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Electrodeposition of charged particles onto fuel

cell coolant channel walls

1. Introduction

The rapid development of fuel cells has been a matter of great importance in the last
two decades because they are able to covert externally supplied H; to electricity with
a very high efficiency [1,2]. However, there exist a number of problems that need to
be overcome before this technology can be applied into reality. For instance, a huge
amount of heat might be produced during the operation period of some kinds of fuel
cells such as phosphoric acid fuel cells (PAFCs) and solid oxide fuel cells (SOFCs),
which can significantly increase their operation temperatures so that the fuel cells
might be ruined [3,4]. Therefore, a cooling system is needed to ensure fuel cells to run
in an appropriate temperature range. Of two types of coolants (water or air) currently
being used for fuel cells, water is preferred because its thermal conductivity is
approximately twenty times higher than that of air. However, after long-term
operation charged particles can leach into the coolant flow, increasing the
conductivity to unacceptable levels. When these charged particles move with the
coolant flow, they will be attracted towards the channel walls because of
electrokinetic forces, thereby causing deposition of charged particles onto the walls
[1]. This phenomenon is called electrodeposition that has been widely investigated in
industry [5-8]. This process involves multidimensional phenomena that include
transport of charged particles via diffusion, electromigration, and convection. Various
computational modeling methods have been used to simulate electrodeposition
processes under a variety of conditions. For instance, pioneering work by Griffiths et
al. [9] was carried out to develop one and two-dimensional numerical models
describing electrodeposition of metal species onto high aspect-ratio molds. Their
one-dimensional model describes dissociation, diffusion, electromigration, and

deposition of multiple ionic species; their two-dimensional model focuses on
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single-species transport including forced flow due to bath stirring and
buoyancy-induced natural convection. Especially, finite element method (FEM) is
believed to be one of the most powerful computational modeling methods in
understanding these complex, coupled phenomena and aiding in elucidating the
mechanisms involved [10-12]. The goal of this work is to predict the
electrodeposition of charged particles onto the internal fuel cell coolant channel walls.
A FEM model [13-21] will be developed to determine the effects of various
parameters (i.e., particle size, charge density, flow rate of the coolant etc.) on the

electrodeposition of charged particles.

2. Governing equations

Electrodeposition of charged particles onto the internal fuel cell coolant channel walls
is a complicated process, which is affected by a variety of factors involving
electrokinetic force derived from anodes and cathodes of fuel cells, hydrodynamic
force as well as buoyancy force from coolant fluid (water). In order to efficiently

model the electrodeposition process, following two assumptions were made:

1. The particles are in a suspension so dilute that they do not experience significant

agglomeration.

2. Given the dilute nature of the suspension, the removal of particles from the fluid

over time is not expected to affect the hydrodynamic properties of the coolant.

2.1. Coolant fluid flow
Fluid flow in the coolant channel follows Narier-Stokes equations:
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Where # stands for the velocity field vector, o is the fluid density, 7 is the

dynamic viscosity, and p is the pressure
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2.2. Convection, migration and diffusion of charged particles

The material balance of charged particles comes from the equation:

0
a—C+V'(—DVc— zbFc VV +ci)=R  (3)
t

Where D is diffusion coefficient of charged particles, R is reaction rate (=0 here), c is
concentration of charged particles, F is Faraday’s constant (96485.34 C/mol), z is
charge number of particles, V is applied electric potential, b is mobility of charged

particles, u is fluid velocity.

2.3. Sorption of charged particles onto the walls

The Random Sequential Adsorption model has been widely used in the prediction of
charged particle sorption. Based on the forces exerted on adsorbing particles including
interactions between these particles and those adsorbed ones on the walls along with
the hydrodynamic driving force and buoyant force, the rate of change in surface

coverage is represented non-dimensionally by:

4@ _
—=B(9)-K,® (4)
dr7
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Where © = S > is dimensionless surface coverage, a is particle radius, Ns is the

. tra’j . . . . .
number of particles on surface, 7= ?47]0 is the dimensionless time, Jo is the

normal component of initial particle flux to uncovered interface, K, is

dimensionless desorption constant. For irreversible adsorption, K, =0

3. Formulation and solution

3.1. Formulation
The length and radius of the coolant channel are 1 and 0.3 cm, respectively. The
coolant must absorb heat from the channel walls, therefore making the temperature of

3



EGEE 520 Chao Xie

the coolant constant at 348 K. The diameter of the charged particles is estimated to be
in the range of 20~50 nm. They are so tiny that we do not need to take their buoyancy

and gravitational forces into account. The various parameters that will be used in

COMSOL simulation are shown in table 1.

Input flux F

—_— e

F,: hydrodynamic force; F, : electrokinetic force

Figure 1. Scheme of charged particles in a fuel cell coolant channel.

Table 1 The physical properties of the coolant and charged particles

Coolant’s density

Coolant’s dynamic viscosity

1.05 g/ml

7 miliPa.second

Coolant’s thermal conductivity 0.35 W/m.K
Coolant’s heat capacity 3557 J/Kg K
Coolant’s electrical conductivity 0.5 uS/cm
Charged particle’s diameter 20 ~ 50 nm
Charged particle’s density 1.05 glcm®
Diffusion coefficient of charged particle in coolant 5x10™
Charged particle’s molar concentration in coolant 25x10" M
Charge number of particles 1.2 x 10°/particle

Charged particle’s mobility in coolant fluid

7 x 10* cm?/V sec

3. 2. Solution
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Figure 2. The charged particle concentrations in the coolant channel (left: T=20 S;
right: T=35S).
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Figure 3. The concentrations of charged particles adsorbed onto the channel walls as
a function of time.

The particle concentrations in the coolant channel at T=20 S and T=35 S is illustrated
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in Figure 2. It would take months under real conditions to reach notable level of
deposition in fuel cell coolant channels. In order to have a significant deposition rate
onto the channel walls in a relatively short simulation period, the diffusion coefficient
of charged particles was increased 500 times. As a result, a significant increase of
deposition concentration of charged particles along the coolant channel walls could be
observed in a short time. The deposited particle concentrations on the channel walls
are shown in Figure 3. We can see that the largest portion of deposition occurred near
the inlet region. Such an apparent increase of deposition with time through the whole
channel length is because of the less desorption rate in the channel with an extreme

low fluid velocity.

4. Validation
Average deposition as a function of particle sizes
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Figure 4. The plot of depositions of charged particles with different sizes as a
function of deposition time.
Electrodeposition of charged particles onto the fuel cell coolant channel walls is a
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complex process that is governed by diffusion and convection of charged particles as
well as external electrokinetic forces between charged particles and the channel walls.
It has been widely accepted that depositions of charged particles onto channel wall
occur in two stages: (1) initially the walls are free of charged particles; the deposition
rate is therefore predominantly determined by the interaction between charged
particles and the walls; (2) as with the adsorption process proceeding, more and more
charged particles attach onto the walls; as a consequence, the charged particles
already adsorbed onto the walls significantly affect the sorption of the subsequent
particles. Electrodeposition of charged particles onto the channel walls is believed to
be very sensitive to the particle sizes, especially at the 2" step. If the particle sizes are
in nano-range (1-100 nm), the charged particles will exhibit a distinct deposition trend
in contrast to bulk particles (>100 nm). This is because their much smaller sizes of
nanoparticles lead them to have very unique physicochemical properties such as
weaker electro-repulsive forces between nanoparticles as compared to the bulk
particles. From Figure 4, we can see that at the initial stage (0~250 S) nanoparticles
and bulk particles display comparable depositions. This fact reveals that the particle
sizes do not exert remarkable influences at 1% step of electrodeposition. However, at
2" step (after 250 S) it can be observed that the depositons of charged bulk particles
are much lower than those of charged nanoparticles due to the strong inter-particle
electro-repulsive forces, while the nanoparticles with different sizes (50 and 100 nm)
show similar depositions. This fact demonstrates that the results obtained from
COMSOL simulation fit well with the theory regarding the effect of particle sizes on
the depositions of chaged particles onto channel walls. Therefore, it can be inferred
that COMSOL simulation can serve as a good modeling tool for charged particle

electrodeposition onto fuel cell coolant channel walls.

5. Parametric study
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Figure 5. Charged particle depositions in the coolant channel at different particle’s

concentrations (left: 0.5 x 107" M; right: 5 x 107 M).

Charged particle’s molar concentration in the coolant is considered to be a crucial

parameter for the depositions onto the channel walls. It is therefore selected as the

variable for parametric study. As shown in Figure 5, two different particle’s molar

concentrations were chosen at 0.5 x 107 and 5 x 107 M. Apparently, the particle’s

concentration could significantly influence their depositions onto the channel walls.

According to the result shown in Figure 5, one can draw such a conclusion that the

higher the initial particle’s concentration in the coolant, the more the depositions onto
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the walls occur. Therefore, in reality some filters are installed in the coolant channels
to remove these charged particles. This cleanup process could dramatically reduce the
concentration of charged particles in the coolant so that it generally takes several

years to reach detectable particle depositions.

6. Conclusions

1. COMSOL Multiphysics has been used to simulate the electrodeposition of charged
particles onto fuel cell coolant channel walls. It has been proven that this modeling

method is a powerful tool to predict the electrodeposition of charged particles.

2. The predicted charged particle depositions are not uniform along the channel. More

depositions occur near the inlet region.

3. The concentration of charged particles has a remarkable effect on their depositions
onto the walls, i.e., the higher the particle concentration in the coolant, the more the

deposition onto the walls occurs.

4. It was proven that charged particle electrodeposition onto the walls is fairly
sensitive to the particle sizes. If the particle sizes are out of nanoscale (1-100 nm), the
bulk charged particles will exhibit distinct electrodeposition behaviors as compared

with nanosized particles.
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