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Design of heater integrated into micro direct methanol fuel cell
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Abstract: The heat transfer model of a micro Direct Methanol Fuel Cell (uDMFC) based on heat
transfer mechanisms is presented. Three kinds of patterns of the heater integrated into a uDMFC are
designed and simulated using the Finite Element Analysis (FEA). The simulation results illustrate
that the different patterns of the heater cause different temperature distributions on the surface of the
plate, which would induce different heating effects on a fuel cell and great influence on its perform-
ance. According to the results, an ideal heater resistance which causes a maximum temperature con-
trasts of 1.4 C is applied to control the operating temperature in experiments, for it shows an im-
provement on the temperature uniformity. Moreover, the heaters with other two patterns produce the
maximum temperature contrast of 2. 1 C and 3. 0 ‘C, respectively. Experimental results show that
the uDMFC can generate a maximum power density of 5. 55 mW/cm’ at a temperature of 58. 2 C

when a current of 53. 9 mA is applied to the heater. This work would make it possible for a xDMFC to
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enhance the performance by adjusting to the temperature and to employ it in extreme environments.

Key words: Direct Methanal Fuel Cell(DMFC) ; heat transfer model; heater

1 Introduction

Micro fuel cells are considered as the dominant
power provider to replace the current battery for
portable application. The striking feature of mi-
cro fuel cells is their higher inherent potential of
higher energy densities compared to batteries.
Micro direct methanol fuel cells (uDMFCs) are
inevitably consided as the most promising candi-
date due to some factors such as the high energy
density and the simpler and safer handling!".
Temperature is one of the most important fac-
tors that affect the performance of a uDMFC"*.
The conductivity of proton exchange membrane
(PEM) and the catalytic activity of a uDMFC
can be improved significantly with temperature
increasing™. Especially, the catalytic activity of
a uDMFC is low due to the low kinetic activity
of methanol oxidation and CO poisoning" .
Therefore, analysis of temperature characteristic
is of great importance to improve the perform-
ance of a uDMFC. A heat transfer model of a
pDMEFC is built based on heat transfer mecha-
nisms in this paper. Three kinds of patterns of
the heater integrated into a pDMFC are designed
and simulated to find the best heater pattern that

provides the best heating effect.

2 Theoretical research of tempera-
ture influence on uDMFC per-

formance

Equation Butler-Volmer is the basic equation de-
scribing electrochemical reaction current and ov-

ervoltage.
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where i) is the exchange current; Ci is the con-

centration at reaction surface; C% is the refer-
ence concentration of reactant;  is the exchange
coefficient; F = 96 485 C/mol is the Faraday
constant; R=8. 314 J/(K « mol) is the ideal gas
constant; 7 is the activation overvoltage; and T
is the operating temperature. Exchange current
iy is expressed as

it =nFCy A "’h—Texp<—_l§ff“+

where n is the number of electrons transferred in

) (2

the reaction; A is the active area of chemical re-
action; £=1. 38X 10 *® J/K is the Boltzmann's
constant; h==6. 626 X107* J « s is the Planck’s
constant; and AG; is the activation energy barri-
er.

Considering anode activation overvoltage,
cathode activation overvoltage and ohmic loss,
the output voltage is expressed as

V:E*m*%*in , 3)
where E is the ideal open circuit voltage; 7. is
the cathode activation overvoltage; 7. 18 the an-
ode activation overvoltage; and r is the internal
resistance of a yDMFC. Fig. 1 shows the simu-
lation results of the temperature influence on the
uDMFC performance. It is demonstrated theo-
retically that the cell performance can be im-
proved with the increase of temperature in a cer-

tain range.
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Fig. 1  Simulation results of the temperature influ-

ence on the uDMFC performance
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3 Analysis and modeling

Heat dissipates in several ways in a uDMFC
such as taken away by the methanol solution,
thermal convection and radiation on the surface
of the packaging material, and heat conduction
through metal wires. Fig. 2 shows the schematic
of a uDMFC with the heater and dominant heat

loss mechanisms.
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Fig. 2 Schematic of pDMFC structure and heat dis-

sipation

3.1 Thermal convection and radiation
Heat dissipates through convection and radiation
on the surface of a yDMFC. For the convection,
the heat flow is expressed as:
q=hA(T,—T.) , 4)
where h is the heat transfer coefficient; T, is the
surface temperature of a uyDMFC; T.. is the en-
vironment temperature; and A is the surface area
of the uDMFC plates.
For thermal radiation, the heat flow is ex-
pressed as;
q=ecA(T,—TL) , (5)
where ¢ is the emissivity; and ¢=5. 67 X 10~ °
W/(m’
Heat generated inside a uyDMFC is transmitted

« K*) is the Stefan-Boltzmann constant.

to the surface by the silicon plate and packaging
dissipates

When the

material. On the surface, heat

through convection and radiation.

temperature is steady, the heat system keeps dy-
namic equilibrium. h.e, and ¢ are constants in
(4) and (5).

radiation is primarily determined by T,.

The heat flow of convection and

3.2 Heat conduction through metal wires

Metal wires also transmit part of the heat. Since
the length of metal wire is much larger than the
width and thickness, the metal wire is similar to
infinite long rectangular rib. The temperature at
the end of rib is equal to room temperature. The
heat flow of conduction through metal wires is

expressed as:

q=VhPkA(T—T.) , (6)
where P is the cross-sectional perimeter; A, is
the cross-sectional area; and £ is the thermal
conductivity coefficient of metal wires. It can be
seen obviously from Eq. (6) that the heat flow of
conduction through metal wires is related to P,
A, and &, which are determined by the material
and structure of metal wires.

3.3 Heat taken away by methanol solution
The methanol solution feeds back to the inlet
of a uyDMFC, transfers heat inside the xDMFC,
and takes it away from the outlet. According to
the calculated Reynolds number, the methanol
solution flow in the channels is laminar. Heat
flow taken away by the methanol solution is
written as:
q=mCp(T—T,)=pvCo(T—T,) » (D)
where m is the mass flow; Cp is the heat capaci-
ty; pis the density of the methanol solution; and
v is the flow velocity of the methanol solution. p
and Cp are constants here. Heat {low taken away
by the methanol solution is determined by the
flow velocity w. The smaller v is, the less heat

flow is.

4 Design and simulation of heater

A uDMFC doesn’t have optimal performance at
lower temperatures, even does not work below 0
‘C, but it has a significant advantage that it can

work at room temperature. This is a particular
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problem in the application of portable devices be-
cause such devices may be used in cold environ-
ments. In our work the heater resistance is inte-
grated into a uDMFC to heat the fuel cell, actu-
ally the reacting region, so that the electrochem-
ical reaction in the uDMFC occures at a higher
temperature. The temperature is steady when
the balance of heat dissipation and generation is
achieved. Three patterns of the heater resistance

are designed to compare their heating effort in

Fig. 3.
IT
I

Fig. 3 Designed patterns of heater resistances
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The heater structure, which tends to suffer
from an uneven thermal distribution, could lead
to an uneven catalytic reaction and reduce the
heating effort for the uDMFC. These heaters are
simulated by Finite Element Analysis (FEA)
and compared to optimize the structure. The
thermal-electric coupled analysis mode is applied
to the simulation during the FEA procedure. The
voltage and thermal convection loads are defined
as boundary conditions. The values of voltage
loads are fixed according to the different resist-
ances so that every heater generates the same
heat. The thermal convection loads are applied
on the surface of the model to indicate the heat
dissipation through convection and radiation be-
tween the fuel cell and external environment.
The heat taken away by the methanol solution is
equivalent to thermal convection, only with dif-
ferent coefficients of thermal convection. The
resistance of each heater can be measured by
simulation so a proper voltage can be set corre-
sponding to the resistance. The simulation re-
sults of the different heater resistances, inclu-
ding the gradient of temperature distribution and

the maximal temperature contrast, are shown in

Fig. 4 to Fig. 6. The resistance and average tem-

perature of each heated area are listed in Tab. 1.

Tab.1 Parameters of simulation results
Simulation results
Pattern Resistance Average Max Temp
(€9} Temp (C) Contrast (C)
1 85. 46 67. 36 2.141
2 3.082 68. 04 3.011
3 19. 23 67. 84 1. 40

The simulation results show that different
patterns of the heater cause different tempera-
ture distributions on the plate of a fuel cell. The
serpentine resistance produces a central hot spot
as shown in Fig. 4. The heater resistance with
more branches causes hot spots at the connec-
tions, as shown in Fig. 5. The heater in Fig. 6

which has two branches of resistance and leaves

1
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Fig.5 Simulation result plot of pattern 2
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Fig. 6 Simulation result of pattern 3

space in the middle provides the most equilibri-
um temperature distribution without obvious hot
spots.

The packaging of the fuel cell is ignored in the
simulations above to observe the temperature
distribution on the plate. To achieve more actual
temperature distributions, the model used or-
ganic glass as the packaging material is simulated
again. Fig.7 shows the temperature distribution
with packaging added. It is indicated that the or-
ganic glass is of great benefit to heating effort

due to its lower thermal conductivity.
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Fig. 7 Simulation with packaging added

5 Performance measurement

A silicon-based yDMFC integrated with a heater
and a temperature sensor is characterized. The

details about the fabrication and assembly are

mentioned in our previous work"?,

The heater

pattern 3 is adopted and the uDMFC we devel-

oped is shown in Fig. 8.

Fig. 8 Assembled uDMFC integrated with tempera-

ture control devices
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Fig. 9 Performance of the uDMFC with 2 M metha-
nol solution under 0. 1mL/min methanol flow
rate, when different currents are applied to

the heater

The performance of the pDMFC integrated
with the temperature control system is measured
on an electrochemical interface, Solartron
SI1287. Fig. 9 depicts the performance of the
pDMFEC when the currents applied to the heater
are 53. 9,41. 5, and 0 mA, respectively. Obvi-
ously, the cell temperature is raised with the in-
creasing current applied to the heater for more
heat released from the heater. The experimental
results show that the prototype has the maxi-
mum power density of 5. 55 mW/cm? at 58.2°C,
which is twice higher than that of the uDMFC at
the value of 2. 37 mW/cm?® at room temperature,
using 2 M methanol solution under 0. 1 mL/min

methanol flow rate.
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6 Conclusions

This paper presents several designs based on the
heat transfer model of a uDMFC and the simula-
tions of the heater resistance integrated into a
pDMFC. The simulation results show that dif-
ferent patterns of the heater cause different tem-
perature distributions on the plate of a fuel cell.

Central hot spot or other spots at the connec-
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