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Quantifi cation of the radiative and convective heat transfer processes and 
their effect on mSOFC by CFD modelling
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The CFD modelling of heat transfer in a microtubular Solid Oxide Fuel Cell (mSOFC) stack has been presented. 
Stack performance predictions were based on a 16 anode-supported microtubular SOFCs sub-stack, which is 
a component of the overall stack containing 64 fuel cells. Both radiative and convective heat transfer were taken 
into account in the modelling. The heat fl ux value corresponded to the cell voltage of 0.7 [V]. Two different cases 
of the inlet air velocity of 2.0 and 8.5 [ms–1] were considered. It was found that radiation accounted for about 
20–30 [%] of the total heat fl ux from the active tube surface, which means that the convective heat transfer pre-
dominated over the radiative one.
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INTRODUCTION

Knowledge of heat transfer characteristics and thermal 
management are important issues in the development of 
microtubular Solid Oxide Fuel Cell stacks (mSOFC) due 
to the temperature dependence of mSOFC properties. 
Too high temperatures degrade the materials, while too 
low temperatures impair the power output. Large tem-
perature gradients are detrimental to the stack and may 
cause its damage and crack. In order to avoid damage 
to the mSOFC stack the temperature distribution in the 
stack should be as uniform as possible to minimize the 
internal thermal gradients. Therefore, a fundamental 
understanding of heat transfer through the mSOFC 
stack is required. 

Useful tools in the thermal management of the mSOFC 
stack assessment are numerical codes of Computational 
Fluid Dynamics (CFD). The earliest CFD modelling of 
microtubular Solid Oxide Fuel Cell stack was reported 
by Lockett et al.1. The main aim of this CFD research 
was characterization of heat transfer in microtubular cells 
and stack. This allowed to identify the stack design and 
operating conditions that led to the optimal performance 
and effi cient thermal management. The mSOFC stack 
contained 20 fuel cells with power output in the region 
of 0.4–0.6 [W] per cell. A structured mesh was generated 
for the stack geometry. Hydrogen was the fuel fl owing 
inside the microtubular fuel cells with the mass fl ow rates 
corresponding to an average value of 20 [slm] per tube1. 
The inlet air temperature in the CFD model was assumed 
1123 [K] fuel cell temperature in experiments. With air 
in the countercurrent fl ow to the fuel the optimum air 
temperature was found close to 673 [K]1. 

A 2D axisymmetric, numerical model of a microtu-
bular single chamber Solid Oxide Fuel Cell using the 
commercial COMSOL Multiphysics 4.3 CFD software 
was presented by Akhtar et al.2.  The model took into 
account the methane full combustion, steam reforming, 
dry reforming and water gas shift reaction followed by 
electrochemical oxidation of the produced hydrogen 
within the anode zone. An average temperature of 1023 
[K] was assumed for the single chamber Solid Oxide Fuel 
Cell. The temperature of the anode surface along the fuel 

cell length decreased up to the complete cathode length 
and then increased along the remaining cell length. The 
temperature growth was explained by to the presence 
of anode current collectors which generated additional 
resistive heat. 

Akhtar3 expanded the CFD model used in the previous 
work2. The temperature at the fuel cell inlet was higher 
and decreased along the fuel cell length. It was explained 
by the leading exothermic combustion reaction directly 
at the fuel cell entrance. Subsequent reforming reactions 
down the fuel cell length were endothermic. For the case 
of the bare gas chamber the temperature dropped down 
between the fi rst fuel cell and the third one along the 
gas chamber length. However, in the second considered 
case with a porous insert a slightly increasing trend in 
fuel cell temperature was observed, starting from the 
fi rst to the third fuel cell down the gas chamber length. 
Yet the maximum temperature in this case was lower 
than for the bare gas chamber case. It was explained 
by better heat convection from the fuel cell surface to 
the porous material3. The author3 noticed that adding a 
material of higher thermal conductivity acted as a thermal 
fi n and took heat away from the fuel cells, transported 
it to the surrounding gas mixture. It was concluded that 
the proposed solution with the porous material helped 
in lowering thermal stresses induced in the fuel cell.  

A numerical study of the anode-supported microtubular 
SOFC stack with six single fuel cells was performed by 
Lee et al.4. In this study, the CFD model included sets 
of equations for momentum, energy and the species 
transport, which were applied to the stack domain and 
solved giving local profi les of temperature, electric cur-
rent density and concentrations. Simulations using the 
model were run at the fl ow rates of fuel (hydrogen) and 
air of 15 and 40 [slm], respectively. The mSOFC stack 
showed a maximum power of approximately 700 [W] at 
1023 [K] and at fuel utilization of 49 [%]. The mSOFC 
stack achieved a high power density of 0.38 [Wcm–2].  

Numerical investigations1–4 have developed 2D and 
3D models for calculation of the thermal performance 
characteristics of the microtubular Solid Oxide Fuel Cell 
stacks, but it follows from the literature review that the 
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infl uence of radiation and convection heat transfer pro-
cesses in the microtubular SOFC stacks have received 
much less attention in comparison to numerous numerical 
studies carried out for planar SOFC stacks5. Therefore, 
the main purpose of the paper was to work out a nume-
rical modelling method leading to quantifi cation of the 
radiative and convective heat transfer processes and their 
effects on a microtubular Solid Oxide Fuel Cell stack.

The method of modelling
The method of Computational Fluid Dynamics (CFD) 

was applied to simulate heat transfer in a microtubular 
Solid Oxide Fuel Cell stack containing 64 fuel cells. In 
the simulations the microtubular cells with supporting 
anode were adopted. The outer diameter of the fuel cell 
tubes was 6.7 [mm], while the active length of fuel cells 
was equaled to 100.5 [mm] (Fig. 1).

fer were taken into account. Inlets and outlets of the 
mSOFC stack were assumed to be participating surfaces 
for radiative heat transfer with an emissivity of 1.0. The 
CFD model was based on the standard Navier – Stokes 
equations (Eq. (2), (3)) along with the energy transport 
equation (Eq. (4)), which were numerically solved in the 
laminar fl ow regime and for the steady – state conditions:

 (2)

 (3)

 (4)

where: ρ – density,  – velocity, p – pressure, μ – kine-
matic viscosity, λ – heat conductivity, T – temperature. 
The terms on the left hand side of Eqs. (3) and (4) 
represent the rates of addition by convection of mo-
mentum and energy, respectively. The fi rst term on the 
right hand side of these equations describes the contri-
bution of the molecular transport. Numerical solutions 
of these equations allow to predict the local velocities 
and temperatures.

The commercial CFD code ANSYS Fluent 14.0 was 
used in the heat transfer simulations for the mSOFC 
stack. The Gambit 2.0 pre-processor was employed to 
create a 3D geometry of the quarter of the mSOFC stack 
to take advantage of the stack symmetry and to build 
a numerical grid with 89 088 computational cells. The 
quality of the grid was examined by the EquiAngleSkew 
parameter as well as other grid parameters. The minimum 
orthogonal quality was 0.88, while the maximum aspect 
ratio was equal to 2.5. The geometry of the quarter of 
the mSOFC stack is shown in Figure 2.

All the boundary conditions for heat transfer were 
defi ned in the ANSYS code. The air temperature at the 
inlet was assumed at 973 [K] and two levels of the catho-
de air velocity of 2.0 and 8.5 [m s–1] were chosen. The 
outlet surface was set as pressure outlet. The stack walls 
were defi ned as stationary walls with zero heat losses, i.e. 
the walls were assumed adiabatic. The active part of the 
fuel cell tubes was defi ned as stationary wall with 0.75 
[W cm–2] heat fl ux and emissivity of 0.4. The inert part 
of the fuel cell tubes was also assumed adiabatic. Natural 
convection was found negligible, while the radiative heat 
transfer was quite important for the mSOFC cooling.  
The impact of the radiative heat transfer was estimated 
close to 20–30 [%] of the mSOFC heat fl ux using the 
standard surface – to – surface model. The cathode air 
was a non-participating media in radiation. The gas 
properties based on the ANSYS database were used 
in the simulations and air was treated as the ideal gas. 

The calculations were performed with the default 
numerical parameters available in the code to achieve a 
low level of the normalized residual sum of 10–13 – 10–17 
for the energy equation (4). The converged simulations 
provided the local values of the velocity, pressure and 
temperature. 

RESULTS AND DISCUSSION

In the fi rst stage of the modelling, the numerical pro-
cedure for analyzing the heat transfer in the microtubular 
Solid Oxide Fuel Cell stack was checked by comparing the 
simulated values of pressure drop for the two considered 

Figure 1. Geometry of the single microtubular SOFC

According to CFD results of the micro-tubular 
SOFC6, 7, the fuel took off only 5–10 [%] of the heat 
released parallel to electrochemical reactions. Therefore 
it was concluded that the fuel cells were cooled mainly 
by the cathode air fl ow. Based on that conclusion it 
was assumed that the heat management in the stack 
modelling was defi ned by heat transfer between the cell 
and air fl owing in the stack. Therefore, a simple CFD 
model of the mSOFC stack was established to obtain 
temperature distributions in the stack and to estimate 
temperature gradients. A constant heat fl ux value was 
set for the electrochemically active part of the fuel 
cell tubes. The heat fl ux value was calculated using an 
analytical estimation based on experimental U-I curves8. 
In this approach the heat fl ux value, q, was estimated 
from equation (1):

 
(1)

where the mSOFC effi ciency, η, of 30 [%] was assumed. 
The mSOFC effi ciency corresponds to the constant 
voltage of 0.7 [V] and the electrical power, Wel, of 0.3 
[W cm–2] according to the literature data9. With those 
fi gures, the heat fl ux value should be approximately 0.7 
[W cm–2]. Therefore, the heat fl ux was assumed higher, 
at 0.75 [W cm–2] for the active fuel cells part in the 
mSOFC stack simulations. 

To develop a simplifi ed low order mSOFC stack model 
the following additional assumptions were made: the 
computational domain (cathode side) consisted only of 
the air volume, therefore both the fuel channel and the 
membrane-electrode assembly (MEA) were not included 
in the calculations. 

In the presented CFD model the coupling of heat 
transfer with electrochemistry and charge transfer was 
neglected, while radiative and convective heat trans-
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cases (at the inlet air velocity of 2.0 and 8.5 [m s–1]), 
with the corresponding theoretical values for straight 
tubes10. The computed pressure loss during the fl ow in 
the mSOFC stack was about 3.8 and 19.6 [Pa] for the 
inlet air velocity of 2.0 and 8.5 [m s–1], respectively and 
differed from the theoretical ones10 by less than 11%. 

A graphical presentation of the simulated distribution 
of the local temperature within the mSOFC stack is 
shown in Figures 2–4. It was observed that the tempe-
rature differences along the fuel cells were up to 110 
[K] and 15 [K] for the inlet air velocity of 2.0 and 8.5 
[m s–1], respectively. 

The simulation results shown in Figure 3 revealed that 
the temperature distributions along the stack enclosure 
varied quite sharply at the border between the active and 
the inert parts of the tubes. Such a behavior can partly 
be explained by the fact that the heat conductivity of the 
solid tubes was not taken into account in the CFD model. 
It should also be noted that the conductivity of SOFC 
materials are strongly related to temperature as well 
as other relevant factors discussed in detail by Kupecki 

et al.11 It is expected that the temperature profi les will 
be smoother when full numerical approach is applied. 

Another analyzed quantity was the maximal tempera-
ture difference between the middle fuel cell tube and 
the corner. The tube circumference averaged values of 
the temperature along the middle and corner fuel cells 
obtained from the CFD solutions in the mSOFC stack 
are shown in Figures 4 for comparison. The shape of 
the temperature distribution curves for the air fl ow ve-
locity of 2.0 and 8.5 [m s–1] along a corner and middle 
fuel cell tubes were generally similar. However higher 
temperature rises were observed at the lower value of 
the air fl ow velocity. 

It follows from the plots (Figure 4) that the maximal 
temperature difference between the middle fuel cell 
tube and the corner one was about 323 [K] at the two 
considered air velocity values. 

It also follows from the CFD results that the present 
approach is an effective and relatively easy way to predict 
heat transfer in the microtubular Solid Oxide Fuel Cell 
stack. In particular, further extension of the CFD model 
by coupling fl ow and heat transfer with electrochemistry 

Figure 3. Temperature distributions on the mSOFC stack walls and symmetry planes at the air inlet velocities: (a) 8.5 [m s–1], (b) 2.0 
[m s–1]

Figure 2. Temperature of the fuel cell tubes at the air inlet velocities: (a) 8.5 [m s–1], (b) 2.0 [m s–1]
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NOMENCLATURE
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q  – heat fl ux, [W cm–2]

Greek symbols
λ  – heat conductivity, [W m–1K–1]
   – kinematic viscosity, [Pas]
ρ  – density, [kg m–3]
η  – effi ciency, [%]
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