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Abstract 
 
Computational fluid dynamics (CFD) and finite element analysis (FEA) are important modelling and 
simulation techniques to design and develop fuel cell stacks and their balance of plant (BoP) 
systems. 
The aim of this work is to design a microtubular solid oxide fuel cell (SOFC) stack by coupling CFD 
and FEA models to capture the multiphysics nature of the system. The focus is to study the 
distribution of fluids inside the fuel cell stack, the dissipation of heat from the fuel cell bundle, and 
any deformation of the fuel cells and the stack canister due to thermal stresses, which is important 
to address during the design process. The stack is part of an innovative all-in-one SOFC generator 
with an integrated BoP system to power a fixed wing mini unmanned aerial vehicle. Including the 
computational optimisation at an early stage of the development process is hence a prerequisite in 
developing a reliable and robust all-in-one SOFC generator system. The presented computational 
model considers the bundle of fuel cells as the heat source. This could be improved in the future by 
replacing the heat source with electrochemical reactions to accurately predict the influence of heat 
on the stack design.   
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1. Introduction 
 
Unmanned aerial vehicles (UAVs) have a limited range and time spent in the air. In the past, they 
were mainly used for military purposes. Today, they are rapidly expanding into new areas for 
civilian applications such as surveillance of public events, aerial photography, monitoring animal 
migrations and agricultural activities, mapping land, wildfire monitoring, and others. UAVs are 
traditionally powered by internal combustion engines and gas turbines. Such power systems are 
not the most appropriate for mini UAVs, which demand lighter power systems and quiet operation 
with similar flight duration as their conventional counterparts. Batteries and fuel cells offer an 
attractive alternative. The current state-of-the-art lithium-ion batteries for mini UAVs are heavy, 
require long charging times and cannot assure extended flight missions. Polymer electrolyte fuel 
cells (PEFCs) [1] or the combination of fuel cell and rechargeable battery [2] as a hybrid power 
system offer an alternative solution. Apart from hydrogen compressed in gas cylinders as the only 
possible fuel for PEFCs, other liquid fuels are gaining in popularity. Some reports suggest using 
sodium borohydride as the fuel for PEFCs [3] or propane as the fuel for microtubular solid oxide 
fuel cells (SOFCs) [4,5] to power mini UAVs. The use of conventional hydrocarbon fuels in a liquid 
form reduces the volume of the tank, avoids its pressurisation, and does not require any novel fuel 
supply infrastructure. 
An SOFC stack directly converts chemical energy of hydrogen or hydrocarbon fuels into electricity 
and heat with a high electrical efficiency. Water (H2O) and carbon dioxide (CO2) are the only 
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reaction products. Several types of SOFC stacks have been developed to date such as 
quadrilateral planar [6], all ceramic quadrilateral planar [7], circular planar [8,9], tubular [10], 
microtubular [11–14], cone shaped segmented-in-series tubular [15], segment-in-series tubular 
[16], segmented-in-series flattened tubular [17–19], flattened tubular [20,21], honeycomb [22,23], 
and micro [24] designs. Microtubular SOFC stacks are quite rare in applications compared to 
planar SOFC stacks. But they are easier to assemble since they require fewer assembly 
components. The main challenge for microtubular SOFCs remains connecting the electrode 
current collectors with the fuel cell electrodes [25–27], and preventing the stack from fuel and 
oxidant leakage [28–30]. These microtubular types of stacks have several advantages over planar 
counterparts, especially for dynamic applications such as UAVs. Small microtubular SOFC stack 
sizes allow faster start-up times with a good thermal shock resistance, improved cycling 
performance and simpler manufacturing [31] as long as their geometric dimensions are small 
enough to deliver high thermo-mechanical robustness. 
 

1.1. State-of-the-art in computational modelling 
 
Published papers mostly focus on using computational fluid dynamics (CFD) models for planar 
SOFC stacks and systems to analyse and optimise fuel and oxidant flows, temperature distribution, 
and concentration of products inside the interconnector plates, entire stacks or balance of plant 
(BoP) systems. One of the early publications, using the CFD software ANSYS Fluent to 
complement a microtubular SOFC stack design to minimise temperature gradients and maximise 
the use of produced heat, was reported by Lockett et al. [32]. The SOFC stack was built of 20 
microtubular SOFCs and tested in a furnace, whereas the CFD simulation was used to 
approximate temperature distribution on a single microtubular SOFC by varying hydrogen and air 
flow rates. The study found that too high temperature degrades a SOFC material and too low 
temperature impairs fuel cell power. Recently, Sun and Ni [33] developed a three-dimensional 
SOFC stack model with direct internal reforming of methane using the CFD and finite element 
analysis (FEA) software COMSOL Multiphysics to investigate effects of interconnect rib size, 
temperature distribution, concentration of products, and current density distribution on the stack 
design. The study suggested that the Ra ratio of 0.3 for different combinations of methane and 
steam fuels, and the Ra ratio of 0.2 for hydrogen fuel are the optimum values for the best 
performance of the SOFC stack. On the other hand, coupled CFD and FEA models, which 
represent more realistic multiphysics computational models, are still rarely reported in scientific 
literature. The coupled models hence capture more detailed phenomena and thus better predict 
the behaviour of microtubular SOFCs during experiments. Such detailed multiphysics SOFC stack 
models can significantly reduce the development process in terms of time and costs. An extensive 
literature review of computational models with included case studies describing complex thermo-
mechanical behaviour in SOFCs over the last decade was summarised by Peksen [34]. An early 
computational work on planar SOFC with coupled CFD and FEA models was reported by 
Selimovic et al. [35]. Coupled thermal and electrochemical models, developed in FORTRAN, were 
further combined with a thermal stress FEA model available in the CFD and FEA software 
FEMLAB. The authors investigated thermal stresses in the ceramic fuel cell due to differences in 
thermal expansion coefficients at high operating temperature using pre-reformed methane. The 
analysis showed that a modified gas flow arrangement can improve the fuel cell performance but 
might affects its ceramic structure. Hence, an addition of metallic interconnects improved the 
temperature distribution and lowered thermal stresses. Lin et al. [36] characterised thermal 
stresses in a planar SOFC stack made of three cells with a three-dimensional FEA thermo-
electrochemical model during the start-up, steady-state and shut-down stages. The authors 
investigated cell positions, temperature gradients, viscosity of glass-ceramic sealant and thermal 
expansion mismatch between stack components. The simulation results suggested that the sealant 
is the most critical part of the assembly, whilst the metallic interconnect and the frame remained in 
the allowable range, depending on the accepted plastic deformation. Weil and Koeppel [37] used a 
thin deformable metal foil, known as the bonded compliant seal, to hermetically seal the fuel cell 
and its frame components in planar SOFC stacks. They used ANSYS 8.0 software to carry out 
three-dimensional FEA modelling for thermally induced stresses and strains within the seal during 
the heating and cooling conditions. The computational study found that the cell bowing increased 
up to 2.4 mm when the cell structure was cooled down to room temperature and the initial seal 



design thus required further modification. The thermal stresses that developed within the structure 
were transferred to the sealing foil and absorbed as elastic and plastic strain. The thermal stresses 
decreased during the computationally induced second thermal cycle. Chiang et al. [38] evaluated 
fuel and oxidant gas distributions and thermal stresses in an anode supported SOFC under various 
conditions with a complex software setup. The aim of this study was to validate experimental 
results with computational ones. The authors used the CFD software Star-CD to simulate flow and 
temperature distributions with electrochemical reactions in the single cell and current-voltage 
characteristics. The temperature field was then passed to the FEA software MARC for thermal 
stress analysis inside the single SOFC. Finally, a structural analysis of the SOFC was performed 
by the FEA software PATRAN. The study concluded a good agreement of computational and 
experimental results. Fischer and Seume [39] developed a finite element mechanical model of a 
tubular SOFC with COMSOL Multiphysics. They coupled this model with a two-dimensional 
thermo-electrochemical model developed in MATLAB to provide realistic temperature profiles for 
the mechanical model. Finally, the authors then analysed the impact of methane internal reforming 
on thermo-mechanical stress and its distribution inside the SOFC at different temperatures. The 
simulation results showed strong dependence of the stress distribution and its magnitude on the 
methane reforming. Serincan et al. [40] developed a two-dimensional CFD model and analysed the 
effects of operating conditions on the microtubular SOFC performance such as flow rate, fuel 
composition, temperature and electrodes pressure with COMSOL Multiphysics. The study revealed 
that a high temperature increased the fuel cell performance due to increased catalytic activity and 
ionic conductivity and decreased mass transport loses. The internal current leaks through the 
electrolyte were also more significant at higher operating temperatures. Serincan et al. [41] further 
extended the previous study with the FEA analysis to investigate thermal stresses in the 
microtubular SOFC due to mismatch in thermal expansion coefficients between the fuel cell, 
sealant and alumina tube fuel cell holder during the experiment. The analysis found that the 
stresses in the sealant at the interface between the fuel cell and its holder changed significantly 
whereas the effect of temperature gradients on the stress distribution was almost negligible at mid-
range current densities. Blum et al. [42] also investigated the effect of hermetic glass ceramic 
sealing on the planar SOFC stack during thermal cycling in combination with the test on a dummy 
planar SOFC stack and computational FEA modelling. The use of FEA gave the study a 
comprehensive understanding of the sealing behaviour under various parameters and what 
conditions caused cracks in the sealing material. A further analysis needs to be done to develop 
glass materials with improved material strength. Peksen et al. [43] presented a coupled three-
dimensional thermo-fluid (CFD) and thermo-mechanical (FEA) model of a plate air pre-heater as 
part of a planar SOFC stack system. The temperature measurements of wall surfaces and gases 
were in good agreement with the computationally predicted models. The findings suggested that 
the coupled CFD and FEA models can be used to further optimise the air pre-heater. Further 
analysis revealed that thermo-mechanically induced stresses in the steel plates were caused by 
high temperature. The authors concluded that such a virtual analysis can reduce the product 
development time and costs, and optimise the pre-heater design prior to the prototype 
development process. Another study by Peksen [44] demonstrated a coupled three-dimensional 
thermo-fluid (CFD) and thermo-mechanical (FEA) analysis of a planar SOFC stack consisting of 36 
cells. The analysis considered stack components such as a cell, wire mesh, frame, interconnector 
plate, and glass-ceramic sealants together with stack channels. The study gave a thorough insight 
of the fluid flow and temperature distribution across the stack assembly, and thermo-mechanically 
induced stresses in the steel components and sealants. In a similar study, Peksen et al. [45] 
introduced a three-dimensional thermo-mechanical analysis of a full scale planar SOFC short stack 
by coupling computational fluid dynamics and computational solid mechanics analyses. The 
authors considered an elasto-plastic behaviour of a cell component, a wire mesh, a metal frame, 
interconnector plates, and sealant materials as a function of temperature. The computational 
analysis of a transient thermal behaviour inside the stack predicted thermodynamically induced 
stresses during the heat-up, operation, and shut-down stages. It was found that the occurring 
stresses during the heat-up stage were the most critical of all operating stages and high strain in a 
sealant material lead to high deformation. Finally, Peksen [46] presented a three-dimensional 
multiphysics model of a complete planar SOFC system in this study by integrating CFD and FEA 
models and validated coupled simulation results against experimental data. The simulation model 
included a planar SOFC stack, air pre-heater, pre-reformer, afterburner, and auxiliary components. 



It enabled visualisation of the whole system by predicting the fluid flow, temperature, and stress-
strain distributions. The study revealed that the baffle and the heating plates have an important 
influence on the stack performance and needed to be redesigned. It was also suggested to use 
additional heating plates to mitigate thermal gradients of the fuel cell component. Finally, the use of 
a different steel material that was more resistant against strain due to high stresses in the 
components was highly recommended. Nakajo et al. [47] introduced a computational study of 
SOFC stacks with the FEA software ABAQUS that combined a thermo-electrochemical model with 
degradation effects and a thermo-mechanical model. Such a coupled modelling framework could 
address the effects of operating conditions on stresses in electrodes that contribute to the 
probability of their failure. The study concluded that the anode failure depended on temperature 
profiles, whereas the cathode failure depended on the thermal expansion mismatch with other fuel 
cell layers. Adjusting the flow, temperature, system specific power, and the fuel conversion fraction 
can reduce the probability of electrode failure by factors of 30 to 300. On the other hand, 
gadolinium-doped ceria mechanical properties and metallic interconnect thickness can reduce 
such probability in the range of 0.85 to 1.23. The authors suggested that further research was 
needed to understand the correlation between mechanical reliability and electrochemical 
performance of the SOFC stacks. Another paper by Nakajo et al. [48] extended the previous study 
with modelling of electrochemical degradation during long-term operation and thermal cycling. This 
study concluded that the electrochemical degradation changes the temperature profile and thus 
exposed the fuel cell to failure. Deformations of the stack components caused contact pressure 
losses during thermal cycling and the risk of electrodes cracking. Choudhary [49] simulated an 
anode supported planar SOFC with methane internal reforming for co-flow and counter-flow 
configurations. This three-dimensional and combined thermo-fluid (CFD) and thermo-mechanical 
(FEA) model was developed with COMSOL Multiphysics. It investigated the impact of operating 
pressure, the effect of recirculation ratio on carbon deposition, and the air ratio on temperature and 
stress profiles due to electrochemical reactions during the start-up, heat-up and load change 
phases. The counter flow configuration yielded 8.23 % higher current density, but the co-flow 
configuration shown 22.58 % higher efficiency. Kong et al. [50] developed a two-dimensional 
axisymmetric microtubular SOFC model to study the influence of electrode thickness on residual 
stresses inside the fuel cell at room temperature. The results predicted that the anode was 
exposed to tension stress whereas the electrolyte and the cathode were exposed to compressive 
stress. The authors suggested that the stresses could be reduced by increasing the thickness of 
electrodes. 
An early version of a microtubular SOFC stack model described in this study was presented by 
Pianko-Oprych et al. [51]. The CFD and FEA microtubular SOFC stack model was designed by 
coupling ANSYS Fluent, ANSYS Mechanical, and COMSOL Multiphysics software. This model 
was  based on the first microtubular SOFC stack design published by Hari et al. [52] and later on 
upgraded by a more practical design appropriate for manufacturing [53, 54]. A group of our project 
partners developed a fuselage prototype for a mini UAV to integrate it with a commercially 
available microtubular SOFC generator from Ultra Electronics. The study presented by Giacoppo 
et al. [55] used ANSYS Fluent to simulate the temperature and airflow around the SOFC generator 
inside the fuselage. The authors concluded that the selected commercial SOFC generator was 
able to work properly in the confined fuselage space. 
CFD software ANSYS Fluent was used in a recent study to design external manifolds in order to 
optimise flow distributions of fuel and air with included pressure variations for a 40 cell planar 
SOFC stack [56]. Due to the simplification of the computational model, electrochemical reactions, 
heat transfer, and mass transfer phenomena were ignored. The simulation results suggested that 
the flow distribution depended on the manifold geometry and number of inlet and outlet tubes. The 
results also summarised the importance of such design on the stack performance. The latest 
development in designing a full scale planar SOFC stack, as an addition to a three-dimensional 
computational multiphysics model, included optimising the heating-up time of the SOFC system. In 
such a study, three different design configurations of electrically heated plates were investigated 
on the heating-up performance [57]. An important factor to accurately predict performance and 
lifetime of SOFC stacks is to couple multiphysics models with degradation effects. A detailed three-
dimensional electrochemical model with included momentum, mass and heat transfer equations 
was applied to a single planar SOFC and compared with experimental results [58]. The leading 
conditions causing degradation, such as overpotentials, partial pressures of reactants, and 



temperature gradients were thoroughly investigated in this study. 
 
 

2. All-in-one solid oxide fuel cell generator system and design 
 

2.1. All-in-one solid oxide fuel cell generator system 
 
Fig. 1 shows the basic flow diagram of the overall fuel cell system, indicating the all-in-one SOFC 
generator system boundaries with the internal and external BoP system components. Such a 
system is proposed to minimise the size of the burner and the heat exchanger. The ambient air is 
not directly fed into the cathode side of the microtubular SOFC stack. Since it is preheated in the 
heat exchanger and the burner, the all-in-one SOFC generator could be more compact than 
alternative designs. It hence fits into the tightly restricted fuselage of the UAV. 
The all-in-one SOFC generator system uses propane as the fuel because of its high energy density 
of 46360 kJ kg-1. Propane is liquid at low pressures between 3∙105 Pa and 12∙105 Pa, and ambient 
temperatures. It could be therefore stored in a very compact and lightweight tank compared to a 
compressed gas such as hydrogen. The tank does not require a separate pump and an evaporator 
as a heavier fuel would need. Before feeding the fuel into the microtubular SOFC stack, propane 
has to be pre-reformed to allow a stable electrochemical conversion within the SOFC. Propane is 
fed through the control valve into the catalytic partial oxidation (CPOx) reformer, where it converts 
with the reformer air into a mixture of mainly hydrogen (H2) and carbon monoxide (CO). The CPOx 
reformer consists of a number of wire meshes coated with a catalyst, together with additional 
baffles and a start-up heater. This provides a compact and lightweight BoP component that can be 
easily and quickly started up to an operating temperature. The reformate fuel enters the 
microtubular SOFC stack where H2 and CO are electrochemically converted into water (H2O) and 
carbon dioxide (CO2) with simultaneous production of electric power and heat. The depleted 
reformate gas known as the anode off-gas leaves the microtubular SOFC stack and enters the 
catalytic burner, where the non-converted H2 and CO mix with an excess of heated ambient air 
from the heat exchanger. Both gases react there with oxygen (O2) from the hot ambient air to 
produce H2O, CO2, and heat. The blower supplies the ambient air to the CPOx reformer, the 
microtubular SOFC stack, and the burner. The reformer air represents only a small fraction of the 
total ambient air flow, which is drawn from the main ambient air stream through the control valve. 
The rest of the air is preheated in the heat exchanger, which enters the burner and leaves it mixed 
with the anode off-gas as the burner exhaust or flue gas at a temperature of about 700 °C. The 
burner flue gas still contains a substantial amount of O2 and is supplied to the cathode side of the 
microtubular SOFC stack where it is used as the cathode air. Using the burner flue gas as the 
cathode air is an efficient way to preheat the ambient air. The cathode air serves not only to supply 
O2, but also to remove the excess heat from the microtubular SOFC bundle. The heat removal 
largely determines the required cathode air flow rate. The cathode off-gas is then led into the heat 
exchanger to preheat the incoming ambient air from the blower and is vented through the exhaust 
into the atmosphere. 
 



 
 

Fig. 1. All-in-one solid oxide fuel cell generator system with the balance of plant system components. 

 

2.2. All-in-one solid oxide fuel cell generator design 
 
The all-in-one SOFC generator system is constructed under strict geometric restrictions to fit into 
the UAV fuselage and at the same time to meet challenging weight limits. To meet these 
requirements, a cylindrical all-in-one SOFC generator is designed as shown in Fig. 2. Within the 
available constrained space, a compromised solution has to be found to achieve a high-quality 
mixing between propane and reformer air, and between the anode off-gas and the cathode air. The 
flow distribution of reactants over the CPOx reformer and burner catalysts has to be very 
homogeneous to achieve an efficient conversion and avoid local temperature hot spots. Similarly, 
the distribution of the cathode air through the microtubular SOFC bundle has to be homogeneous 
as well, to ensure sufficient heat transfer and thus avoid local high temperature gradients. This is 
challenging to achieve during the design process because of the pressure drop limits due to 
system efficiency demands of 20 % electrical efficiency as well as due to restrictions of the 
lightweight blower. Based on these restrictions, the all-in-one SOFC generator has an approximate 
dimension of 160 mm x 275 mm. It is capable to produce about 360 W of power in operating mode 
and approximately weights 4.30 kg. Further optimisation can reduce its weight to approximately 
2.70 kg by using lighter materials. 



 
Fig. 2. All-in-one solid oxide fuel cell generator design. 

 
 

3. Microtubular solid oxide fuel cell stack computational model 
 

3.1. Computational geometry 
 
Fig. 3 shows a three-dimensional half of the geometry of the microtubular SOFC stack divided into 
the fuel cell compartment and the dead zone. The fuel cell compartment of the full geometry 
consists of 48 microtubular SOFCs arranged into the bundle of three circular layers with 10, 16 and 
22 fuel cells. The space between each neighbouring cell is about 5 mm wide, which is enough to 
supply the compartment with the cathode air and avoid short circuits between anode and cathode 
current collection points. The inlet and outlet manifolds are attached to both ends of the bundle to 
keep the fuel cells in place. They also prevent mixing the cathode air with the reformate fuel on the 
CPOx side and with the anode-off gas on the burner side. 
The fuel enters the microtubular SOFC bundle from the inlet manifold and is subjected to 
electrochemical reactions inside the fuel cell anode channels. It leaves the fuel cell bundle as the 
depleted fuel, known as the anode off-gas, from the outlet manifold and enters into the dead zone. 
The dead zone is a short, 10 mm long compartment at the exhaust side of the bundle guiding the 
depleted fuel out of the stack. At the same time, it prevents a possible back flow of the depleted 
fuel from the burner into the fuel cell channels. On the other hand, the cathode air enters the fuel 
cell compartment through the central cathode air tube from the outlet manifold side. The air is then 
released out of the central cathode air tube through small holes perpendicular to the fuel cell 
bundle towards the outlet slits on the fuel cell canister. A number of small holes with different 
diameters on the central cathode air tube ensures an equal distribution of the cathode air flow 
through all three fuel cell layers along the bundle. This is important in order to minimise large 
temperature differences along each microtubular SOFC in the bundle, which might cause 
malfunction or even cracks on the fuel cell surface during operation. Several design configurations 
with different central cathode air tube lengths and diameters, with different number of holes and 
different canister slit dimensions were computationally investigated to achieve the most uniform 
cathode air distribution inside the fuel cell compartment. 
 



 
Fig. 3. 3D computational half-geometry of the microtubular solid oxide fuel cell stack. 

 
Table 1 shows dimensions of the microtubular SOFC stack components as presented in Fig. 3. 
 
Table 1 
Microtubular solid oxide fuel cell stack components and design values. 
 

Components Design values 

Diameter of microtubular SOFC stack 100.00 mm 

Length of microtubular SOFC stack 132.10 mm 

Length of microtubular SOFC compartment 122.10 mm 

Diameter of central cathode air tube 18.00 mm 

Length of central cathode air tube 70.00 mm 

Number of holes on central cathode air tube 40 

Diameter of holes on central cathode air tube 2.00 mm, 3.00 mm 

Number of microtubular SOFC stack outlet slits 22 

Length of microtubular SOFC stack outlet slits 110.00 mm 

Width of microtubular SOFC stack outlet slits 5.00 mm 

Number of microtubular SOFCs 48 (10, 16, 22) 

Outer diameter of microtubular SOFCs 6.80 mm 

Inner diameter of microtubular SOFCs 5.50 mm 

Length of microtubular SOFCs 122.10 mm 

Active length of microtubular SOFCs 95.30 mm 

Length of dead zone 10 mm 

Number of dead zone outlet holes 36 

Diameter of dead zone outlet holes  2.00 mm 

 

3.2. Computational mesh 
 
Fig. 4 shows a three-dimensional half of the computational mesh of the microtubular SOFC stack 
designed by finite elements. The full mesh consists of the inlet and outlet manifolds, the bundle of 
48 microtubular SOFCs, the canister with the central cathode air tube and the stack outlet slits, the 
fuel cell or cathode air compartment, and the dead zone. The computational mesh is modelled with 
COMSOL Multiphysics CFD and FEA software with 1638809 tetrahedral elements, 285665 
triangular elements, 16358 edge elements and 1376 vertex elements. It is refined around the fuel 



cells, the holes on the central cathode air tube, the outlet slits on the fuel cell canister and the 
holes on the dead zone to accurately capture transport phenomena of the entire computational 
model. 
 

 
Fig. 4. 3D computational half-mesh of the microtubular solid oxide fuel cell stack. 

 

3.3. Material properties 
 
The microtubular SOFC stack includes the microtubular SOFC bundle with the inlet and outlet 
manifolds made of the ceramic material Macor. The stack is inserted into the canister with slits on 
the outer side, the perforated central cathode air tube, and the dead zone. Because of the high 
operating temperature between 650 °C and 750 °C, the canister material must withstand such 
harsh environment for long operating hours. Inconel X-750 steel is therefore chosen as the metal 
material. The entire microtubular SOFCs are set to be made of yttria stabilised zirconia ceramic 
material, without nickel catalyst particles, to simplify the computational model. For the same 
reason, the reformate fuel inside the fuel cell anode channels is assumed to have the properties of 
propane. The rest of the microtubular SOFC stack canister is filled with the cathode air to promote 
electrochemical reactions and to dissipate the heat produced by those reactions. Densities of 
propane and the cathode air are obtained from the ideal gas equation of state. Material properties 
are made temperature dependent by implementing polynomial approximations due to the high 
temperature. Dynamic viscosities, heat capacities at constant pressure and thermal conductivities 
of propane and the cathode air are calculated by polynomial equations. 
 
Tables 2 to 4 show material properties of the microtubular SOFCs, the ceramic manifolds, and the 
microtubular SOFC stack canister from different manufactures used in this model such as Coorstek 
[59], Precision Ceramics [60], High Temp Metals [61], and Special Metals [62]. 
 
Table 2 
Material properties of the microtubular solid oxide fuel cell from Coorstek. 
 

Microtubular solid oxide fuel cell properties Yttria stabilised zirconia 

Density 6020 kg m-3 

Thermal conductivity 2.2 W m-1 K-1 

Heat capacity at constant pressure 400 J kg-1 K-1 

Coefficient of thermal expansion 10.310-6 K-1 

Young’s modulus 210109 Pa 



Poisson’s ratio 0.23 

 
Table 3 
Material properties of the ceramic manifolds from Precision Ceramics. 
 

Ceramic manifolds properties Macor 

Density 2520 kg m-3 

Thermal conductivity 1.46 W m-1 K-1 

Heat capacity at constant pressure 790 J kg-1 K-1 

Coefficient of thermal expansion 12.610-6 K-1 

Young’s modulus 66.9109 Pa 

Poisson’s ratio 0.29 

 
Table 4 
Material properties of the microtubular solid oxide fuel cell canister from High Temp Metals and Special 
Metals. 
 

Fuel cell canister properties Inconel X-750 

Density 8303 kg m-3 

Thermal conductivity 31.4 W m-1 K-1 

Heat capacity at constant pressure 526 J kg-1 K-1 

Coefficient of thermal expansion 15.410-6 K-1 

Young’s modulus 139.1109 Pa 

Poisson’s ratio 0.29 

 

3.4. Conservation and constitutive equations 
 
The governing equations describing a thermo-fluid flow and the thermo-mechanical behaviour of 
the microtubular SOFC bundle with the supporting manifolds, the sealants, and the canister are 
described in this section. They consist of continuity, momentum and energy conservation 
equations together with thermo-elastic constitutive equations. Since the computational model is 
considered as a steady state model, time dependent terms are omitted from the equations. On the 
other hand, the computational model is simplified to avoid complex numerical calculations. Such a 
model also decreases the computational time due to the three-dimensional geometry and a large 
number of finite elements used to create a computational mesh. Hence, the CFD model is 
considered as a fluid flow and a heat transfer model without including species conservation 
equations and electrochemical reactions. These are modelled as a homogeneous heat source 
along the active surface area instead. The conservation and constitutive equations are discretised 
with the finite element method and solved as a multiphysics CFD and FEA model with COMSOL 
Multiphysics software. 
 
3.4.1. Continuity and momentum conservation equations 
 
The flow of reformate fuel inside the microtubular SOFCs and the flow of cathode air around the 
fuel cells is described by the continuity equation as: 
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where vx [m s−1], vy [m s−1] and vz [m s−1] are the velocity components of the reformate fuel and 

the cathode air, ρ [kg m−3] is the density of the reformate fuel and the cathode air, ν [m2 s−1] is the 

kinematic viscosity of the reformate fuel and the cathode air, and p [Pa] is the pressure. 
 
3.4.2. Energy conservation equation 
 
The reformate fuel and the cathode air inside the microtubular SOFC stack are exposed to an 
elevated operating temperature and are thus subject to convective heat transfer. The radiation 
term is neglected in this CFD model and predicted temperatures are therefore the highest possible. 
The heat transfer inside the microtubular SOFC stack is thus described by the energy equation as: 
 

ρ cp ( vx
∂T

∂x
+ vy

∂T

∂y
+ vz

∂T

∂z
) = k (

∂2T

∂x2 +
∂2T

∂y2 +
∂2T

∂z2) +
PSOFC

V
        (5) 

 

where T [K] is the temperature of the reformate fuel and the cathode air, k [W m−1 K−1] is the 

thermal conductivity of the reformate fuel and the cathode air, cp [J kg−1 K−1] is the specific heat 

capacity at constant pressure of the reformate fuel and the cathode air, PSOFC [W] is the thermal 

power generated by electrochemical reactions inside the microtubular SOFC bundle, and V [m3] is 
the volume of the microtubular SOFC bundle where electrochemical reactions take place. 
 
3.4.3. Thermo-elastic constitutive equations 
 
A high operating temperature between 650 °C and 750 °C in the microtubular SOFC stack canister 
induces mechanical and thermal stresses based on the Duhamel-Neumann Law. Such stresses 
cause deformations in the confined stack canister space measured by strains. It is assumed that 
the ceramic inlet and outlet manifolds, the cermet microtubular SOFC bundle, the ceramic sealants 
and the metal canister undergo isotropic linear elastic deformations during operation. These stack 
parts return to their original shapes when the stresses are removed. The total strain thus consists 
of the mechanical elastic strain and the thermal strain described as: 
 
ε = εM,el + εT              (6) 

 
The total strain can also be described with the normal stresses and the free thermal expansion 
coefficient due to the temperature difference as: 
  

ε =
σ

E
+ α(T − T0)             (7) 

 
where ε [−] is the total strain, εM,el [−] is the mechanical elastic strain, εT [−] is the thermal strain, 

σ [N m−2] is the normal stress, E [N m−2] is the modulus of elasticity or Young’s modulus, α [K−1] is 
the coefficient of linear thermal expansion, all in respect of the microtubular SOFC stack 

components, T [K] is the temperature of the reformate fuel and the cathode air, assumed to be the 
same as the solid components of the SOFC stack, and T0 [K] is the ambient temperature. 
 
A total strain can be written in matrix form for a general three-dimensional object as: 
 

ε = (

εxx εxy εxz

εyx εyy εyz

εzx εzy εzz

)             (8) 

 
with its three-dimensional components represented in terms of stresses as: 
 

εxx =
1

E
(σxx − ν(σyy + σzz)) + α(T − T0)          (9) 

 



εyy =
1

E
(σyy − ν(σxx + σzz)) + α(T − T0)        (10) 

 

εzz =
1

E
(σzz − ν(σxx + σyy)) + α(T − T0)        (11) 

 

2εxy =
2(1+ν)

E
σxy           (12) 

 

2εxz =
2(1+ν)

E
σxz           (13) 

 

2εyz =
2(1+ν)

E
σyz           (14) 

 
where εxx [−], εyy [−] and εzz [−] are the normal strain components in x, y and z directions, εij [−] 

are the shear strain components in the j direction exerted on a plane perpendicular to the i axis, 

σxx [N m−2], σyy [N m−2] and σzz [N m−2] are the normal stress components in x, y and z directions, 

σij [N m−2] are the shear stress components in the j direction exerted on a plane perpendicular to 

the i axis, and ν [−] is the Poisson’s ratio, all in respect of the microtubular SOFC stack 
components. 
 
The corresponding mechanical elastic and thermal stresses can be then expressed as the inverse 
relationship between the stresses and the strains in a three-dimensional space as: 
 

σ = (

σxx σxy σxz

σyx σyy σyz

σzx σzy σzz

)           (15) 

 

σxx =
E

(1+ν)(1−2ν)
((1 − ν)εxx + ν(εyy + εzz)) −

E 

1−2ν
α (T − T0)     (16) 

 

σyy =
E

(1+ν)(1−2ν)
((1 − ν)εyy + ν(εxx + εzz)) −

E

1−2ν
α (T − T0)     (17) 

 

σzz =
E

(1+ν)(1−2ν)
((1 − ν) εzz + ν(εxx + εyy)) −

E

1−2ν
α (T − T0)     (18) 

 

σxy =
E

(1+ν)
εxy            (19) 

 

σxz =
E

(1+ν)
εxz            (20) 

 

σyz =
E

(1+ν)
εyz            (21) 

 

3.5. Boundary conditions 
 
3.5.1. Thermo-fluid boundary conditions 
 
The reformate fuel enters the bundle of 48 microtubular SOFCs with the volumetric flow rate 

Qfuel,a = 26.62 l min−1 and the temperature Tfuel,a = 700 ℃. The bundle of microtubular SOFCs is 

exposed to electrochemical reactions where electrons are released due to reactions between 
oxygen (O2) ions released from the cathode air and the reformate fuel. The electrochemical 
reactions generate heat, which must be removed from the fuel cell bundle. The cathode air has 
thus two important roles, to remove the heat from the bundle and to supply O2 to the fuel cell 
cathode side for electrochemical reactions to take place. To simplify the microtubular SOFC 
computational stack model, the electrochemical reactions are represented as the heat source on 
the cathode side that uniformly produces PSOFC = 7.5 W of power per single microtubular SOFC. 
The cathode air enters the microtubular SOFC stack through the holes on the central cathode air 



tube with the volumetric flow rate Qair,c = 236.67 l min−1 and a temperature between Tair,c = 650 ℃ 

and Tair,c = 750 ℃. It leaves the stack through the long slits on the stack canister. Due to the 

additional heat produced by the electrochemical reactions, the cathode air leaves the stack 
canister at a higher temperature. The anode off-gas coming out from the fuel cells outlet side, still 
containing some unconverted hydrogen (H2), carbon monoxide (CO), or methane (CH4), enters the 
dead zone and then the burner. 
 
3.5.2. Thermo-mechanical boundary conditions 
 
The microtubular SOFC bundle is sealed onto the inlet manifold with a ceramic sealant to prevent 
leakage of the reformate fuel and mixing with the cathode air in the fuel cell compartment. The 
sealant is represented as a fixed constrained boundary condition. At the outlet side, the 
microtubular SOFC bundle is allowed to freely move inside the outlet manifold due to different 
thermal expansion between the materials of fuel cells and manifolds. If the fuel cell bundle is 
sealed onto both manifolds, thermal stresses would crack the fuel cells and cause malfunction of 
the entire stack system. A contact between the outlet manifold and the fuel cells is hence designed 
with a tight tolerance to prevent leakage and mixing the reformate fuel with the cathode air. 
 
Table 5 shows thermo-fluid and thermo-mechanical boundary conditions applied on the 
microtubular SOFC stack. 
 
Table 5 
Boundary conditions applied to the microtubular solid oxide fuel cell stack. 
 

Boundary conditions Design values 

Inlet volumetric flow rate of reformate fuel Qfuel,a = 0.00045 m3 s-1 

Inlet temperature of reformate fuel Tfuel,a = 973 K 

Inlet volumetric flow rate of cathode air Qair,c = 0.00395 m3 s-1 

Inlet temperature of cathode air (two cases modelled) Tair,c = 923 K, Tair,c = 1023 K 

Heat source PSOFC = 7.5 W 

Inlet manifold and fuel cells x = 0 

 

3.6. Solver 
 
The discretised continuity, momentum, energy and thermo-elastic equations are solved 
sequentially with the COMSOL Multiphysics segregated solver until convergence for two different 
inlet temperatures as shown in Fig. 5. Each set of algebraic equations is solved with a different 
solver to assure converged solution. The continuity equation (pressure) and the momentum 
equations (velocity) are solved together with the iterative GMRES (Generalised Minimal RESidual 
method) solver for 650 °C and 750 °C known as the segregated step 1. The stress equation 
(displacement) is solved with the direct MUMPS (MUltifrontal Massively Parallel sparse direct 
Solver) solver for 650 °C and 750 °C known as the segregated step 2. And the energy equation 
(temperature) is again solved with the iterative GMRES solver for 650 °C and 750 °C known as the 
segregated step 3. Fig. 5 shows three convergence plots for each set of equations with a rapidly 
falling monotonic curve. The segregated step 1 represents the convergence plot for the pressure 
variable and the velocity variables solved from the continuity equation and momentum equations. 
The segregated step 2 represents the convergence plot for the displacement variables solved from 
the stress equation. Finally, the segregated step 3 represents the convergence plot for the 
temperature variable solved from the energy equation. The solutions converge between 40 and 55 
iterations with a relative tolerance set up to 0.001 by default for different inlet temperatures. 
 
a) b) 



  
 
Fig. 5. Convergence plots at the cathode air inlet temperature of (a) 650 °C and (b) 750 °C. 

 
 

4. Results and discussion 
 
Several microtubular SOFC stack configurations were studied by varying the central cathode air 
tube length, its diameter with different number of holes and different canister slits dimensions. This 
section hence only presents results for the final microtubular SOFC stack CFD and FEA design. 
 
Figs. 6 a and b show von Mises stresses applied on the microtubular SOFC stack during elastic 
deformation at the two different cathode air inlet temperatures 650 °C and 750 °C. Both figures 
show the stack canister with bent walls caused by elevated temperatures. The simulation results 
suggest that the 1 mm thin canister wall made of Inconel X-750 steel should be made thicker for 
the next prototype. High stresses inside the inlet manifold ring, compared to the rest of the stack, 
also indicate that this part of the stack must be carefully examined and possibly changed. 
 
a) 

 

 

 
b)  



  
 
Fig. 6. Von Mises stresses distribution in the microtubular SOFC stack at the cathode air inlet temperature of 
(a) 650 °C and (b) 750 °C. 

 
Figs. 7 a and b show the temperature distribution of the cathode air inside the microtubular SOFC 
stack and on the fuel cells at the two different cathode air inlet temperatures 650 °C and 750 °C. 
The simulation results suggest that the lowest temperature between 900 K and 1050 K is found on 
the inner fuel cell layer due to the direct contact with the cathode air bursting out of the holes on 
the central cathode air tube. As the cathode air penetrates towards the other two layers, it heats up 
and thus increases the temperature of the second layer. The highest temperature between 950 K 
and 1100 K with some hot spots is found on the outer layer of the fuel cell bundle where the 
cathode air escapes through the narrow gaps between the fuel cell layers into the canister slits. At 
cathode air inlet temperatures between 650 °C and 750 °C, the temperature difference along each 
fuel cell falls into the interval of 50 K. When the microtubular SOFC stack is thermally cycled with 
the temperature difference of about 50 K, thermal stresses might manifest into cracks on the fuel 
cells that ultimately lead to stack failure. Hence, the simulation results suggest that the 
microtubular SOFC stack should safely operate when the cathode air inlet temperature is at least 
650 °C. 
 
a) 

 

 

 
b)  



  
 
Fig. 7. Temperature distribution of the cathode air inside the microtubular SOFC stack and on the fuel cells 
at the cathode air inlet temperature of (a) 650 °C and (b) 750 °C. 

 
Figs. 8 a and b show the velocity and streamlines distribution of the cathode air inside the 
microtubular SOFC stack at six different cross sections and at the two different cathode air inlet 
temperatures 650 °C and 750 °C. As expected, the simulation results suggest no difference in 
velocity magnitude and streamlines distribution when compared at different temperatures. This 
means that the temperature does not have a major effect on the flow pattern inside the stack. The 
highest velocities between 2.5 m s-1 and 5 m s-1 occur where the cathode air exits the central 
cathode air tube through the holes. The holes are evenly distributed along the central cathode air 
tube to ensure an equal distribution of the cathode air between the fuel cell layers. All of them get 
the same amount of the cathode air needed for electrochemical reactions to take place and for the 
transfer of heat from the fuel cell bundle through the canister slits. The simulation results of 
streamlines suggest a uniform distribution of the cathode air inside the microtubular SOFC stack 
achieved by carefully distributed holes on the central cathode air tube. 
 
a) 

 

 

 
b)  



  
 
Fig. 8. Velocity and streamlines distribution of the cathode air inside the microtubular SOFC stack at the 
cathode air inlet temperature of (a) 650 °C and (b) 750 °C. 

 
Figs. 9 a and b show the total displacement of the microtubular SOFC stack at the two different 
cathode air inlet temperatures 650 °C and 750 °C. The simulation results suggest no significant 
difference in the displacement of the fuel cell bundle and the canister when compared at different 
temperatures. The inlet side of the bundle would not expand due to the constraint since the fuel 
cells are sealed to the inlet manifold. On the other hand, the outlet side of the bundle would expand 
between 0.8 mm and 1.2 mm where fuel cells are allowed to freely move inside the outlet manifold. 
A part of the canister where the central cathode air tube is attached, would expand the most, 
between 1.4 mm and 1.8 mm when the temperature increases from 650 °C to 750 °C. 
 
a) 

 

b) 

 
 
Fig. 9. Total displacement of the microtubular SOFC stack at the cathode air inlet temperature of (a) 650 °C 
and (b) 750 °C. 

 
 

5. Conclusion 
 
The novel microtubular SOFC stack has been designed with a CAD software and optimised with a 
CFD and FEA software. The computational modelling and simulation process has shown to be a 
very valuable technique in the preparation and optimisation stages to meet challenging design 
constraints. The simulation results suggest a temperature difference of about 150 K between the 
inner and the outer fuel cell layers. This difference could be reduced, if more space were allowed 
between the fuel cell layers for the cathode air to pass through and hence to cool the microtubular 
SOFC bundle. More space would increase the stack diameter and consequentially the size of the 
entire all-in-one SOFC generator. This is not possible with the current microtubular SOFC stack 
design because of the size restriction of the UAV fuselage design. An alternative solution would be 



to use only two fuel cell layers with the existing diameter of the stack, but that might not produce 
enough power for the mini UAV to achieve the required flight time. Manufacturing longer 
microtubular SOFCs or cells with a larger diameter would be another solution. The hot cathode air 
inside the fuel cell compartment heats up the microtubular SOFC bundle and the stack canister, 
and deforms them due to prolonged exposure to the elevated temperature. In order to avoid high 
deformation caused by thermal stresses, the canister walls need to be thicker. The existing 
microtubular SOFC stack model could be extended with radiation effects to more accurately predict 
the temperature distribution inside the stack. Propane, as the reformate fuel, could be modelled as 
a mixture of nitrogen (N2), carbon monoxide (CO), and hydrogen (H2) with some content of water 
(H2O) and methane (CH4) as well. Furthermore, the next computational microtubular SOFC stack 
model has to be upgraded with the fuel and oxidant electrochemical reactions instead of assuming 
the cathode part of the microtubular SOFC bundle as a heat source. This could be achieved by 
modelling electrochemical reactions in one dimension and couple the generated heat with the 
active area of the three dimensional SOFC bundle model. 
The designed all-in-one SOFC generator for mini UAVs is according to our knowledge the first 
compact microtubular SOFC system developed to date with a microtubular SOFC stack that can 
be replaced at the end of life. Such design simplifies the manufacturing process and reduces the 
overall production costs. The next step will be to test the microtubular SOFC stack prototype in the 
laboratory. These results will be then compared with the predicted computational results and new 
design improvements will be implemented on the all-in-one SOFC generator if needed until 
satisfactory results are achieved for commercial use. 
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