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A 1-D model for methane partial oxidation in a tubular microreactor is considered.
This work is motivated by a recent report by Kikas et al. that experimentally demonstrated
the possibility of autothermal generation of hydrogen by partial oxidation of methane in
a tubular microreactor. The reactor consists of four cylindrical channels, each 500
microns in diameter, containing Pt/13%—Rh catalyst. Autothermal generation of hydrogen
was possible in both unidirectional (UD) and reverse-flow (RF) operations of the reactor,
with the RF operation providing better hydrogen yield and lower temperatures than those
of the UD operation. Critical comparison of methane oxidation and reforming kinetics
from the literature is performed. An analysis of the timescales of individual processes
within the reactor is presented to gain fundamental insight into the reactor operation.
Finally, the effect of radiation heat transfer is also considered, and it is found to play an

important role for a shorter-size reactor. © 2005 American Institute of Chemical Engineers
AIChE J, 51: 22542264, 2005
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Introduction

Conversion of methane or natural gas to synthesis gas by
endothermic steam reforming or autothermal partial oxidation
has been investigated extensively.! The changing geopolitical
situation and the growing need to power emerging civilian,
space, or military applications have ensured that hydrogen
generation remains an active research area, although the tech-
nology, scales of operation, and the end use keep changing.
Traditionally, hydrogen is considered a useful raw material for
manufacture of ammonia, urea, methanol, and other petro-
chemical applications. After the energy crisis in the 1970s and
more recently the Gulf wars, conversion of synthesis gas to
liquid fuels using Fischer—Tropsch synthesis gained significant
attention.>3 More recently, hydrogen is being used in fuel cells
for applications varying from powering portable electronic
devices, to providing vehicle motive power, to large-scale
power generation.*

Two main types of micro fuel cells currently researched as
possible replacements for the existing portable energy sources
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are hydrogen-based fuel cells and direct methanol-based fuel
cells. One of the important challenges in making the former a
viable technology is the on-demand and energy-efficient gen-
eration of hydrogen. Successful commercialization of this tech-
nology requires the reactor to run unattended for long periods
of time and operate autothermally, that is, without external
addition of heat. Recently, Fedorov and coworkers> experimen-
tally demonstrated the possibility of autothermal reforming of
methane in a tubular microreactor, when runs in either unidi-
rectional (UD) or reverse-flow (RF) mode. They showed that
running the reactor with periodic reversal of flow direction
results in an increase in the hydrogen yield compared to the
unidirectional operation. The reactor feed consisted of methane
and oxygen at room temperature and Pt wire was used as a
catalyst.

The aim of this two-part paper is to develop a one-dimen-
sional (1-D) model that combines heat and mass transfer with
heterogeneous catalytic reactions for the reactor of Kikas et al.>
We first present the formulation of the model equations and
selection of reaction kinetics for partial oxidation. Currently,
there is no consensus whether the reactions proceed by direct
partial oxidation® or by indirect oxidation-reforming steps.”
Herein, the latter reaction chemistry consisting of oxidation,
reforming, and water-gas shift reactions is assumed and the
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Figure 1. (a) Single channel in the microreactor with its relevant dimensions used for modeling. (b) Interaction of
various individual processes within the reactor and their timescales.

kinetic equations developed by Gosiewski et al.” are used. The
sensitivity to the kinetic equations is demonstrated by compar-
ing the above kinetics with those considered by de Smet et al.?
The main reaction generating hydrogen is the endothermic
reforming reaction (CH, + H,0 = CO + 3H,, AH)ys = 206.2
kJ/mol), which is catalyzed at elevated temperatures and thus
requires addition of heat to sustain the reaction. In autothermal
operation, this heat is provided by the highly exothermic oxi-
dation of methane (CH, + 20, = CO, + 2H,0, AHYy =
—802.3 kJ/mol). Because the overall global reaction occurring
in the reactor (CH, + 0.5 O, = CO + 2H,, AH5g = —35.7
kJ/mol) is only slightly exothermic, reverse flow reactors have
been used to maintain autothermal operation of the reactors by
using the catalyst bed as a regenerative heat exchanger.®'°
The comparison of UD and RF operations of the reactor is
the main focus of this study. Blanks et al.® provided one of the
first experimental and simulation studies of autothermal meth-
ane partial oxidation in a pilot-scale fixed-bed reverse-flow
reactor (RFR). Later, de Groote et al.! and Gosiewski et al.”
performed simulation studies of methane partial oxidation in a
fixed-bed RFR. In both cases, a thermal wave with moving
reaction zone was observed in the UD operation; thus the RF
operation was required to trap the thermal wave within the
reactor and maintain autothermal operation. This study differs
from the above-mentioned papers on two accounts. First, be-
cause the reactor is a microchannel reactor, reagents need to
diffuse over a shorter distance. The reactions may therefore
proceed close to their intrinsic rates. The catalyst loading in
this reactor is significantly lower than that in a fixed-bed
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reactor because the catalyst is not in a well-dispersed state.
Second, autothermal operation was possible in the microreactor
for both the UD and RF operations. To our knowledge, this is
the first study on the comparison of the UD and RF operations
of methane partial oxidation in a microreactor. Further, a
review of the literature indicates that radiation heat transfer has
largely been neglected in previously reported simulations of
partial oxidation. Therefore, we devote the last section of this
paper to modeling the effect of radiation heat transfer. We
demonstrate that in spite of high emissive power in the reactor,
the overall effect of radiation is marginal in the longer reactor
with high aspect ratio (I/d = 232). However, the effect of
radiation on a shorter reactor (I/d = 100) is quite significant.

Reactor Model
Description and model equations

The experimental reactor of Kikas et al.® consists of a
ceramic tube with four cylindrical channels (500 microns ID;
11.6 cm length). The center of each reactor channel contains
Pt/13%—-Rh wire that acts as a catalyst. The ceramic tube is
housed in a steel casing with heating elements wrapped around
it, which are used to ignite the partial oxidation reactions
during reactor start-up. The entire setup is insulated to mini-
mize the heat losses. We attempt to analyze numerically these
experiments to develop an insight into the advantage offered by
RF operation observed in experiments.> We model an equiva-
lent single tube of the reactor, as shown in Figure 1la.

To this end, a one-dimensional (1-D), two-phase model is
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developed for simulating the autothermal operation of the
reactor. The process properties (temperatures, concentrations,
etc.) are assumed to be uniform in cross-sectional directions.
The flow is one dimensional and laminar, and the reactants and
products are assumed to be ideal gases. Heterogeneous reaction
chemistry consisting of oxidation, reforming, and water-gas
shift reactions is considered. The pseudo-steady-state assump-
tion is used for the species balance on solid surface.

The resulting conservation equations for species and energy
are as follows

d a
5: Ci T g7 vCi= ~kya(Ci = C) (1)
0 =ky(Ci= Cy) + 2 vyr; ()
Jj=1
A L T)+(1_a)d§(AH)
at v e = s — —AH))r;
ar ¢ 25 Pyl 8 P = it
(3)
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—T,=— 5T, —— - T)+ — —AH)r,
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In the full three-dimensional (3-D) model, the reaction heat
term would appear as a boundary condition. For 1-D models, it
is customary to attribute the heat of reaction to the solid heat
balance (that is, @ = 1). However, for the sake of generality,
we consider splitting the heat of reaction term between the
solid and gas phases in Eqs. 3 and 4 through the parameter o
taking a value between 0 and 1. The radiation effects (g,) are
neglected at first, and included in the analysis in the last section
of this paper. The effect of heat loss (g..) is not considered
herein, but is analyzed in the companion study.'!

The mass- and heat-transfer coefficients are computed using
the Nusselt (Nu) and Sherwood (Sh) number correlations for
fully developed laminar flow in cylindrical channels, based on
constant heat flux and surface concentration boundary condi-
tions, respectively

hd k,d
A =436 Ny =g =366

NNu:

4

The pertinent boundary conditions are as follows

Ci(0, 1) = Cy
Tg(oa t) = TgO
ad s
A aZ = hin[Ts(O’ t) - TgO] + 80_[7‘?(07 t) - 7‘;;‘0]
0,
2256

Table 1. Nominal Operating Conditions for Simulations
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Reactor length 1 11.6 cm
Channel diameter d 500 w
Ceramic tube OD d, 0.254 cm
Number of
channels 4
Inlet temperature Ty 300 K
Inlet velocity Uy 1.68 m/s
Feed compositions
Yeny 0.5
Yo, 0.5
Vi 1078 t0 1077
Preheat temperature Tinie 1173 K
Switching time Tern 5s
oT
| =0
d z Lt

The mole fractions of methane and oxygen are obtained from
the feed ratio (0.7 to 1.2) used in the experiments.> All other
species are assumed to be present in very small quantities to
prevent singularities in numerical computations becauses some
of them appear as denominators in reaction rates. As an initial
condition, the reactor is assumed to be preheated to T, =
1173 K. The nominal operating conditions are summarized in
Table 1.

During the RF operation, the input and output ports of the
reactor are switched periodically. In computations, the same
governing equations and boundary conditions apply in forward
and reverse directions. The states are switched according to

d(z, m7) = &l — z, m7") (&)

where ¢(z, 1) represents any state variable, 7 is the half-cycle
period, m is an integer index, and the superscripts + and —
represent the time after and before switching.

Computing velocity and pressure fields

To solve the model Egs. 1-4, the velocity field needs to be
computed, which is typically done by solving the momentum
conservation equation simultaneously with the mass and en-
ergy conservation. The 1-D momentum conservation equation
is given by

9 9 ap *v

. + = — 4+ g
ar PV T 9 PUY T T T g2 ©

where the ideal gas assumption yields

ngp

p =2 CRT, 7

i=1

Simultaneously solving Eqs. 1-4 and 6 is computationally very
demanding. As a result, one often resorts to making certain
assumptions regarding the velocity field.

One possible assumption is to consider the velocity to be
constant along the length of the reactor.!” In reality, for a
compressible fluid under quasi steady-state conditions, the total
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Table 2. Reaction Kinetics of Gosiewski et al.” *

Reaction Rate of Reaction (mol m~2 s~ ')

L —100,320
Oxidation 7 = 23.06 exp CenCo,

RT
Reforming —114,120 o
r,=76.16 exp| — o |CenCiro 1= [ preik.,,
~38,130 .

Water-gas shift r; = 0412 exp RT CcoCuo| 1 — Hl’i' /K.q3

*This model is denoted as “GOS.” All concentrations are in mol/m* and pressures are in bar.

mass flux remains constant within the reactor. The increasing
temperature and species generation by reaction affects the
density of the system, which consequently changes the velocity
through the continuity equation. As a result, constant velocity
assumption may lead to incorrect results.

Another possibility is to use an empirical pressure drop
relationship to specify the pressure field within the reactor and
then obtain the velocity field using the overall continuity equa-
tion.'® For laminar flow of gases in cylindrical channels, the
pressure drop along the reactor length is <1% of the total
pressure. Indeed, simultaneously solving the energy, mass, and
momentum conservation (Egs. 1-4 and 6) revealed that the
pressure drop along the length of the reactor is <0.1 to 0.5% of
the total pressure. Thus, it is reasonable to make an assumption
that the pressure is constant along the reactor. Summing the
species balance (Eq. 1) over all species and neglecting the
time-dependent term attributed to very fast mass equilibrium
(see timescale analysis in the next section), we obtain the
relationship for the change in molar flow rate arising from the
reaction'® as

oF nsp

P E kgiaA(Ci - Cis)

a9z ®

i=1

Coupling Eq. 8 with Eqs. 1-4 and noting that the molar flow
rate F (mol m 2 s~ ") is given by

(€))

the problem formulation becomes complete.

We found that indeed solving Eqs. 1-4 with Eq. 8 gives
accurate results, while requiring much lesser computational
time. Thus, in the following discussion, we use the constant
pressure assumption and use the continuity Eq. 8 to obtain the
velocity within the microreactor.

Reaction kinetics

The indirect partial oxidation of methane is considered to
take place through the following three reactions’® on the cat-
alyst surface:

AH’ = —802.0 KJ/mol
(10)

CH, + 20, — CO, + 2H,0
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AH" = +206.1 KJ/mol
(1)

CH, + H,0 =CO + 3H,

AH’ = —41.15 KJ/mol
(12)

CO + H,0=CO, + H,

The other reactions that possibly occur in the system, such as
CO, reforming, CO oxidation, methane reforming to CO,, and
the like. are neglected.

The first set of kinetic equations we consider were developed
by Gosiewski et al.” for methane partial oxidation and were
expressed per kilogram of catalyst for a dispersed Pt on porous
alumina pellets. The catalyst loading in the microreactor> was
computed to be 28.9 mg Pt per channel. However, the catalyst
in the microreactor was not dispersed; instead a wire was used.
Because the catalyst fraction available for the reactants was not
known, the following procedure was used to modify the kinetic
rate expressions to account for this fact. We converted the
kinetic equations to per square meter catalyst surface basis. We
then noted that the density of catalyst particle for the fixed bed
system was 2130 kg/m>, whereas the density of catalyst wire
for our microreactor was 19,640 kg/m3 . Thus, we multiplied all
the kinetic rate constants by a factor of 9.22, which is equal to
the density ratio. The resulting kinetic equations are summa-
rized in Table 2. Hereafter, we will call these kinetic equations
the GOS model.

The effect of the choice of kinetic equations was also con-
sidered. Recently, de Smet et al.® compared the reforming
kinetics of Xu and Froment'? (denoted by XF) with those of
Numaguchi and Kikuchi'? (denoted by NK) for indirect partial
oxidation of methane. They used the oxidation kinetics of
Trimm and Lam!* for both cases. In this paper, the GOS model
is compared with the NK model. The XF model could not be
used for the following reason. In the XF model, the rate of
reforming reaction has the form

LPCHJ)H:O - P?{ZPCO/K“,
P den

r =

where the denominator (den) is given by

den = (1 + Kcopco + Ky,pu, + Kenpen, + KHQOszO/sz)z
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Table 3. Reaction Kinetics Represented as “NK” in de Smet et al.8 Combining Oxidation'4 and Reforming!? Kinetics from
Different Sources*

RT

Reaction Rate of Reaction (mol m ™2 s~ 1)
. —75,500 Pcnibo,
Oxidation r = 157.7 ex ( )
! PUTRT (1 + Kenpen, + Kopo,)
25,100 45,900
Key, = 2.28 X 10 %exp Ko, = 6.41 X 10 *exp RT
. —106,900\ pcu, — pCOpib/(qu,ZszO)
Reforming r, =72.8 exp

Water-gas shift

ry =

(Ksaz + szO)Oj%

—54,500 Pco.Pu,
0.068 e""( RT )(”CO_KM.g(Km,+pHZO)>

*All pressures are in bar.

Because the system contains no hydrogen or water in the
inlet, this model is not applicable; even with 2% hydrogen and
water present in the feed, negative values of py,o were pre-
dicted. In the NK model, on the other hand, the rate of reform-
ing reaction has an inverse dependency on py . As a result, at
higher CH,:O, ratios, the reforming rate is nonzero even at
zero H,O concentrations. Thus, a “saturation” term was added
to the denominator to ensure that the rate approaches 0 as py
— 0. The value of K,, was taken to be 10~* bar. Another
modification was that instead of oxidation kinetics for Pt on
porous alumina, the kinetics published for the nonporous cat-
alyst'* was used. The procedure suggested by de Smet et al.®
was followed to obtain rate expressions shown in Table 3. In
these expressions, the equilibrium constant is computed using
the standard thermodynamic relationship

AG; =

—RTIn(K,, ) (13)

Solution method and validation

The control volume method with a nonuniform staggered
grid was used to discretize the model equations in the spatial
domain to obtain a system of differential algebraic equations
(DAE). A standard DAE solver called DASPK!S was used to
integrate the resulting DAE system. DASPK uses a fully im-
plicit fifth-order backward difference formula (BDF) with
adaptive step size to solve the DAE system. The velocities
were computed at grid boundaries and the other variables were
computed at nodes (that is, grid centers). The grid was chosen
to be symmetric about the center of the reactor, with the grid
boundaries lying at (I/2)[i/int(N/2)]", for i = 1 to N/2, starting
at either ends of the reactor. For the value of y = 1.0, a
uniformly spaced grid is obtained. A grid-independence study
was performed with the y-value ranging between 1.0 and 2.0,
and the optimum values of y = 1.2 and N = 175 were obtained
for good accuracy and a reasonable speed of computation.

During simulations, absolute and relative errors of 1073
were used for all variables. The consistency of the converged
results was checked by computing the residuals of the mass and
energy balance equations and verifying that they were less than
the desired error tolerance. Before using the code for simula-
tion of this system, it was tested against some standard exam-
ples. Specifically, a standard heat conduction problem and a
standard heat transfer problem with first-order reaction (with T,
= T,) were solved by making minimum changes to the codes.
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Satisfactory agreement was obtained between simulations and
analytical solutions for standard problem.'®

Timescale Analysis

Consider a small volume element within the reactor. Figure
1 shows the interactions between various individual processes
occurring within this element. The material and energy enter
and exit this element by advection; transfer of species occurs
from the bulk gas to the catalyst surface by convection and vice
versa; several reactions occur on the surface of the catalyst;
these reactions result in a net release or consumption of heat;
and there is also heat exchange between the solid and the bulk
gas. Each of these processes is associated with its own time-
scale. In addition, the thermal capacity of the reactor is also
associated with an “inertial ” timescale of thermal relaxation. A
timescale is defined as “the time required for an individual
process to occur assuming that all other processes do not affect
the reactor performance.”

The timescales of various processes are listed in Table 4.
Naturally, the timescales are computed at the locations where
their effect is the highest; that is, at or near the reactor hot spot
where the reaction rates are the highest. These conditions were
obtained from the simulation results for the nominal case,
presented in the next section. The reaction timescale was
numerically computed as the time required for the reaction to
reach equilibrium (or complete conversion for oxidation), start-
ing at concentrations and temperature existing in the bulk gas.
The timescale of heat release was computed as shown in
Matros'® by linearizing the reaction heat source term

T, 4 Z AH)r(C, T,
dt - PiC, 1 ( j)rj( > s)
=

Table 4. Timescales of Various Processes within the

Microreactor

Process Timescale Value (s)

Advection Toa = v 0.013
Taiff =

Diffusion (koa)™! 0.00014
Oxidation T, humerical 0.002
Reforming T,p» NUMerical 0.008
Water-gas shift T,gs» NUMerical 0.006

Reaction heat
Thermal inertia

Eq. 14 32
T,,» NUMerical 168
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Figure 2. Temperature profiles at the UD steady state
and just before flow reversal in RF (at t = n7_,,)
for the GOS model.

The temperature profile is more uniform and the peak lower in
the RF operation.

resulting in

-1

Nypxn

PsCy E j
THrn = 7 Z RTZ

(_AHf)rj(C’ T,) (14)

Jj=1

For a single reaction j, it is the time required for the solid
temperature to increase by the value RT2/E /; arising from heat
release.'® The overall timescale of heat release, 7,,,, is the
combined effect attributed to various reactions concurrently
taking place within the system.

The timescale of thermal relaxation was also calculated
numerically. The system was simulated assuming no reaction,
radiation, or heat losses. The energy balance equations for the
solid and gas phases were solved simultaneously with T(z, t =
0) = 1173 K and T,(0, 1) = 300 K. The T, is the time taken for
the temperature of an element in the interior of the reactor to
drop from 7, = 1130 K (5% of the temperature difference) to
343 K (95% of the temperature difference). Note that 7,, is the
response time of a single volume element in the reactor, which
is much less than the time it takes for the reactor to reach steady
state.

The simple timescale analysis can give some very important
information about the system. First, the timescale of diffusion
is smaller than that of the reactions, meaning that the reactions
occur at their intrinsic rates. Further, because the timescale for
advection is higher than that of all the other reactions, the
reactions reach their equilibrium (quasi steady state), and the
overall thermal effects within the system are critical in defining
the reactor operation in UD or RF modes.

Analysis of Reaction Kinetics

In this section, the simulation of the reactor in UD and RF
operations using the GOS and NK models is compared. The
axial variations in the velocity are incorporated using the
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constant pressure assumption as discussed in the previous
section. The operating conditions for the simulation of the
“baseline case” are taken from those reported in the experi-
ments,> and are summarized in Table 1.

Unidirectional and reverse-flow operations: GOS model

We first consider the comparison of UD and RF operations
of the adiabatic reactor for the GOS model. Figure 2 shows the
temperature profiles in the reactor. In the UD operation, the
temperature reaches a maximum in the middle of the reactor,
where highly exothermic oxidation dominates. A stable, auto-
thermal steady state is obtained for UD operation of the reactor.
For feed ratio of CH,:0, = 1:1, inlet velocity of v, = 1.68 m/s,
and inlet gas temperature T,, = 300 K, the maximum temper-
ature reached was 2008 K and the hydrogen yield at steady
state was 71.1%.

In the RF operation with a 5-s flow reversal time (the period
used in experiments), the temperature peak is attained closer to
the reactor ends (Figure 2). The central section of the reactor is
maintained at a more uniform temperature, with a sharp drop in
the temperature at the reactor end. The widening of the high
temperature region also results in a lower temperature peak.
The sharp temperature drop at the end of the reactor favors
water-gas shift reaction, resulting in an improvement in hydro-
gen yield. Figure 3 shows the mole fractions of all the species
in RF operation after attainment of a periodic steady state, just
before switching of the flow direction. Table 5 shows the
comparison between UD and RF operations. The GOS model
predicts a 2.3% improvement in the hydrogen yield and a 120
K decrease in the peak temperature for CH,:O, = 1:1 and a
4.2% increase in the yield for CH,:O, = 0.7:1. These values
are consistent with those reported in the experiments.>

Simulation using the NK model

The effect of kinetic rate equations was considered by sim-
ulation of indirect partial oxidation using the NK model (see
Table 3). The simulation results using this model are compared

Mole Fraction profiles in an RFR
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Figure 3. Mole fractions of various species in gas phase
just before flow reversal (at t = n7_,,) in the RF
operation with 7_,, = 5 s flow reversal time.
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Table 5. Reactor Performance for Experimental Conditions’ with GOS and NK Kinetics*

Unidirectional Reverse Flow
Model CH,:0, Ratio T max %H, Yield Ty nax Ts o %H, Yield
GOS 0.7:1 2160 57.3 2023 1280 61.5
GOS 1:1 2008 71.1 1880 1191 73.4
NK 0.7:1 2561 57.8 2479 1648 58.2
NK 1:1 2308 75.3 2207 1421 74.9

*The experimentally observed trends are matched by the GOS model but not by the NK model.

with those from the GOS model. The results of UD and RF
operations are shown in Table 5. The maximum temperature
reached in this case was well over 2300 K. This is significantly
higher than that predicted by the GOS model because of the
low rates of endothermic reforming reactions in the NK model.
Increasing the rate of reforming reactions (to assess the sensi-
tivity of the results) by a factor of 1.5 resulted in the disap-
pearance of the autothermal steady state in the UD operation.
Moreover, the RF operation did not result in an increase in
hydrogen yield over the UD operation, even for CH,:0, =
0.7:1. Thus, this model was unable to predict the experimen-
tally observed behavior of the microreactor.> Varying the re-
action rates within an order of magnitude (by a factor of 10) did
not predict the observed behavior either. This is because the
rate of water-gas shift reaction is significantly lower in this
model. The shift reaction is thermodynamically favored at low
temperatures that exist in the RF operation at the reactor exit.
The exit temperatures in the NK model are still quite high. The
rate of water-gas shift reaction is significantly lower than that
in the GOS model. Thus, no difference between the UD and RF
operations was observed for the NK model.

Effect of Radiation

At high temperatures such as those observed in this system,
heat transfer by radiation becomes comparable to—or even
dominant over—heat transfer by conduction or convection,
attributed to the fourth-order dependency of the radiative heat
flux on the temperature. In addition to this nonlinear depen-
dency on temperature, radiation heat transfer in a nonpartici-
pating medium is a long-range phenomenon and has complex
dependency on properties of the medium and the reactor sur-
face. Thus, incorporating radiation involves solving highly
nonlinear integro-differential equations. As a result, radiation
has often been ignored in the literature dealing with partial
oxidation/reforming.

With a conservative estimate of solid temperature of 1500 K,
the radiation to conduction heat-transfer parameter (N,,,
0T d/N)" takes the value of 0.65, indicating that the radiative
heat transfer is comparable to solid conduction. In this section,
we evaluate the effects of radiation using the net radiosity
method!® to compute the radiation flux within the reactor. We
make an assumption that the walls are diffuse gray emitters and
reflectors of radiation, and that the medium is essentially trans-
parent (that is, nonparticipating) because of the small channel
diameters. All the results reported here are for reactor wall
emissivity of ¢ = 0.8.

For channels with a high aspect ratio (in our system I//d =
232), the finite-difference version of the net radiosity equation
can be used instead of the Fredholm integral equation.?° The
finite-difference version matches well with the spatial discreti-
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zation used in solving the other conservation equations. The
outgoing (leaving the wall) radiation flux at any point z,, within
the reactor channel is given by

N

gz = 2 (1 = &)qz,) F, + €| Ey(z,)

m=0

N
- E Eb( Zm) Fn—m - O-T'?nFre(Zn) - 0-T40utFre(l - Zn)

m=0

15)

where F,_,, is the ring-to-ring view factor and F,, is the
ring-to-end view factor. The finite view factors are derived
using a procedure similar to that presented by Rankin et al.!”
and is given in the Appendix.

Figure 4 compares the solid temperatures in the system with
and without radiation accounted for. For the reactor with high
aspect ratio, the effect of radiation is not significant. The figure
shows that the peak temperature is shifted toward the reactor
inlet by about two diameters, which for the simulated system is
<1% of the reactor length. The inset shows a zoom-in plot near
the temperature peak. The abscissa for this plot is normalized
length, which clearly shows an upstream shift of about two
diameters in 7. These results are consistent with the published
literature-2!, where the temperature curve shifts upstream by
one to two diameters. Moreover, the heat loss resulting from
radiation at the reactor outlet causes a drop in the temperature
at the outlet.

Although the total black body emissive power E,(z) =
oT(2)* is high (same order of magnitude as that of convection
flux), radiation does not seem to have a marked effect. The
reason for such behavior can easily be seen in the view factor
plot in Figure 5. The ring-ring view factor, which determines
what fraction of total radiation emitted by a ring element is
incident on another surface ring element, diminishes to 0
rapidly near the reactor hot spot. Almost 70% of the radiation
emitted by a differential ring element of the reactor is incident
on itself. Thus, the computed radiation flux (Figure 6) is two
orders of magnitude less than the heat release by reaction and
the convective flux.

Finally, the effect of radiation on the shorter (5 cm long)
reactor was also studied. The reactor length of 5 cm was chosen
to give an aspect ratio of //d = 100. The temperature and mole
fractions of hydrogen obtained in this reactor are shown in
Figure 7. Again, there is a two-diameter shift in the temperature
profile. This is in agreement with Fu et al.,>' who observed a
significant effect of radiation at temperatures lower than those
in our system, in their reactor with an aspect ratio of //d < 10.
As in the longer reactor, we observed a drop in the temperature
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Temperature profile for base case
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Figure 4. Effect of radiation on solid temperature.

The temperature profile shifts upstream by two diameters (inset: zoomed-in at temperature peak, dimensionless length z/d is the abscissa).
Radiation loss at the reactor end causes a drop in temperature. Concentration profiles (not shown) are almost same in both cases.

at the outlet as a result of radiation. However, in contrast to the
previous case, the temperature drop at the reactor end caused a
significant decrease in hydrogen yield in the shorter reactor.
The decrease in the hydrogen yield was about 2-3%. We also
found that changing the emissivity resulted in temperature and
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Figure 5. Ring-ring (solid line, bottom abscissa) and
ring-end (dashed line, top abscissa) view fac-
tors as a function of the dimensionless axial
coordinate.

The view factors diminish rapidly with the axial distance.
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concentration profiles similar to those obtained with ¢ = 0.8.
Thus, one can use the black body assumption to reduce the
computational burden in calculating the radiation flux, with
only negligible increases in error. All these results are consis-
tent with those reported in the literature.?0-!
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heat of reaction: G(10% - 105 W/im2K)

— 1250} ]
3
o~
E
=
B
o
% 0 ]
e}
c
S
8
=
i

1250} ]

-2500 : : . \ \

0 0.02 0.04 0.06 0.08 0.1 0.12
axial distance z (m)
Figure 6. Radiation flux at steady state within the reac-

tor.

Except at the reactor end, radiation flux is 1 to 2 orders of
magnitude lower than convection or reaction heat fluxes.
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Effect of radiation in 5cm reactor
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Figure 7. Effect of radiation in a 5-cm reactor.

Thick lines, 7; thin lines, yy - solid line, without radiation; dashed line, with radiation. Temperature drop at the reactor end causes a decrease

in H, yield.

Conclusions

A 1-D model for simulation of autothermal partial oxidation
of methane in a microreactor with unidirectional (UD) and
reverse-flow (RF) modes of operation was developed. Two
different kinetic models for methane oxidation and reforming
from the literature were compared; an analysis of timescales of
the individual processes occurring in the reactor was presented;
and the effect of radiative heat transfer on the reactor perfor-
mance was analyzed. Specific results of this work include:

® The reaction kinetics presented by Gosiewski et al.” (GOS
model) and de Smet et al.® (NK model) were compared. The
GOS model was able to reproduce the experimental results
reported by Kikas et al.> A maximum improvement of 4.2% in
hydrogen yield was predicted for the RF operation compared to
the UD operation. The NK model, on the other hand, did not
show any improvement in the reactor performance for the RF
operation.

® An analysis of timescales of individual processes occur-
ring within the reactor was presented. The timescale of diffu-
sion was lower than that of reactions. Thus, the reactions
occurred at their intrinsic rates.

e Based on the timescales, the species concentrations were
found to be under quasi-steady state and the overall thermal
dynamics of the reactor critical in defining the reactor operation
in the UD or RF operation.

e Radiation heat transfer did not have a significant impact
on the performance of the longer reactor. Consistent with the
published literature,?-2! radiation resulted in a one to two
diameter shift in the temperature profile and a sharp drop in the
temperature at the reactor exit. However, because of the large

2262 August 2005

aspect ratio (I/d = 232) in the reactor, the overall effect was
insignificant.

® In contrast to this, the hydrogen yield in a shorter reactor
(aspect ratio I/d = 100) with radiation included was about 2%
lower than that without radiation.
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Notation
a = surface area per unit volume of solid, m*/m?
@ = surface area per unit void volume, m*/m;
Cpe = average specific heat of the gas, J kg~' K™!
¢, = specific heat of solid, J kg~' K™*
C = concentration, mol/m>
D,,, = diffusivity, m*/s
E = activation energy, J/mol
E, = Blackbody emissive power (W/m?)
F = radiation view factor
h, = heat-transfer coefficient, W m 2 K™*
= Arrhenius rate constant, (mol/m’) * s~
kgi = mass transfer coefficient, m/s
[ = reactor length, m
M; = molecular weight, kmol/kg
n,, = number of reactions
ng, = number of species
p = pressure, bar
g, = radiation heat flux, W m 2 K™!
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r = reaction rate, mol m_ 2.
R = gas constant, J mol ' K ™!
t = time, s

T = temperature, K

Sfl

v = gas velocity, m/s
AH = heat of reaction, J/mol
z = axial coordinate, m

Greek letters

= coefficient to split reaction heat between gas and solid
= emissivity of the reactor wall

thermal conductivity, W m~' K™

= stoichiometric coefficient

any state variable, units vary

= density, kg/m®

= Stefan-Boltzmann constant = 5.67 X 10~ W/m*/K*
T = time scale, s

oS >0 R
I

Subscripts and superscripts

0 = condition at reactor inlet
i = ith species

Jj = jth reaction

g = gas phase

s = solid surface
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Appendix: Finite Area View Factors

Consider two ring elements at locations m and n as shown in
Figure Al. Let z,, represent the distance from the left end of the
channel to the right boundary of mth grid and Az, represent the
axial extent of the grid element (that is, Az,, = z,, — z,,—)- Let
P, q, 1, and s represent the cylindrical surfaces and 0, m — 1, m,
n — 1, and n represent the faces.

The dimensionless lengths are defined as

_AZ"
d

AX,

The cross-sectional areas are A, = A,, = A, = mwd*/4 and the
ring surface area is A, = wdAz,. Thus, the ratio of areas is

— = (A1)

The view factors satisfy the following equations

For an enclosure E Fi_; =1 AF, ;= AF;;

J

The above equations are known as the “summation rule” and
the “reciprocity rule,” respectively.!”

Finally, the view factor between two parallel coaxial disks of
radii r separated by a distance z is given by!®

G=05(¢— -4 (A2)
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where G represents the end—end view factor, and £ = 2 + (P>
= 2 + 4X°. Thus,

Gij=1+2(X,—X)*—2X,— X)* + (X, — X))’
(A3)

Ring—end view factor

We seek to obtain F,.(z,) & F,_,. We note the reciprocity rule

S

= A Fo (A4)

The summation rules for cylindrical enclosures from z, to z,,
and that from gz, to z,_, are given as

Fo—(pqr> + Foy+ Gy =1
Fotpgy T Go-u-1y = 1 (A5)

Fo = Go—(n—l) — G-, (A6)

Using the reciprocity rule (Eq. A4), we obtain

1
Folz) = 555 WX+ X0 = (X0 + X0 + X0, = X

(A7)

View factor from ring to itself

To find the view factor for the nth ring to itself, we use the
summation rule for the enclosure formed by the ring s and its
facesn — 1 and n

F_v—(n—l) + Fs—x + Fx—n =1 (AS)
We note that because of the symmetry, F,_,_,, = F,_,.

They represent the view factor from a ring element to one of its
faces. Equation A7 represents the view factor from the ring to

face located at z = 0. The view factor from the ring to face
located at z,_; is just F,.(|z, — z,—;|) (that is, in Eq. A7,
replace X, with AX,, and X,,_; with 0). Through straightforward
manipulations, one can verify that

F,,AF,_ =1+AX,— JAX; + 1 (A9)

Ring—Ring View Factor

To obtain the ring-ring view factor F,_,, & F,_,, we apply
the summation rule to the cylindrical enclosures from z,,  to

z, and from gz, to z,

Fo,+F +F, ,+F_,+F o, =1 (AlO)
F,,+tF, ,+F_, +F_,=1 (A11)

Subtracting the two and rearranging, we obtain
Foy=Fllzs=z.) = Frllza = za))  (A12)

From Eq. A7, fori =m — 1, m

1
Fre(|Zn - Zl‘) = m [(Xn*] - Xi)2 - (Xn - }(i)2 + =

- E(n—l)—[] (A13)

where

EA VX - X))+ (X - X)? (Al4)

After straightforward manipulations, we obtain the ring-ring
view factor

F [ZAX,,,AX,, + En*m + E()1*1)*(;%*1) - E(n*l)*m

n—m — ZAX"
- En*(m*]):l (AIS)
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