑍𝑖−𝑍𝑖,𝑜𝑥

𝑍𝑖,𝑓𝑢𝑒𝑙−𝑍𝑖,𝑜𝑥
                            (8) 
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Where 𝑍𝑖  is the mass fraction of the element i. the 

subscript ox represents the value at the oxidant inlet, 

and the subscript fuel represents the value at the fuel 

inlet. The Favre average (density average) mixture 

fraction formula is 
∂

∂t
(ρ𝑓̅) +

∂

∂𝑥𝑖

(ρ𝑢𝑖𝑓)̅ 
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∂
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𝑘
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+
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)

∂𝑓̅

∂𝑥𝑗
] + 𝑆𝑚              (9) 

where k is the laminar heat transfer coefficient of the 

mixture, 𝐶𝑝 is the specific heat of mixing, 𝜎𝑡 is the 

Prandtl number, and 𝑆𝑚  is the source term. The 

mixture fraction variation 𝑓′2̅̅ ̅̅  can be obtained by 
∂
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𝜀
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( 1 0 ) 

where f ′ = f − 𝑓.̅  

 

Simulation model 

The simulation model in this study is shown in 

Figure 1 and the mathematical model used in this study 

is listed in Table 1. The flow rate of off-gases is set for 

high power generation SOFC. The boundary 

conditions are as follows: 

Air inlet: Q̇ = Q̇𝑎𝑖𝑟  L/min，T = 973 𝐾 

Fuel inlet: Q̇ = Q̇𝑓𝑢𝑒𝑙  L/min，T = 1073 𝐾 

Outlet: P = 𝑃∞ = 101.325 kPa 

Inner walls: no-slip and no-penetration conditions 

Outer inner walls: adiabatic 

 

(a)  

(b)  

Fig. 1.Simulation model of SOFC afterburner. 

 

Table 1.The mathematical model of simulation. 

 
 

Table 2. Geometric parameters and gas flow rates (in 

mm, L/min) 

 
 

RESULTS AND DISCUSSIONS 
 

The numerical verification is achieved by 

simulating the non-premixed turbulent flame of 

hydrogen/air downstream co-current injector with 

comparison to Alliche and Chikh’s results (2018). In 

the case, the conjugate heat transfer is ignored with 

adiabatic wall boundary. In this study, the Al2O3 

thermal insulation walls are applied in the simulation 

of afterburner. 

 

Combustion of pure hydrogen 

The combustion of pure hydrogen is simulated in 

the first parts of the present work. The geometric 

parameters and gas flow rates are listed in Table 2 to 

study the effects of burner geometric sizes. Figure 2(a) 

presents the temperature distribution of combustion 

chamber in the case 1. Because the fuel gas and air are 

parallel flow, the hydrogen molecules with small radial 

velocity are difficultly diffused into air to produce 

combustion flame. Consequently, the combustion 

reaction starts from the outside of the hydrogen 

column and causes a long flame. The maximum 

temperature of the chamber is 2360K and the wall 

temperature is between 1070 K and 1100 K. Because 

the flame is wider, the outlet temperature of 2184 K is 

higher than the front of the combustion chamber. 

Figure 2(b) shows that there are residual hydrogen gas 

at the outlet. Therefore, the length of the combustion 

chamber should be extended in order to avoid high-

temperature exhaust hydrogen gas. 
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(a)  

(b)  

Fig. 2.(a) Temperature distribution and (b) mass 

fraction of hydrogen and oxygen on the central 

axis in case 1. 

 

In case 2, the temperature in the chamber  is less 

than that of case 1 due to an increase chamber size 

(outlet temperature: 2110 K; wall temperature: 

between 1070 K and 1080 K). When the fuel inlet size 

is reduced, as in case 3, the gas mixing is enhanced and 

the amount of residual hydrogen gas at outlet is 

decreased. The simulation results of case 3 are shown 

in figure 4. As a result of hydrogen combustion 

improving, the average outlet temperature is increased 

to 2449 K, and the wall temperature is between 955 K 

and 1010 K, which is lower than that of Case.2 and 

Case.3. 

From above case studies, it can be found that the 

fuel inlet pipe diameter has a significant effect on the 

flame length and outlet temperature. Therefore, when 

designing the combustion chamber, diameters of fuel 

inlet pipes must be selected for specific cases. The 

length of combustion chamber is also adjusted for 

completely combustion for hydrogen gas. In this cases, 

the pressure drop is very small (2~12 Pa). 

 

 (a)  

(b)  

Fig. 3.(a) Temperature distribution and (b) mass 

fraction of hydrogen and oxygen on the central 

axis in case 2. 

(a)  

(b)  

Fig. 4.(a) Temperature distribution and (b) mass 

fraction of hydrogen and oxygen on the central 

axis in case 3. 

 

Combustion of hydrogen/nitrogen mixing gases 

    In this section, the combustion characteristics of 

hydrogen/nitrogen mixing gases is investigated for the 

SOFCs which need additional carrying gas at anode. 

Five cases of ratio at 100%, 80%, 60%, 40% and 20% 

are simulated. The hydrogen flow required is 500 

L/min, and the ratio of fuel to oxidant is fixed at 1:1.5. 

The geometries of these cases are the same as the case 

3 in Table 2, i.e. case 3 is the case of H2- 100%@N2. 

 

Table 3. The inlet flow rate under various 

hydrogen/nitrogen ratio. 

 
 

Figure 5 shows the results of H2- 80%@N2. By 

comparing with Fig. 3, the average exit temperature is 

reduced to 2315 K, while the wall temperature ranged 

from 970 K to 1010 K is not changed. Figure 5(b) 

shows the amount of residual hydrogen gas is reduced, 

but not equao to zero at the exit of burner. As the 

hydrogen/nitrigen ratio decreases to 60%, the 

combustion temperaure of the chamber is significantly 

reduced due to the large amount of introducing 

nitrigen gas and air. The wall temperature is about 970-

1000K acompanying with the exit temperature of 

1028K, as shown in Fig. 6. The flame shape is 

shortened as well. 

In the cases of hydrogen/nitrigen ratio at 40% and 

20%, the exit temperature is less than 750K, and the 

wall temperature ranges in 820K to 980K. As shown 

in Figs. 7 and 8, the uniformity of chamber 

temperature is improved. Due to the narrow fuel inlet,  
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 (a)  

(b)  

Fig. 5. (a) Temperature distribution and (b) mass 

fraction of hydrogen and oxygen on the central 

axis in the case of H2- 80%@N2. 

 

(a)  

(b)  

Fig. 6. (a) Temperature distribution and (b) mass 

fraction of hydrogen and oxygen on the central 

axis in the case of H2- 60%@N2. 

 

increasing the nitrigen amount of the mixing gases 

would enlarge the flame velocity, and hence narrow 

the flame width. As in Fig. 7, an injecting flame is 

observed. 

 

CONCLUSIONS 
 

This study conducted the CFD simulation model 

for the SOFC afterburner. The flow field and 

combustion phenomena inside the afterburner 

chamber were analyzed. The results of various  

(a)  

(b)  

Fig. 7. (a) Temperature distribution and (b) mass 

fraction of hydrogen and oxygen on the central 

axis in the case of H2- 40%@N2. 

 

 (a)  

(b)  

Fig. 8. (a) Temperature distribution and (b) mass 

fraction of hydrogen and oxygen on the central 

axis in the case of H2- 20%@N2. 

 

hydrogen/nitrogen ratio show that the temperature of 

exhaust gases can be reduced to < 950°C, which is a 

common index for afterburner for SOFC system 

costdown, as the hydrogen components is less than 

60% of the mixing fuel gas. Reducing the chamber 

operating temperature also mean the afterburner size 

can be decreased. Besides, the increase of air amount 

leads to oxygen-enriched combustion, which is helpful 

for complete combustion of large hydrogen flow rate, 

as in this study. Generally, the hydrogen-nitrogen ratio 

of fuel gases has significant effects on the combustion 

characteristics of an afterburner and can be modulated 

for specific SOFC system. 
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摘 要 

 

尾氣燃燒器是固體氧化物燃料電池系統自主

熱平衡所需之的重要熱組件，來自陽極和陰極的廢

氣的化學能量轉化為熱能後，進一步回收熱量和再

利用。本研究建構計算流體力學模型來研究尾氣燃

燒器內部，燃料氣體由氫氣和氮氣以不同比例進行

混合。本論文亦分析尾氣燃燒器幾何尺寸對燃燒特

性之影響。計算模擬研究結果顯示，燃料氣體之氫

/氮比多寡，對後燃器中熱均勻性和出口溫度均有

顯著的影響。在本論文的研究案例中，當氫氣成分

低於混合燃料氣體的 60％，排氣溫度可降低到低

於 950℃。此溫度為一般 SOFC 尾氣燃燒器的設計

規格，可減少系統運轉時所需的耐高溫管閥件使用

量，進而降低系統建置成本。 

 

 


