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A Feasibility Study of placing a Heated Turbulence Grid in Front of an Air-Cooled
Fuel Cell Stack in Freezing Conditions

Diogo Loureiro Martinho, Johannes Hansen, Chungen Yin, Torsten Berning

Department of Energy Technology, Aalborg University, Aalborg, Denmark

This paper aims to better understand the temperature profile of a
turbulence inducing grid if pre-heating of the incoming air in the
cathode channel is required when the stack is operating under
freezing conditions. The goal of this study is to design the grid by
changing its thickness and the number of pores. A three-dimensional,
steady-state computational fluid dynamic model was developed and
validated for a baseline case of a single cathode channel of an air-
cooled cell. The computational domain consists of the cathode flow
channel, a gas diffusion layer, and the turbulence inducing grid. Four
different grid designs were analyzed and compared, and in the best
case heating of the turbulence grid was achieved where the
temperature of the grid will be 236 °C and the power consumption
will be around 30 % of the total power produced by the fuel cell
stack. It is concluded that 2 mm thickness is not sufficient leading
to too high temperatures, and a multitude of staggered grids might
be required.

Introduction

A fuel cell is an electrochemical device used to convert chemical energy of a fuel, such as
hydrogen, into electricity. In and air-cooled fuel cell stack the reactant air is also the
coolant which necessitates high stoichiometric flow ratios in the range of 50-100,
depending on the ambient temperature (1).

According to a recent study, the fuel cell market is growing due to the demand of new
sources of energy to be used in a wide range of portable utilities, unmanned air vehicle,
stationary power applications and, finally fuel cells can also be used as the main power
source or as a range extenders in the automotive field (2). Within the several different types
of fuel cells, the air-cooled proton exchange membrane fuel cell is reliable for applications
requiring a few kilowatts due to their simplicity and operating setup which is characterized
by the absence of a secondary coolant loop. However, this type of cell has a tremendous
drawback regarding the current density that can be drawn, around 0.3-0.4 A/cm? (1) (3).

Previous studies proposed the placement of a turbulence inducing grid at the inlet of
the cathode to improve the heat transfer inside the cathode channel and enhance the
performance of the fuel cell (4). Additionally, different grid types were studied where
parameters such as thickness, rib width, pores angle and the distance were varied. It was
found the most important variable to achieve a higher performance was the distance
between the cathode inlet channel and the turbulence inducing grid where the best



experimental result was at 2.5 mm (5). The results of this study were an increase of 20%
with regards to the power density and 30% when looking at the cell voltage.

Afterwards, an attempt to replicate the previous experimental results numerically was
done (6). However, the results achieved only pointed out a higher performance of 10.42%.
Some assumptions were taken and in order to correct possible inaccuracies of the previous
study, a second study was done (7). The research accomplished a lower temperature of the
fuel cell when having a turbulence inducing grid before the inlet when it was placed 2 mm
away from the inlet which was in very good accord with the experiments.

As air-cooled fuel cells are gaining popularity, one of the possible markets can include
applications where ambient temperatures can be subzero. This paper aims to show the
feasibility of using the grid described previously to generate turbulence and pre-heat the
air, simultaneously, to avoid freezing conditions inside the cell. Four different designs were
studied to achieve higher convective heat transfer while decreasing the surface temperature
of the grid.

This paper is organized as follows: Section “Thermodynamic Balances and Streams”
will present the thermodynamics calculations and assumptions of this research,
“Computational Modelling” section will present the computational domain, the modelling
equations, and the boundary conditions. The “Results and Discussion” section will present
the results and an analysis of them. Finally, all the conclusions will be summarized in the
“Conclusion” section.

Thermodynamic Calculations

The main goal of this study was to achieve a proper performance of the fuel cell while
operating in freezing conditions. One of the most important inputs is the velocity of the air
at the inlet of the cathode but also to know the operating voltage of the cell. Using the
energy conservation principle, the energy balance can be written as:

H)in =W+ ) (H)our +Q [1]
2. 2.

Where, Q is the heat of the system, (H;); is the total enthalpy of the system, W is the
electrical work of the fuel cell, and, due to this fact, it is possible to have it as a function of
the current, /..;;, and the cell voltage, Veeu:

Wel = Vcell ’ Icell [2]

A previous paper assumed an ideal gas behavior in order to calculate the enthalpy
streams (1). This was an important assumption to combine both equations in the energy
balance and, finally, calculating the cell voltage.
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Where, F is the Faraday constant, T,,,; is the temperature of the system at the outlet, (.,
is the cathode stoichiometric ratio, p;,¢q; 1S the total pressure and, finally, pg,: is the
saturation pressure.

With the goal of simplifying such equations, three important assumptions have to be
considered. The system is adiabatic, the air at inlet is dry and the products of such reaction
will be in the gas phase. Aiming to calculate the total enthalpy streams, the molar flow rate
is needed as the sensible enthalpies and the enthalpies of formation.

So, the inlet molar streams, at the cathode side, of oxygen, nitrogen and water are given
by the following equations, respectively (1)(8):
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Where the [, F, {4, RH;y, , Damp are the total current drawn from the fuel cell stack, the
constant of Faraday, the stoichiometric flow ratio, is the relative humidity and, finally, the
ambient pressure.

The saturation pressure is a function of the temperature and can be expressed by the
equation of Antoine:



B
Dsat (T) =D- e(A_m) [7]
In this equation, A, B and C are constants and D is a scalar to have the value in Pascal

where A is 8.07131, B 1730.63, C is 233.426 and, finally, D is 133.233.

With respect to the anode side, the hydrogen molar flow rate is given by:

th,in = Zanﬁ [8]

In this paper, the velocity at the cathode was calculated using the flow rate of the air
and the assumption of ideal behavior. A detailed explanation can be found in (8) and the
final equation is given as:
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This velocity, u;, is the velocity at the inlet of the cathode. However, as it will be shown
in the section “Computational Modelling”, A panner IS the cross-sectional area of the
channel before the cell itself is wider than the cathode cross-sectional area, A.,. So,
considering the fluid as incompressible the velocities can be related as:

Acn
Uep = Ujp AC [10]
ca

Where u,, is the velocity before the cathode inlet. In respect of the heated grid, the
temperature difference across the grid was analyzed and the mass flow rate was calculated
as:

mszuchXAca [11]
Previously, p is the density of the air . Multiplying the previous equation by the
specific heat and the temperature difference, the heat input required is obtained, Q¢ -
The volume of the grid, V.4, is also a fundamental parameter to calculate the heat

generation required. Finally, the heat generation uniformly distributed inside the turbulence
grid is:



Qgen = Qreq/Vgrid [12]

Computational Modelling

An overview of the computational domain and the inputs of the setup will be presented.
As it was mentioned, the goal of setting a turbulence inducing grid before the cathode inlet
was to increase the turbulence presented in the air flow and enhance the heat transfer rate
between the cell and the air. A similar setup from [7] was used for the first simulations
where a bipolar plate (BP), a gas diffusion layer (GDL) and a grid were modelled as solid
cells and the remaining domain was modelled as fluid cells. An example of the
computational domain is presented below:

Figure 1. Computational domain used along the first simulations. Bipolar plate is represented as the
light grey, gas diffusion layer as the dark grey and the grid was stablished to be at 2.5mm from the
cathode inlet. However, to decrease the computational cost a symmetry plane Y-Z was used.
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Figure 4. Front view of the bipolar plate. Figure 5. Front view of the gas diffusion layer.



Table 1. Overview of the material properties

Property Bipolar plate Gas diffusion layer
Density [kg/m?] 1970 450
Specific Heat [J/(kg-K)] 720 900
Thermal Conductivity [W/(mK)] 20.5 1.7
Surface Roughness [m] 0 1-10°

In this work, four different turbulence grids were studied. The main differences between
these four grids are the number of pores (12 or 24) and the thickness of the grid (1 or 2mm).
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Figure 6. Grid geometry with 12 pores. Figure 7. Grid geometry with 24 holes.
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Figure 8. Shows the grid geometries with 12 Figure 9. The grid geometries with the two
pores and along with different depths. different depths for the 24 pore grids.

The boundary conditions represent one of the most important parts when setting a
computational fluid dynamic analysis. Bringing into play the equations presented on the
previous section it was possible to define the velocity at the inlet and the temperature.

In addition, a constant heat flux was applied in the bottom of the gas diffusion layer
where the catalyst layer would be. The heat flux is calculated out of an assumed cell voltage
of 0.6V and a current density of 3850 A/m?. Furthermore, the volume of the grid is a
fundamental parameter to calculate the heat generation required. Finally, the boundary
conditions are presented in the following table:



Table II. Overview of the boundary conditions

Location Boundary Condition Value

Inlet Velocity 0.9557 m/s

Gas Diffusion Layer Heat Flux 2587 W/m2
Rest of the domain Symmetry No flux

The inlet temperature of the air was varied from -20°C to 0°C in steps of 5°C, and the
volumetric heat source inside the turbulence grid was calculated such that the air would be
5°C when entering the fuel cell channel. The result of these calculations would be the
indicative temperature of the turbulence grid which in turn gives insight into the material
requirement.

With regards to the equations used in this paper, the conservation of mass, momentum
and energy were considered, respectively:

ap

= -(pU) =0 13
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In order to solve the term called “Reynolds Stresses”, the Reynolds Stress model was
used in this paper. This approach directly computes all the individual components of the
Reynolds stresses from their transport equations. This approach will have seven extra
equations to be solved [9].

Results and Discussion

In this section, the results obtained from the simulations will be presented. All the
previous four grids were considered, and this section will present the results of each grid
separately. Although, the aim of this paper was to study the performance of all grids, grid
A was used a benchmark since it was already used in previous papers. To study all the
possible performances of each grid, five different steady simulations were developed where
the temperature difference between the inlet of the cathode and the ambient temperature
was changed.

The calculated heating power of the turbulence grid results out of the energy
requirement to heat up the incoming air stream to the desired inlet temperature, here 5°C.



This must be compared to the electric power that the fuel cell can produce. Typically, air-
cooled fuel cells have a power density in the range of 0.25 W/cm? [5]. From above we see
that the active area of the fuel cell section in the current case is 0.54 cm by 7 cm which is
3.78 cm?. Hence the fuel cell section produces close to 1 W.

Grid4

As it was mentioned, Grid A acted as the benchmark of this paper. An important detail
to have a better understanding of the results is the volume of each grid and in Grid A case
the volume is 4.935 mm?>. It is understood that the grid temperature is a result of these
calculations, and we are trying to gain insight into the required heat input and grid materials.

Table I1I. Resulting grid surface temperatures for grid dimension A in the CFD simulations.

Grid temperature

Inlet air velocity[m/s] Heat input [W] AT across the grid C]
0.9557 0.3268 25°C 1511 °C
0.9557 0.2615 20°C 1223 °C
0.9557 0.1961 15°C 928 °C
0.9557 0.1307 10°C 626 °C
0.9557 0.0654 5°C 319°C

The volume of Grid A is relatively small and, when compared to the other grids, it is
the smallest one. It was possible to notice, the resulting grid temperature was very high and
peaked at a temperature of 1511 °C. This resulting temperature is out of the range of the
other components’ temperature and fluids. It is possible to notice in the figure 4, the
preheating of the incoming air, having a temperature of -10 °C. As it can be seen, the cold
air reaches the grid and as it flows through it gets heated up via convection and reaches an
approximate value of 5 °C after the grid.

Temperature
GRIDA

E 28.76
26.27
- 2379
- 21.30
- 18.82
- 18.33
- 13.85
- 11.36
- 8.88
- 6.39
- 3.91
- 142
- -1.06

-3.55
-6.03
-8.52

-11.00 0 o022
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Figure 10. The temperature profile of the air as it flows through the turbulence inducing Grid A. Note

that the scale of this picture is up to 29 °C in order to be possible to see the different temperatures as
long as the air flows through the pores. The flow is from left to right.
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Grid B

As it is shown in figure 2, the Grid B has the same number of pores as Grid A. However,
its width is increased to 2 cm. With this change, the surface area between the fluid and the
solid surface is higher, increasing the heat transfer between the two regions. The
temperatures of the surface of the grid are shown in the table below:

Table IV. Resulting grid surface temperatures for grid dimension B in the CFD simulations.

Grid temperature

Inlet air velocity[m/s] Heat input [W] AT across the grid C]
0.9557 0.3268 25°C 863 °C
0.9557 0.2615 20°C 699 °C
0.9557 0.1961 15°C 531°C
0.9557 0.1307 10°C 359°C
0.9557 0.0654 5°C 184 °C

The surface temperatures are lower than the temperatures of Grid A as it can be seen in
Table V. However, the temperatures of the surface of the grid are still too high. The aim of
this project was to have a maximum grid surface temperature of around 200 — 300 °C.

Temperature
GRID B

E 28.76
26.27
- 2379
- 2130
- 1882
- 1633
- 13.85
- 11.35
- 588
- 6.39
- 301
- 142
- 1.06

-3.55

-6.03

-8.52 I_‘_
-11.00

0 0.002 0.004 (m)
I I
0.001 0.003

[Cl

Figure 11. The temperature profile of the air as it flows through the turbulence inducing Grid B. The
incoming air temperature was set to -10 °C. The flow is from left to right.

Grid C

The main difference between Grid C versus Grid A and Grid B is the number of pores
and the width, respectively. However, these differences increased the volume when looking
to Grid A, the same did not happen when comparing to Grid B. So, it was possible to expect
to have higher surface temperatures than the previous grid. The following table will show
the different results of all five steady state simulations done with Grid C:



Table V. Resulting grid surface temperatures for grid dimension C in the CFD simulations.

Grid temperature

Inlet air velocity[m/s] Heat input [W] AT across the grid C]

0.9557 0.3268 25°C 982 °C
0.9557 0.2615 20°C 799 °C
0.9557 0.1961 15°C 608 °C
0.9557 0.1307 10°C 412 °C
0.9557 0.0654 5°C 211°C

Temperature

GRIDC
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Figure 12. The temperature profile of the air as it flows through the turbulence inducing Grid C. The
incoming air temperature was set to -10 °C. The flow is from left to right.

Grid D

Finally, Grid D was the one after the designing stage where the promising results were
expected since with 24 pores and 2 mm of width, its volume would be the biggest one. This
is a temperature decrease of 580 °C, when comparing to the grid surface temperature of
grid A considering the same temperature difference across the grid.

Table VI. Resulting grid surface temperatures for grid dimension D in the CFD simulations.

id t t
Inlet air velocity[m/s] Heat input [W] AT across the grid Grid temperature

[*C]
0.9557 0.3268 25°C 562 °C
0.9557 0.2615 20°C 472 °C
0.9557 0.1961 15°C 348 °C
0.9557 0.1307 10°C 236 °C

0.9557 0.0654 5°C 122 °C
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Figure 13. The temperature profile of the air as it flows through the turbulence inducing Grid D. The
incoming air temperature was set to -10 °C.
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As it was possible to notice Grid D presented interesting results even when the ambient
temperature was set to -15 °C, achieving a surface temperature of 348 °C. However, the
amount of energy required from the grid to heat up the air was also analyzed. The table
below illustrates the turbulence inducing grid power used when compared to the fuel cell
power:

Table VII. Grid Power used compared to the fuel cell power generated.

Fuel Cell Power [W] Grid Heat [W] AT Across Grid Grid heat/Fuel cell
power (%)
0.8732 0.6536 25°C 74.85
0.8732 0.523 20°C 59.89
0.8732 03922 15°C 44.92
0.8732 0.2614 10 °C 29.94
0.8732 0.1308 5°C 14.98

Where the fuel cell power was calculated according to the voltage obtained using the
equation 3, a current density of 0.3850 A/cm? and the area of the gas diffusion layer. The
percentage of power used by the heated turbulence inducing grid is the heat required by the
grid over the power generated by the fuel cell.

In summary, regarding placing a heated turbulence inducing grid in front of the cathode
channel, showed good results when considering its feasibility and the surface temperature.
However, when looking at the amount of power required from the turbulence inducing grid,
it is possible to notice that only to heat up by 10 °C, around 30% of the fuel cell power
generated would be used by the grid. Finally, to avoid such consumption, a device such as
a battery could be used as an auxiliary device. A problem further with such a stretched grid
could be that it could act as a flow straightener rather than a turbulence inducer. It might
therefore be preferrable to use a number of staggered grids of smaller size. This will be



investigated in the future. In addition, it would be interesting to see at which minimum
temperature the air can enter the fuel cell while freezing conditions in the GDL are avoided.

Conclusions

In this work, we have studied, the feasibility of placing a heated turbulence inducing
grid in front of the cathode channel under freezing conditions. It can be seen for such
dimensions of the turbulence inducing grid, pre-heating the air from -10 °C to 5 °C will
already originate a grid surface temperature of 348 °C. It is less feasible to have such
approach when considering even lower ambient temperatures due to high and unfeasible
surfaces temperatures. As a first approach, it is possible to operate an air-cooled fuel cell
at subzero conditions to a certain temperature range. However, this situation will affect the
efficiency of the system since an additional consumption of power, around 25% to 35%, is
required for secondary actions. A possible solution for such situation would be the
integration of a small storage energy system which would provide the required power to
the turbulence inducing grid, avoiding the use of the fuel cell power for such requirement.
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