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Abstract: In this work we investigated the use of Computational Fluid Dynamics (CFD) in order to describe the behav-

iour of a single Micro Tubular Solid Oxide Fuel Cell (MT-SOFC) and a bundle thereof. It is the first step before building 

a rather necessarily complicated experimental apparatus in order to compare the predictions with experimental measure-

ment. The first goal of this study was to test the suitability of commercially available CFD & SOFC modelling software, 

with some modified features. The second goal was to predict the effects of various fuel and oxidant manifolding tech-

niques regarding temperature, species and current density distributions. A result of this paper showed that CFD is a very 

useful tool, when a SOFC module is incorporated for MT-SOFC stack modelling. A second result showed that the oxidant 

flow regime was much more important than the fuel regime in order to manipulate a single MT-SOFC’s temperature pro-

file. The cases investigated had a radiation model included and the differences in temperature profiles, when radiation was 

included and neglected, especially for MT-SOFCs with view factors to the reactor housing, was shown to be important. 

The CFD predictions clearly showed the benefits and advantages associated with the different forms of fuel and oxidant 

manifoldings. A future experimental analysis is currently being designed. 
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1. INTRODUCTION 

 SOFCs are becoming ever more relevant as a means of 
converting fuels to electricity. The fact that they can be 
fuelled with hydrocarbon fuels, require no precious materials 
in their production and now with smaller versions, can be 
rapidly heated to operational temperature makes them an 
ever more viable alternative to traditional energy conversion 
systems. SOFCs produce excess heat that may thermally self 
sustain the stack, drive peripheral electricity generation de-
vices or reformers or indeed, heat water. When a SOFC, or 
stack thereof, is combined with gas turbines, on the exhaust 
side, the overall system efficiency can be quite impressive 
[1-7]. This extra heat may also be provided to an external 
fuel reformer. The Micro Tubular Solid Oxide Fuel Cell 
(MT-SOFC) is a much smaller version of the standard planar 
and tubular SOFC systems. It is an evolution of the standard 
SOFC that has added resilience against thermal shocks, 
which allows a fast start-up and a high power per volume 
[8]. Also, with regard to manufacture, the smaller MT-SOFC 
is desirable as for example, Appelby [9] suggested that ce-
ramic parts have thermo-mechanical problems and special  
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reliability aspects, which influence their manufacture rejec-
tion rate. Hence, ideally the ceramic SOFC should be physi-
cally much smaller than Phosphoric Acid Fuel Cells (PAFC) 
or Molton Carbonate Fuel Cells (MCFC). Finally SOFC 
electrodes and electrolytes are much cheaper than those in 
other fuel cell types, such as the Polymer Electrolyte Mem-
brane fuel cell [10].  

 It would seem that the MT-SOFC has many beneficial 
characteristics that the larger SOFC types cannot adhere to, 
with specific reference to their high volumetric power den-
sity and thermal shock resistance. In 1995 Penner [11] men-
tioned, in a paper dealing with the commercialization of 
SOFCs, amongst many other improvements, that increasing 
tubular SOFCs power density was key to their marketplace 
potential. The MT-SOFC is not mentioned in this paper but 
its power density is much greater than the larger SOFC tube 
type. Lutsey et al. [12] have shown that small SOFCs are 
ideally suited for Auxiliary Power Unit (APU) use. For ex-
ample, in long haul trucks when the SOFC is used during 
idling times. In their quantitative market potential and cost-
effectiveness study regarding a SOFC as a truck APU, they 
concluded that as SOFC technology approaches $800 per net 
kW (in 2015), such a product would become cost effect for 
haulers with a two year payback time. It is not mentioned in 
this paper, but the MT-SOFC is the ideal candidate for such 
niche markets because it has a rapid start-up capability and 
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high shock resistance. SOFCs have also been envisaged for 
Combined Heat and Power (CHP) in residential areas. There 
is no reason why MT-SOFCs could not replace the state of 
the art larger SOFC designs [6, 13, 14]. 

 In the early 1990s the extrusion of thin YSZ ceramic 
tubes, with wall thicknesses of between 100 to 200 m, 
which could be used as an SOFC electrolyte, by Prof. K. 
Kendall & M. Kendall [15, 16], began the MT-SOFC 
research sector. Shortly after this achievement Kendall and 
his group [17] showed the first operational 1000 cell stack. 
Alston et al. [17] described the 1000 cell stack that was used 
to generate electricity from the MT-SOFCs and to heat water 
with the excess MT-SOFC heat generation. Their reactor 
was comprised of 40 modular stacks that were combined 
together to make a complete stack. They showed that hot air 
alone fed to the MT-SOFCs was sufficient in order to heat 
them up to their operating temperature and that these MT-
SOFCs could withstand 200°C min-1 temperature increases. 
The reactor produced 82 mW cm-2, however this 
achievement positively proved that the MT-SOFC system 
was feasible. A substantial MT-SOFC literature range is 
available to the field, both with regard to modelling works 
and experimental work. For a detailed analysis of modelling 
and experimental activities up to 2009 the reader is referred 
to [18-20].  

 A suggestion by Lawlor et al., [18] was that there is no 
single paper regarding MT-SOFCs that explicitly outlines to 
the field the pros and cons of different fuel and oxidant 
manifoldings. Most groups publishing work in the sector 
usually use anode supported MT-SOFCs, where the electro-
lyte and cathode layers are dip coated or deposited onto a 
substrate [8, 21-29]. A few groups have published work on 
cathode supported MT-SOFCs [26, 30]. The majority of 
groups tend to use single inlet - single outlet fuel flow condi-
tions (separated fuel inlet/outlet) see Fig. (1), where the fuel 
flows one-way through the MT-SOFC. However, as was 
discussed by Lawlor et al., [18] and indeed had been per-
formed by [21, 31, 32] there is an alternative method in order 
to supply the fuel where a counter-flow condition inside the 
MT-SOFC exists (combined fuel inlet/outlet), see Fig. (1).  

 Lee et al., [32] noticed, using the combined fuel in-
let/outlet, a 30% increase in power density. They blocked 
their MT-SOFC end using a metallic brazing cap. This group 
suggested that the benefits of such a design should include 
improved fuel utilisation. This is because: a reduced hydro-
gen channel volume, i.e. the anode hollow, will exist; incom-
ing fuel preheating, by the exhausted fuel; possible reduction 
in ohmic losses caused by the current collection, via this 
capillary pipe and finally the reduction in stack volume, a 

consequence of reduced manifolding inlets and outlets. Their 
MT-SOFC external diamater was 10 mm, thus the interior 
diameter was probably about 5 mm. Sarkar et al., [33] have 
also investigated MT-SOFCs having a similar manifolding 
method, whereby the MT-SOFC was made using Electro-
phoretic Deposition (EPD) techniques. An interesting feature 
of their MT-SOFCs is that the end of the cell, or end tip, is 
also ceramic. The advantage of such a design could be that if 
the MT-SOFC end is also active, then the MT-SOFC active 
area is increased. Furthermore the end seal reliability may be 
better than that of, for example Lee et al., [32].  

 The MT-SOFCs modelled in our study had a 2.7 mm 
external diameter and an internal diameter of 0.5 mm. The 
fuel counter-flow manifolding system was first attempted by 
the group at the upper Austria University of Applied Sci-
ences in 2009 (un-published work) with the conclusion that 
while such manifolding and current collection systems can 
certainly be made, the use of the small pipes needed to in-
let/remove fuel from the cell induces system related parasitic 
pressure losses.  

 The characteristics of a combined inlet/outlet manifold-
ing system have not been addressed, with specific compari-
son in the literature, especially regarding smaller MT-
SOFCs. Smaller MT-SOFCs have been shown to be more 
desirable with regard to hydrogen concentration and tem-
perature [34], thermal shock resistance [8] and power density 
[19, 35] than larger cells. A goal of this paper was to use a 
commercially available CFD modelling package with elec-
trochemical models in order to explore the attributes of the 
various manifolding techniques, discussed above, for a MT-
SOFCs with a diameter under 3 mm. For further information 
on CFD modelling of SOFCs the reader is pointed to [36-
38]. 

2. THEORY BEHIND THE NUMERICAL CALCULA-
TION  

 A commercially available CFD modelling program [39] 
with an additional electrochemical module [40] was used in 
order to simulate the different manifold designs discussed in 
this study. The fuel cell module predicts the electrochemical 
performance of the SOFC and is built upon the following 
equations and principles. Because the local Nernst potential 
depends upon the fuel and oxidant composition at the three 
phase boundary locations, a SOFC’s current density 
distribution and the transport behaviour are quite locally 
dependent. Additionally the activation and limit losses 
coupled with the electrolyte are a function of the current 
density. In the electrochemical module, chosen for this study 
[40], either side of the electrolyte was partitioned by local 
potential difference. The Nernst potential, the ohmic losses 
within in the electrolyte and the activation losses associated 
at the electrode/electrolyte interfaces provided the terms 
required in order to calculate this potential difference. 

 Equation 1 represents the previously mentioned calcul-
ation as a potential difference between the anode and the 
cathode [40]. 

( )itiNE acteleele= .
 (1) 

 

Fig. (1). Illustration showing the dual fuel inlet/outlet (top) and 

combined fuel inlet/outlet (bottom) methods. 
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Where “i” is the local current density, “ ele”is the the Ohmic 
resistance of the electrolyte at a given temperature “telec”, 
“N” is the Nernst potential, “ E” is the difference in 
potential and “ act” are the activation losses at a given local 
current density i. 

 The CFD-SOFC module chosen [40] assumed an ideal 
case whereby there was uniform contact between the 
electrodes and highly conductive current connectors. 
Electrochemical reactions that contain elements for the 
electric field, mass species and energy transport, Fluid flow, 
heat transfer and mass transfer in the channels and porous 
electrodes are accounted for by including a term in the elec-
trochemical model. The electric field, mass species and 
energy transport, fluid flow, heat transfer and mass transfer 
in the manifolds and porous electrodes are considered, since 
electrochemical reaction terms for these phenomena are 
included in the electrochemical model. Furthermore since the 
electrochemical performance within the cell is coupled to the 
flow and temperature, the following standard conservation 
laws, Equations (2-4), are used in the model [40]:  

 Mass 
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Where i is the species density,  is the fluid velocity, t is the 
time, p is the pressure, μ is the viscosity, g is the gravita-
tional constant, Q is the heat flux vector, and e is the total 
energy per unit mass, Sm,i is the rate of species i production 
due to the electrochemical reactions, and Sh is the volumetric 
heat source [41, 42]. 

 In all solid MT-SOFC components, the electric field 
solution, including electrode and electrolyte ohmic heating is 
accounted for by equation (5) [40]. 

cactaacteleidealjump ,,=
 (5) 

Where 
ele

is the ohmic over-potential of the electrolyte, 

cact,
is the cathode over-potential,

aact,  
is the anode  

over-potential and 
ideal

is the Nernst potential. 

 Three-dimensional electrical conduction is directly 
comparable to the calculation of heat transfer and the CFD 
software [39] uses this concept as a means to calculate the 
electric field. The conservation of charge is the basis for the 
calculation of the potential field throughout the electrically 
conducting regions of a model. This is expressed below in 
Equations (6-7) [40]. 

0=i  (6) 

where 

)(=i
 (7) 

“ ” is the electrical conductivity,“ ” is the electrical 
potential and “i” is the current density. 

 The red-ox reactions must be modelled at the electrodes, 
electrolyte and gas species interfaces. Sleiti [36] provided an 
excellent general break down of the CFD software fuel cell 
module operation. The activation over-potential at the anode 
( act,a) and the cathode ( act,c) can be determined based on a 
version of the Butler–Volmer equation, Equation (8), and the 
rate of species production and reduction by electrochemical 
reaction is described by Equation (9): 

=
Oeff
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Where S is the species source or sink , a is the stoichiometric 
coefficient, i is the current density, n is the number of elec-
trons per fuel mole , and F is the Faraday constant. Using the 
local electrical current information, the SOFC model applies 
species fluxes to the electrode boundaries. Therefore, the 
reactions at the cathode and anode electrodes are considered 
in Equations (10-11) [41]. 

F
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=
 (10) 

and  
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S OH

22
=

 (11) 

 For more information regarding the solution procedure 
and equations the reader is pointed to documentation from 
the CFD code provider [40] or from excelent summaries by 
produced by Sleiti [36] or Christman and Jensen [41]. 

 The predictability of this approach has been compared in 
the thesis of Lawlor [43] and publication [44] to experimen-
tal results, whereby another case Lawlor et al., [45], was 
used as the experimental setup. These results can be found in 
[44]. The results showed that these models under those con-
ditions of [45] provided adequate accuracy regarding spe-
cies, temperature and electrical performance of the MT-
SOFC under test. The same electrochemical and MT-SOFC 
properties were used in this study. 

 The MT-SOFC dimensions were: anode thickness  
85x10-5 m; electrolyte thickness 1x10-5 m and cathode 
thickness 5x10-5 m. The MT-SOFC modelled had a 2.7 mm 
external diameter and a 1 mm internal diameter. The MT-
SOFC active area was 1.86x10-4 m . In order simplify the 
model, it was decided that in the single MT-SOFC model 
and also peripheral MT-SOFCs in the multi-cell model, 
would have asymmetric conditions. Thus these MT-SOFCs 
were modelled in half (see Fig. 2 and Fig. 6). In the CFD 
software, the Discrete Ordinates (DO) model was utilised in 
order to model infra red radiation. This modelling approach 
solves the thermal radiation transfer equation for a finite 
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number of discrete solid angles. Every angle is coupled to a 
vector direction and the discretization must be chosen. For 
more information regarding the DO-model the reader is 
referred to [39]. It was chosen that radiation should be 
included in the models because of our experimental 
experiences in [45, 46]. While the simulation results are not 
explicitly validated for performances within a bundle or at 
operational temperatures above 1018 K, the MT-SOFC 
temperature profile, when similar experimental conditions to 
[46] were applied, matched very well. The DO-model was 
solved with every flow iteration and was discretised with 
5X5 phi and 5X5 theta divisions. Note that the values for 
emissivity on the MT-SOFC wall were obtained from [46] 
and the emissivity’s on the proposed testing apparatus hous-
ing were fitted. Table 1 shows the boundary conditions used 
in the single cell case. 

 For, momentum, body forces, species, the SOFC module 
and DO discretization the 2nd order upwind discretization 
scheme was used. The standard discretization scheme was 
used for pressure. Discretization of the energy within the 
model was considered via a third order discretization 
“QUICK” approach. The Reynolds numbers, for the flows 
both inside and outside the MT-SOFC, can be described as 
laminar. This was deduced using a standard calculation and 
reference to a standard engineering moody diagram, for flow 
inside a pipe and literature available for flow around a 
cylinder in cross flow [47]. A detailed description of the 
modelling parameters, used in the CFD solving process can 
be seen in Table 2. 

Table 1. Detailed Modeling Parameters 

Modelling Parameters  Value Units 

Electrical Properties   

Anode conductivity 333330 1/ohm 

Cathode Conductivity 7937 1/ohm 

Nickel and silver conductivity 1.50E+07 1/ohm 

Silver touch cathode resistance 1E-8 ohm-m  

Nickel touch anode resistance 1E-7 ohm-m  

Anode   

Table 1. Contd…. 

Modelling Parameters  Value Units 

Density 3310 kg/m  

Cp 430 j/kg-K 

Thermal conductivity 1.86 w/m-K 

Porosity 0.3  

Cathode   

Density 3030 kg/m  

Cp 470 j/kg-K 

Thermal conductivity 2.16 w/m-K 

Porosity 0.3  

Current collectors   

Density 8900 kg/m  

Cp 446 j/kg-K 

Thermal conductivity 72 w/m-K 

Porosity 0.75  

Modelling Parameters   

Mixture species O2 N2 H2O H2 

Reaction Finite-Rate 

Mechanism reaction-mechs 

Density Inc. Ideal gas 

CP mixing law 

Thermal conductivity ideal gas mixing law 

Viscosity ideal gas mixing law 

Mass diffusivity User-defined 

Thermal diffusion coefficient kinetic theory 

UDS diffusivity defined per uds 

solver pressure based 

Formulation implicit 

Time steady 

Velocity formulation absolute 

Gradient option green gauss cell based 

porous formulation superficial velocity 

Species model  

Model Species transport 

Reactions volumetric 

Options diffusion energy source 

 full multicomponent diffusion 

 thermal diffusion 

 

Fig. (2). Image of the boundary conditions with meshing for the 

single MT-SOFC simulations. 
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Table 2. Characteristics of the Single Cell Modeling  

Boundary Conditions 

Boundary Condition 

Oxidant inlet temperature 983K 

Oxidant inlet velocity 0.04 m/s 

Oxidant inlet per mass species 23% O2 77% N2 

Oxidant inlet emmisivity 0.7 

Walls emmisivitiy and flux 0.7 & (adeibatic) 

Fuel inlet mass flow 6.4E-8 kg/s (half cells) 

Fuel inlet temperature 983 K & 300 K where stated 

Fuel inlet per mass species 99 % H2 1 % H2O 

Oxidant inlet/outlet emmisivity 0.7 

Cell emmisivity 0.93 

 

 The solution meshing interdependency was checked, in 
the cross flow single cell and bundle cases. This was done by 
adapting the grid using the hanging node method, which in-
creasing the cell amount in the models by a factor of 8 from 
the original 138,390 for the bundle case and 146,000 for the 
single cell case. No major differences in the current density 
distributions or temperature profiles were noted, indicating 
no solution grid dependency. Furthermore, in both cases, all 
residuals settled below 1x10-6 and monitoring of several key 
values, which showed little value fluctuation, indicated suit-
able convergence. For more information regarding MT-
SOFC meshing the reader is pointed to [44]. 

3. CASE DESCRIPTION 

3.1. Single MT-SOFC Simulation 

 In the single MT-SOFC model only half the MT-SOFC 
and housing was modelled and symmetry conditions were 
applied to all wall and fluid regions crossing this zone, as 
seen in Fig. (2). Oxidant cross-flow (where the oxidant flow 
is perpendicular to the MT-SOFC), counter-flow (where the 
oxidant flow is parallel to the MT-SOFC and in the opposite 
direction regarding the fuel flow) and co-flow (where the 
oxidant flow is parallel to the MT-SOFC and in the same 
direction regarding the fuel flow) were all simulated. Fur-
thermore two types of fuel inlet manifolding designs were 
also simulated and are discussed in more detail later. 

3.1.1. Separate Inlet/Outlet Fuel Manifold Technique 

 Shown in Fig. (2) is the boundary conditions layout for 
the single cell model. The box surrounding the MT-SOFC is 
the housing and oxidant inlet and outlet zones. The co-flow 
and counter-flow regimes were realised by feeding the oxi-
dant parallel to fuel flow. The co and counter flow inlets are 
explicitly shown in Fig. (2). The fuel flow in this paper, as a 
reference for the reader, was always inletted from “image” 
top to bottom. Thus the co- and counter-flow regimes will 
occur when the oxidant is fed from -top to bottom- co-flow 
exists and when fed from -bottom to top-, counter flow ex-

ists. Cross flow occurs when the oxidant flow is fed perpen-
dicularly to the MT-SOFC.  

 Fig. (3) outlines the MT-SOFC elements and where they 
appear in the model. In the CFD program that was used, the 
electrolyte was not drawn, but was instead defined as a 1-
dimensional zone, which is situated between the anode and 
cathode 3-dimensional zones. Please see reference [40] for 
more detail. As in the case of the anode supported MT-
SOFC, which had an electrolyte thickness of 10 m, in this 
investigation, the effect of the electrolyte regarding heat pro-
duction and resistance to ion flow was assumed sufficiently 
low. Thus it was decided accurate enough as a 1-dimensional 
zone. The current collection from the anode and cathode 
sides occurred, via the silver on the cathode (left image in 
Fig. 3) and nickel on the anode (right image in Fig. 3). The 
hydrogen flow path through the cell is shown in the center 
image of Fig. (3) (red path).  

 To give the reader and others interested in this sort of 
modeling an idea of how to mesh such geometries, for MT-
SOFCs, the meshing radially through the cell and radially 
through the oxidant boundary zone can be seen in Fig. (4).  

3.1.2. Combined Inlet/Outlet Fuel Manifold Technique 

 Shown in Fig. (5) is a capillary tube that allows fuel 
counter flow inside the anode. The possible advantages of 
such a system have been discussed in the introduction sec-
tion. The pink zone in Fig. (5) is a capillary pipe specially 
shaped to fit into the anode hollow. It has two purposes; 
firstly to allow fuel to be injected into the MTSOFC in a 
counter-flow manner, where the exhaust fuel should heat the 
incoming fuel and secondly to provide the anode electrical 
connection.  

3.2. Bundle of Cells Simulation 

 It was chosen that in order to give the reader a more in-
teresting read, the consequence of the different manifolding 
techniques on a larger system, incorporating a MT-SOFC 
bundle, should be considered. In Fig. (6), all three oxidant 

 

Fig. (3). Image of the different elements of the cell and fuel flow 

channels. (left) View outside the MT-SOFC where the cathode and 

silver current collectors are shown. (middle) View showing the 

hollow for fuel flow and porous regions. (right) A view showing 

the chosen nickel current collection at the anode. 
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flow regimes, which were applied to the singles MT-SOFCs, 
were also applied to a MT-SOFC bundle. The model con-

sisted of one whole MT-SOFC and 4 halved MT-SOFCs, 
whereby the half MT-SOFCs and flow regions on the same 
plane had symmetry conditions. This can be regarded as a 
section in a stack, where the MT-SOFCs are arranged three 
MT-SOFCs deep. Table 3 shows the boundary condition 
characteristics for this setup. 

4. RESULTS 

4.1. Single MT-SOFC Simulations 

4.1.1. Separate Inlet/Outlet Fuel Manifold Technique 

 Although a separate experimental analysis is also planned 
and needed in order to validate the following simulation re-
sults, these results still provided a reasonable prediction of 
the flow regimes, heat transfer characteristics and MT-SOFC 
performance for the different manifoldings studied. Experi-
ments have been used in order to study identical MT-SOFCs 
inside a high temperature testing apparatus [45, 46]. The 
numerical and experimental results for current density, and 
temperature matched, qualitatively, very well. Further com-
parisons are not provided as the case modelled, while simi-
lar, was not identical to the experimental setup. The only 
difference between the prior mentioned case and the single 
MT-SOFC modelled in this account is that the MT-SOFC 
housing had 6 walls rather than 5, please refer to [44-46]. I.e. 
in the experimental case one wall was removed to provide a 
means of thermographic measurement, while in this simu-
lated case this missing wall was included. Nonetheless the 
qualitative analysis of the current density and temperature 
profiles for both cases concur. 

 In this study, three different oxidant flow regimes were 
simulated using two different fuel manifolding techniques. 
Note that A, B & C relate to positions at the bottom, middle 
and top of the MT-SOFCs, shown in Fig. (7) left (cross-
flow). Table 4 shows a comparison of co-, counter- and 
cross-flow including temperature and current density in the 
single MT-SOFC model. The oxidant manifolding in the co- 
and counter-flow conditions resulted in a 0.03 A/cm  in-
creased current density when compared to the cross flow 
case. 

Table 3. Characteristics of the Boundary Conditions in the 

Multi Cell Model 

Boundary Condition 

Oxidant inlet temperature 983 K 

Oxidant inlet velocity 0.12 m/s 

Oxidant inlet per mass species 23% O2  77% N2 

Oxidant inlet emmisivity 0.7 

Walls emmisivitiy and flux 0.7 & (adeibatic) 

Fuel inlet mass flow 6.4e-8 kg/s (half cells) 

Fuel inlet temperature 983 K  

Fuel inlet per mass species 99% H2 1% H2O 

Oxidant inlet/outlet emmisivity 0.7 

General cell emmisivity 0.93 

 

Fig. (4). Detailed view of the meshing around the cell with a pic-

ture insert of a broad view of the complete box holding the cell. 

 

Fig. (5). (Left) Layout of the capillary tube inside the MT-SOFC 

with the grid. (Right) Illustration showing how the fuel leaves the 

capillary pipe and flows into the anode. 

 

Fig. (6). Illustration showing the meshing and layout of the cells in 

the model and the boundary conditions. 
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 This was most likely caused by the 16°C average tem-
perature difference of the MT-SOFC active regions. When 
comparing Table 4 (separate fuel inlet/outlet case) and Table 
5 (combined fuel inlet/outlet case) no stark differences in 
average temperature or current densities were noticeable. 
This implies that cross flow, regardless of the fuel manifold-
ing, seemed to have the highest heat removal quality. Be-
cause it was considered that the combined inlet/outlet fuel 
manifolding system had beneficial heat transfer attributes 
over the separate inlet/outlet fuel manifolding system, a 
simulation was made where the inlet fuel temperatures were 
set to 300 K rather than 981K.  

 The result showed that the benefit of the cross-flow case 
was just 2 °C as seen in Table 6. A calculation of the heat 
removal properties, considering the mass flow rate of the 
fuel and oxidant, their specific heat capacities vindicated this 
result. Thus indicating, that the oxidant was the dominant 

heat removal gas. Also, both methods produced almost ex-
actly the same average current density, meaning no advan-
tage was obtained from the combined fuel inlet/outlet mani-
folding in the fuel channel. Nevertheless, Lee et al., [32] 
noticed a 30 % increase in power density during their study. 
However their MT-SOFC had much larger internal fuel 
channel diameter and this may be the reason why the power 
densities findings did not concur. With regard to the tem-
perature profiles across the cell, the largest temperature dif-
ference, 7-10°C, between the MT-SOFC ends was found to 
occur in the oxidant counter flow method, in both fuel mani-
folding cases. 

4.1.2. Combined Inlet/Outlet Fuel Manifold Technique 

 Fig. (7) shows the separate fuel inlet/outlet case for all 
three oxidant manifolding cases. It can be seen how the oxi-
dant flow affected the temperature profile and average MT-
SOFC temperature. In Fig. (8), a much clearer temperature 

Table 4. Single Cell Simulation Results of 3 Oxidant Manifoldings with a Separate Inlet/Outlet Fuel Manifold Please see Fig. (7) 

for Locations of A, B & C 

Regime Avg. A/cm  Avg. Temp [K] A, B & C- Temp. [K] 

Cross-flow 1.42 1029 1026, 1032 & 1026 

Counter-flow 1.45 1045 1041, 1048 &1034 

Co-flow 1.44 1045 1038, 1048 & 1042 

 

Fig. (7). Images for the 3 flow regimes showing a broad analysis of the temperature gradient across the cell. 

Table 5. Single Cell Simulation Results of 3 Oxidant Manifoldings with a Combined Inlet/Outlet Fuel Manifold 

Regime Avg. A/cm  Avg. Temp [K] A, B & C- Temp. [K] 

Cross-flow 1.42 1028 1024, 1037 1029 

Counter-flow 1.44 1044 1032, 1049, 1042 

Co-flow 1.43 1044 1038, 1047 1032 

Table 6. Comparison Between Combined (C) and Separate (D) Inlet Manifolds on a MT-SOFC with a Fuel Inlet Temperature of 

300 K 

Regime Avg. A/cm  Avg. Temp [K] 

(C) Cross 1.41 1020 

(D) Cross 1.41 1022 
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profile, by virtue of a zoomed in scale, across electro-
lyte/cathode interface visualisation is shown. Cross-flow 
produced the most mirrored temperature profile across the 
MT-SOFC length. In this case at MT-SOFC ends, where 
sealing would most likely occur, the temperatures were the 
same at each end. This may have some advantages with re-
gard to thermal expansion, but such a statement would re-
quire a Finite Element Method (FEM) analysis. The tem-
perature variation across the MT-SOFCs in co- and counter-
flow cases was quite stark, see Fig. (8) and Table 5. Also, in 
the counter-flow case, the temperature across the MT-SOFC 
is smoother, especially on the fuel outlet (bottom) side. 

 Another important difference, between the three flow 
regimes, is the effect of oxygen distribution and concentra-
tion. Obviously, because of the similar current densities in 
all three cases, no distinguishable diffusion limitations from 
the oxidant side acted on the modelled MT-SOFC. Fig. (9) 
showed that the oxygen distribution was more evenly dis-
tributed, when the MT-SOFC was in cross-flow, compared 
to the co- and counter-flow cases. In the co-flow case, where 
the oxygen and fuel concentrations were depleting simulta-
neously per MT-SOFC unit length active area, the lowest 
amount of available oxygen was not as low as the counter-
flow case. At the MT-SOFC top in the counter-flow case, see 
Fig. (9), at the fuel inlet, the oxygen concentration was at its 
lowest level in all three cases. The reason for this was that 
before the bulk oxygen flow reached this position it had al-
ready been significantly depleted.  

 This could be a cause for concern, especially when MT-
SOFCs are in bundles. This is because the MT-SOFC part 
that was producing most current, at the hydrogen inlet, see 
Fig. (10), and thus could potentially experience oxygen dif-
fusion limitations. In the co-flow case, this high oxygen de-

pletion did not occur, because the fuel and oxidant inlet are 
located at the same place and therefore concentrations of 
each component were high. This is not something that should 
cause concern in single MT-SOFC systems, but in MT-
SOFC bundles or MT-SOFCs that are very long or even MT-
SOFCs producing much more current than in the cases 
shown, this could be a parameter requiring optimisation. Fig. 
(10), illustrated that the temperature and oxygen profiles did 
not have much effect on the current density produced by 
each manifolding method. However, in the cross flow case, 
the peak current density was lower than in the co- and 
counter- flow cases. The most likely cause was that in the 
counter flow case, the highest temperatures were observed. 
Higher temperatures have a positive effect on MT-SOFC 
performance (i.e. lower electrolyte resistance) in the high 
current producing region.  

 It was surprising to observe that the combined inlet/outlet 
fuel manifolding method did not affect MT-SOFC perform-
ance, temperature- and current density- wise. This was 
probably due to the relatively low fuel mass flow rate in 
comparison to the oxidant. Fig. (11), shows a MT-SOFC 
core temperature contour plot with separate inlet/outlet and 
combined inlet/outlet fuel manifoldings as comparison. What 
this model did not allow for, because of the short fuel inlet 
manifold before the MT-SOFC, is that a longer inlet pipe or 
counter flow zone between the inlet and outlet fuel gas, in 
the combined inlet/outlet case, should certainly increase the 
system efficiency.  

 This could occur if the counter flow zone is sufficiently 
long enough to transfer enough heat between the hydrogen 
inlet and outlet pipes. Fig. (12) shows a comparison of the 

 

Fig. (8). Images for the 3 flow regimes showing an analysis of the 

oxygen mass gradient along the MT-SOFC. 

 

Fig. (9). Images for the 3 flow regimes showing current density on 

the cell wall (rainbow scale) and oxygen concentration (red-blue 

scale). Please compare the cathode current collection shown in Fig. 

(3). 

 

Fig. (10). Comparison of combined (left) and separate (right) fuel 

flow on a MT-SOFC with regard to cathode wall temperature.  

 

Fig. (11). Comparison of separate (left) and combined (right) fuel 

flow on a MT-SOFC with regard to static pressure inside the fuel 

channel 
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separate inlet/outlet and combined inlet/outlet fuel manifold-
ings and the temperature effect on the cathode wall. The in-
sert on the separate inlet/outlet picture, Fig. (12), is a picture 
of the case when radiation was neglected. As has been 
shown in [45, 46] when MT-SOFCs were placed inside 
larger housings, radiation should be considered. As can be 
seen in this insert, the temperature difference was about 275 
K. This has very important implications for stack modelling. 
The emissivity and temperature on housing walls inside a 
stack have a substantial effect on the temperature profile 
inside the stack. Especially since such walls cannot be totally 
adiabatic, heat will be lost through radiation and conduction 
in the stack housing. Thus heat bridges should certainly be 
minimised. Furthermore radiation models are a necessity on 
the oxidant side of MT-SOFC models. 

 The parasitic pressure losses in the hydrogen capillary 
pipe and reduced volume fuel hollow in the anode are also a 
reason against such a system in small MT-SOFCs. As seen 
in Fig. (13), if capillary pipes, as small as those used in early 
experiments and in these simulations are used, then their 
lengths should be short in order to minimise pressure losses. 
However this opposes the proposed advantage of better heat 
transfer between the fuel inlet and exhaust, when the pipe 
lengths are “long” enough. Also bends on the capillary pipes 
should be avoided in order to reduce pressure losses and this 
can complicate a potentially novel stack manifolding solu-
tion.  

 Fig. (14) shows the current density contours on the elec-
trolyte cathode interface. A subtle difference in the current 
profiles was seen. At the inlet and under the silver current 
collectors, on the fuel inlet side of the combined fuel in-
let/outlet case, the current density was a bit higher. This can 
be a result of the higher pressure in the MT-SOFC as seen in 
Fig. (13). 

4.2. Bundle of MT-SOFCs Simulations 

 The single cell simulations have allowed a first glimpse 
regarding the effect of co-, cross- and counter-flow on MT-
SOFC performance. However of most interest to the fuel cell 
research sector is the effect within MT-SOFC bundles. Fig. 
(15) shows a comparison of the temperature contours 
through a MT-SOFC bundle in cross-, counter and co-flow 
with an oxidant inlet temperature of 987 K and velocity of 
12 cm/s. Similar to the findings of the single MT-SOFC 
simulations, the cross flow case was better at removing heat 
from the bundle. Table 7 shows the average current densities 
and temperatures on the middle MT-SOFC in each bundle. 
The difference in temperatures between the co-counter- and 
cross flow cases was as much as 50 °C. Furthermore Fig. 
(16) shows the temperatures on the MT-SOFC exterior.  

 It was interesting to observe when comparing Fig. (16) to 
Fig. (8) the consequence of the additional MT-SOFCs. In all 
three cases the effect of additional MT-SOFCs on the tem-
perature profile of centre MT-SOFC was very observable. In 
the cross flow case, see Fig. (16), as much as a 15 °C differ-
ence between the front and rear of the middle MT-SOFC was 
seen. In the single cell case this temperature gradient was not 
so stark. In the counter-flow case, for a single MT-SOFC, 
the temperature gradient across the cell ranged from 1048 K 
to 1038 K, while on the middle cell in the bundle, this gradi-
ent ranged from 1098 K to 1016 K, showing a slightly in-
creased temperature gradient in the bundle case. A much 
more striking temperature gradient was clearly seen when 
comparing the co-flow single MT-SOFC and bundle case. In 
the single MT-SOFC case the temperature gradient ranged 
from 1038 K to 1048 K and on the middle MT-SOFC in the 
bundle, from 1075 K to 1122 K.  

 This meant that co-flow of the fuel and oxidant may be a 
very undesirable flow regime because of induced thermal 
gradients across the MT-SOFC. A very interesting observa-
tion, also observed in Fig. (16) and Fig. (8) was the large 

 

Fig. (12). Current density predictions for separate (left) and com-

bined (right) fuel manifold techniques. 

 

Fig. (14). Comparison of the temperature gradient on the cell walls 

in cross-, co- and counter-flow with an inlet temperature of 983 K. 

 

Fig. (13). Comparison of the temperature gradient through bundles 

in cross-, co- and counter-flow with an oxidant inlet temperature of 

983 K. 
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temperature gradient between the active and passive MT-
SOFC parts. In the co-flow case this gradient, particularly on 
the fuel exhaust side, was much smoother than in the 
counter- and cross-flow cases. Such stark temperature con-
trasts were also observed in previous thermographic meas-
urements and models [44, 45]. These simulations showed 
that the oxidant flow had the most pronounced effect on the 
temperature gradients across the MT-SOFC and can be re-
garded as the property that is most useful for heat removal 
and distribution thought a MT-SOFC bundle. This also 
points out that some smart optimisation of the distances be-
tween cells, which may not ideally be uniform, could be used 
in order to increase and decrease velocities within a stack, 
allowing regulation of the temperature and oxygen distribu-
tion. 

 Fig. (17) showed that the oxygen gradient was best 
minimised in the cross-flow case. It was interesting to note 
the oxygen gradient between the MT-SOFC front and rear, 
especially the comparison between this gradient at the fuel 

inlet and outlet ends for the MT-SOFC in cross-flow. The 
counter flow case was not optimal, with regard to oxygen 
concentrations at these flow rates, as can clearly be seen in 
Fig. (17). This was because the oxygen concentration was 
reduced as the air travels from the MT-SOFC fuel outlet side 
to the fuel inlet. At the fuel inlet side, refer Fig. (18), the 
current density is highest because of the higher fuel concen-
tration.  

CONCLUSION 

 To optimize a MT-SOFC stack in order to be: thermally 
self sustaining; to have temperature distributed uniformly 
through the stack and optimised oxygen distribution through 
the stack, a parameter study on: the effects of cell distances; 
oxidant flow rates and inlet temperature; effect of, for exam-
ple, silver coatings on the cathode wall and indeed coatings 
on the stack housing on radiation losses, would need to be 
performed. The effect of the fuel flowing through the MT-
SOFCs on the overall MT-SOFC temperature or bundle 

Table 7. Middle Cell 

Regime A/cm  avg. temp. [K]  (A, B & C) temp. [K] 

Cross-flow 1.40 1064 1051, 1068 & 1068 

Counter-flow 1.39 1107 1101, 1110 & 1098 

Co-flow 1.36 1105 1075, 1111 & 1122 

 

Fig. (15). Comparison of the mol oxygen fraction on the cell walls in cross-, co- and counter-flow with an inlet temperature of 983 K. 

 

Fig. (16). Comparison of the current density on the cell walls in cross-, co- and counter-flow with an inlet temperature of 983 K. Please com-

pare the cathode current collection shown in Fig. (3). 
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thereof was much smaller than radiation and oxygen conduc-
tion/convection losses on the cathode side. While this initial 
study does not provide further information regarding optimi-
sation of the above mentioned parameters, it does provide 
some predictions regarding the differences caused by provid-
ing oxidant to the cell in cross-, counter and co-flow on the 
temperature gradients. It was predicted from this study that 
cross flow provides the most homogeneous temperature and 
oxygen distributions through the three rows deep bundle. 
However, with regard to thermal self-sustainability the ques-
tion may be proposed that the cross flow case removes heat 
too effectively, meaning that the inlet gas temperature would 
need to be higher.  

 Because the power produced by MT-SOFCs is highly 
temperature dependent, it was necessary to include an elec-
trochemical model and it is the belief of our group that the 
best models will also include radiation in order to consider 
the effect of the stack walls and cell to cell temperature gra-
dients, which can promote radiation losses. In this study an 

adiabatic wall assumption was made regarding the case study 
housing. This would not be the case in reality and should be 
considered in future studies.  

 To further improve the models developed, a current ex-
change density that varies with temperature may also be 
beneficial. Ni et al., [48] have shown that it can be very im-
portant to have temperature dependent current exchange den-
sities. While we do not expect this current exchange density 
temperature dependency will have a drastic effect on our 
results, this feature will certainly be included into the next 
phase of our study. In the future this current exchange value 
can be fitted as a function of temperature also in our models. 
This paper showed that CFD is a very powerful tool that can 
be used in order to model and optimise the performance of 
MT-SOFC systems.  

ACKNOWLEDGEMENTS 

 This project is being funded by the Austrian Science 
fund, Fonds zur Förderung der Wissenschaftlichen 

 

Fig. (17). Comparison of the temperature gradient through bundles in cross-, co- and counter-flow with an inlet temperature of 983 K. 

 

Fig. (18). Comparison of the temperature gradient on the cell walls in cross-, co- and counter-flow with an inlet temperature of 983 K. 
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