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Abstract: This work treats of a preferential
oxidation reactor, which is smulated by a two-
dimensional axial symmetric COMSOL Chemical
engineering model. The reactor serves as
purification of hydrocarbon reformat and converts
the CO mole fraction from up to 1 % in the feed gas
down to a few ppm at the outlet to deliver a
hydrogen rich feed gas for a PEM fue cell. The
model combined chemical kinetic expressions,
which were determined within kinetic experiments
with mass, energy and momentum transport
equations. In a first step the O/CO-ratio was
increased successively while the inlet temperature
To was held constant. Subsequently the inlet
temperature was varied whereas the O/CO-ratio
stayed constant. Cross section plots in axia
direction are presented and show the reactor
performance in terms of reaction temperature,
reaction rate, conversion rate and CO mole fraction.
The simulations confirmed operability of the model
in principle and provided important performance
data.
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1 I ntroduction

Steam reforming of hydrocarbons and the use of
reformate in PEM fuel cells to generate electricity
and heat is well known. Reformer fuel cell
assemblies as CHP systems for residential
application are in field test state by now. Usually
the gas process consists of a reformer and one or
more shift stages. The product of the last shift
reactor comprises up to 1 % carbon monoxide,
which leads to poisoning of the catalyst within the
fuel cell electrode. Therefore an additional reactor
is necessary to lower the CO content to a few ppm.
One possihility isthe preferential oxidation process.
CO is oxidized by oxygen in a determined O/CO-
ratio while hydrogen oxidation has to be
minimized. Both reactions are exothermic and the
selectivity of the catayst is very temperature
sensitive. CO conversion is best a a low
temperature level (80-160°C). Hence, a very
accurate cooling conception is mandatory, which

operates effective even at start and stop procedure,
partial load and load change.

This paper describes an annular-gap-shaped
PROX reactor with an inner and outer, coaxial
cooling equipment (Figure 1). Fuel cell cooling
water is used for the PROX cooling [1]. Before
reaching the PROX reactor, the educt gas is
conditioned in a heat exchanger, which is aso fed
by fuel cell cooling water. Therefore the cooling
water temperature and the educt gas temperature
are assumed to be equal.

Figure 1: 3D coaxia reactor design

2 Reaction kinetics

The two main reactions, which take place with
the considered catayst within the observed
temperature range are the CO oxidation

CO+050, -~ CO, AHg=-2836kImol™t (1)
and the hydrogen oxidation
H,+05M0, - H,0 AHg=-2435kimol™?  (2)

The CO and CO, methanation reactions and the
reverse water gas shift reaction (RWGS), which are
mentioned in the literature [2,6] did not occur in the
experimental investigations. Hence, they are
negligible in the present work. Within a series of
kinetic experiments the following two rate



equations (3,4) were determined and used within
the Chemical Engineering Module and finally
compared with the corresponding literature [2-5]:

) -2.84010* iy
reo =5007 @XP[RT] Do "B, (3)
_ 4
er = 26 EI'O_7 @(p[]':-?'oj D(021'16 (4)

The mole fraction x; is defined as the quotient of
the species concentration and the total
concentration.
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3  Useof COMSOL Multiphysics

Due to the axial symmetry of the considered
reactor, a 2D geometry is used in COMSOL
Multiphysics v3.5a (Figure 2). The mass transport
is modeled using a convection and diffusion
application mode with the following equation:

(D, [c)=R -ulc] (6)

where ¢ (mol m™®) denotes the concentration of
the species i, D;(m®s?) its effective diffusion
coefficient, u (m s*) the velocity vector of the fluid
and R (mol m® s?) the reaction rate. The above
mentioned rate expressions (3,4) are implemented
as source terms for CO and H,
R =1 (o i=H,CO (7)
Due to the required unit mol m3s™ the reaction

rate is multiplied by the bulk density ppux. The O,
reaction rate is defined as

Roz = ‘0-5[(rco +try 2)[pbulk (8

Figure 2: 2D axia symmetric geometry within
COMSOL Multiphysics

considering the stoichiometric coefficient.
Constant concentrations are used as inlet boundary
conditions, whereas a convective flux boundary
condition is used at the outlet.

Energy transport is accounted for by using a
convective and conductive application mode.

[T k OT= Q- p,, [C, T (9)

where pgas (kg m) denotes the gas density, Cp
(Jkg'K™) its heat capacity, T (K) the temperature,
k (W K* m?) the effective thermal conductivity,
u(m s%) the velocity vector of the fluid and
Q (Jm3s?) the heat generation rate per unit volume
of the catalyst bed which can be expressed as
follows:

Q=-AH R,CO (R, —AH RH2 (R, (10)

The used heat source expression mainly
depends on the two rate equations R (mol m3s?)
given above and on the related reaction enthalpies
AHg, (Jmol™). Herein, a constant water
temperature is assumed due to the negligible
increase in temperature of the cooling medium and
its high heat capacity in comparison to the
reactants. Therefore a heat flux in the boundary
conditions of the two cylindrical wallsis defined as
follows

Qo =k, [T, = T) (12)

where k, (W m?K) denotes the heat transfer
coefficient across the walls, Ty, (K) the temperature
of the cooling water, which is assumed to be equal
to the inlet temperature Ty, and T (K) the calculated
temperature of the reactants.

Due to the catalyst bulk a Brinkman application
mode is used (extended Navier-Stokes):

= E@m +1[n(m(mﬂ)—§n(mﬂj](12>
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where 77 (Pas) denotes the dynamic viscosity
k(m?) the permeability, u(ms?) the velocity
vector, p (Pa) the pressure and ¢ the porosity. The
inlet flow is assumed to be laminar. At the outlet
atmospheric pressure is implied. Due to the
spherical shape of the catalyst pellets and the
resulting wall effects the porosity ¢ follows aradial
profile which leads to a velocity distribution
depicted in Figure 3.
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Figure 3: Radial velocity distribution

The mesh got a rectangular shape (mapped
mesh) and was refined at the wall areas by entering
amanual edge vertex distribution (Figure 4).

Figure 4: Rectangular mesh

4 Results

A dedicated solver sequence was used in order
to obtain a converged solution. Each application
mode was solved separately before al three were
solved concomitantly. Figure 5 shows a surface plot
of the reaction temperature.

Both, an axial and a radial temperature profile
are apparent. Furthermore the minimum and the
maximum temperature are assigned. In a first step
the lambda ratio

(13)
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Figure5: Exemplary surface plot of temperature

was increased successively from 3.0 to 3.5
while the inlet temperature Ty was held constant at
363 K. Subsequently the inlet temperature was
varied between 343 and 368 K whereas the lambda
ratio stayed at 3.0. In the following Figures cross
section plots of the temperature T, the reaction rate
Rco, the CO conversion rate and the mole fraction
are depicted. Increasing lambda ratios lead to
weakly increasing outlet temperatures (Figure 6).
At a constant lambda ratio the reaction temperature
increases more at higher inlet temperatures than at
lower (Figure 7). The step-up of the lambda ratio
has a higher impact on the reaction rate than the
raise in temperature (Figures8,9). At higher
lambda ratios an exceeding increases of the reaction
rate can be observed at the outlet area of the reactor
(Figure 8). Figure 10 and Figure 11 illustrate the
CO conversion rate distribution in z-direction. The
highest conversion rate amounts to 92.5% at
L=3.5, which is not enough to lower the CO mole
fraction to a few ppm. Probably an increase in
reaction temperature by means of a higher inlet
temperature or a geometric improvement leads to a
higher CO conversion rate. At reaction
temperatures higher than calculated in this work the
solver did not converge or result in negative
concentrations. The reasons are the Arrhenius and
Power Law expressions as source terms in the
convection and conduction as well as in the
convection and diffusion mode. In Figures 12 and
13 the resulting CO mole fractions are shown. At a
lambda ratio 3.0 the lowest value reached about
960 ppm whereas L=3.5 leads to 374 ppm.
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Figure 6. Axid temperature profile T(L,z) at
different Lambda values (L) and constant inlet

Figure 9: CO reaction rate Reo(To,2) at different inlet
temperatures and constant Lambda (L)
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Figure 7: Axial temperature profile T(L,zZ) at

different inlet temperatures and constant Lambda values (L) and constant inlet temperature
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Figure 8: CO reaction rate Reo(L,2)at different
Lambda values (L) and constant inlet temperature

Figure 10: CO conversion rate X¢o(L,z) at different

Figure 11: CO conversion rate Xco(To,2) at different

inlet temperatures and constant Lambda (L)
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Figure 12: CO mole fraction Xco(To,2) at different
inlet temperatures and constant Lambda (L)
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Figure 13: CO mole fraction xco(L,2) at different
Lambda values (L) and constant inlet temperature

5 Conclusion

An annular-gap- PROX reactor with an inner
and outer, coaxial cooling equipment was designed
and its performance was simulated with Chemical
engineering application modes and 2D axial sym-
metric geometry within COMSOL Multiphysics.
The model combined chemical kinetics, which were
determined within kinetic experiments with mass,
energy and momentum transport phenomena. Two
rate equations for the CO oxidation and H,
oxidation were submitted as source terms in the
convection and diffusion mode as well as in the
convection and conduction mode respectively. The
boundary conditions were adapted to the real
reaction conditions.

The simulations confirmed operability of the
model in principle and provided important
performance data. At a lambda ratio 3.5 the lowest
CO mole fraction value reached about 374 ppm
with a maximum temperature of about 405K,
which is even lower than in experimental
investigations.

At higher reaction temperatures the Simulation
did not converge or resulted in negative
concentrations. When the CO concentration
approaches zero numerical noise becomes
significant in comparison to the concentration. For
further CO conversion improvement within the
model the reaction terms have to be modified such
that when the concentration approaches zero so
does the reaction rate. Probably a mesh
modification or the formulation of logarithmic
concentrations can avoid these problems[7].
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