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ABSTRACT

Numerical modeling of methane-steam reforming is per-
formed in a microchannel with heat input through Palladium-
deposited channel walls corresponding to the experimental setup
of Eilers [1]. The low-Mach number, variable density Navier-
Stokes equations together with multicomponent reactions are
solved using a parallel numerical framework. Methane-steam
reforming is modeled by three reduced-order reactions occur-
ring on the reactor walls. The surface reactions in the presence
of Palladium catalyst are modeled as Neumann boundary con-
ditions to the governing equations. Use of microchannels with
deposited layer of Palladium catalyst gives rise to a non-uniform
distribution of active reaction sites. The surface reaction rates,
based on Arrhenius type model and obtained from literature on
packed-bed reactors, are modified by a correction factor to ac-
count for these effects. The reaction-rate correction factor is ob-
tained by making use of the experimental data for specific flow
conditions. The modified reaction rates are then used to pre-
dict hydrogen production in a microchannel configuration at dif-
ferent flow rates and results are validated to show good agree-
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ment. It is found that the endothermic reactions occurring on
the catalyst surface dominate the exothermic water-gas-shift re-
action. 1t is also observed that the methane-to-steam conversion
occurs rapidly in the first half of the mircochannel. A simple
one-dimensional model solving steady state species mass frac-
tion, energy, and overall conservation of mass equations is de-
veloped and verified against the full DNS study to show good
agreement.

NOMENCLATURE

A Pre-exponential constant, [kmol /m?* — s]

A. Cross sectional area of the physical plant, [m?]

C; Concentration of the i chemical species, [kmol; /m’]

cp Specific heat, [kJ/kg — K|

Y;m Binary diftusion coefficient, i corespondents to the chem-
ical species, [m?/s]

E,; Activation energy of the k" reaction, [kJ/mol]

h  Specific enthalpy of mixture, [kJ/kg]

th

h$.  Specific enthalpy of formation of the i species, [kJ/kg]
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AHS98 Specific heat of reaction at reference temperature 298K,
[kJ /mol]
AHg  Specific heat of reaction of the k" reaction, [kJ /mol]
k  Thermal conductivity of mixture, [kW /m — K|
ks Specific reaction rate constant,[kmol /m*> — s
M; Molecular weight of species i, [kg;/kmol;]
Ng  Number of chemical species
n  Wall normal direction
p Pressure, [Pd]
g; Heat flux due to conduction and species diffusion, [kW /m?]
Qo Flow rate of both inlet methane and steam, [ml /min]
e Reaction rate of k' reaction, [kmol /m?* — s]
s;i Rate of chemical species adsorption and desorption at the
catalyst surface of species i, [kmol; /m* — s
R Universal gas constant, [kJ/kmol — K]
Time, [s]
Absolute temperature, [K]
u; Velocity in tensor notation where i = 1,2, 3 corespondents to
the x, y and z directions, [m/s]
% Mean velocity in the x direction, [m/s]
x; Direction of the i directions, [m]
Y; Species mass fraction of species i, [kg;/kgmixture]
Youik; Bulk species mass fraction of species i, [kg;i/kgmixture|
o Temperature exponent, [1]
M Viscosity of mixture, [kg/m — s]
v{'  Stoichiometric coefficient of the i" chemical species in re-
action k of reactants, [1]
v;; Stoichiometric coefficient of the i"" chemical species in re-
action k of products, [1]
®, Viscous dissipation, [N /m?* — s]
p Density of mixture, [kg/m?]

@/" Reaction rate of the k" reaction, [mol;/m* — s]

pﬂN

INTRODUCTION

The present work investigates conversion efficiency of
biomass-based gaseous products (CH4,CO>) using a microchan-
nel reactor. This design exploits the short diffusion lengths for
reactant gases in microchannels, such that the reaction may oc-
cur near stoichiometric conditions (using very less excess reac-
tant gases), thereby substantially increasing the efficiency of the
system. Such a design has several advantages: (a) reduced mix-
ing time for non-premixed reactants since diffusion time is lim-
ited by the cross-section of microchannels, (b) very high heat
transfer rates in microchannels, and (c) damage to one of the mi-
crochannels does not cause catastrophic failure of the reactor.

The main motivation behind this study is to investigate
technological feasibility of solar thermochemical processing,
wherein the heat input to the microchannel reactor will be ob-
tained by designing a solar receiver/reactor that can concentrate
the incident solar energy flux onto the microchannel walls. It
is envisioned that the solar receiver will be a cylindrical cavity

wherein the incident heat flux will be distributed along the in-
terior walls of the cavity. Several, parallel microchannels can
be arranged around the periphery of such a receiver, with heat
flux input through the bottom wall. One such microchannel is
considered in the present fundamental study to understand issues
relevant to hydrogen production from methane-steam reforming.
Note that heat loss issues can be prevented in such receivers by
insulating the receiver.

In order to study the technical feasibility of such a de-
sign, we first investigate, through numerical simulations, the
strong endothermic reactions of methane-steam reforming in-
side a microchannel reactor with Palladium catalyst. The low-
Mach number, unsteady, variable-density Navier-Stokes equa-
tions together with species mass-fraction and energy equations
are solved in a microchannel. The surface chemical reactions
are modeled as boundary conditions to the energy and species
equations for a reduced reaction mechanism of methane-steam
reforming [2,3,3-5]:

CH; 4 H,0 <= CO+3Hy;  AH)gq = 4206 kJ/mol (1)
CO+Hy0 <= COy+Hy;  AHg = —41kJ/mol (2)
CHy 4+ 2H,0 <= CO, +4H); AHYg = 4165 kJ/mol. (3)

There have been several studies on microchannels reac-
tors with Rhodium, Palladium or Nickel catalysts arranged in
the form of a packed bed [4-7]. Recently, Wang et. al. [3]
investigated the effects of steam-methane inlet ratio and flow
rates on hydrogen production, in a planar solid-oxide fuel cells
(SOFC) using experimental and numerical modeling in steady-
state. Kuznetsov & Kozlov [2] investigated, using numerical
simulations, the effect of heat flux distribution on methane-steam
reforming using reduced reaction mechanisms in a microchannel
with Nickel catalyst.

The primary goal of this work is to first validate the numer-
ical model based on solution to conservation equations of mass,
momentum, and energy coupled with surface chemical kinetics
against the experimental data by co-workers [1]. Specifically, for
microchannel configurations, deposition of catalyst on the sur-
face can result in non-uniform distribution providing intermit-
tent active sites for chemical reaction. Without detailed quan-
tification of these active sites, their effect on the production of
H; cannot be modeled. In the present work, a reaction-rate cor-
rection factor is introduced wherein the pre-exponential factor in
reaction rates for surface chemical kinetics is modified by a con-
stant to account for active site distribution. In order to obtain this
correction factor, experimental data from one of the flow tests is
used. The constant is calibrated to match the exit hydrogen molar
concentrations. This reaction-rate correction factor is then kept
fixed and several other flow conditions are computed to validate
the predicted hydrogen levels at the exit. With such validation,
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detailed information inside the microchannel reactor, that is not
available in experiments, is obtained.

The second goal of this work is to investigate the effect of in-
let steam-methane ratio, the distribution of surface wall tempera-
ture or external heat flux on the species diffusion, physicochemi-
cal reactions and heat transfer processes inside the microchannel
reactor. A simple one-dimensional model solving steady state
species mass fraction, energy, and overall conservation of mass
equations is developed and verified against the full DNS study
to show good agreement. Work is ongoing in relation to these
parametric variations.

The paper is arranged as follows. The mathematical formu-
lation and reaction rate kinetics are summarized first. A brief
description of the numerical approach is given next. The flow
geometry, validation studies, and results based on experimental
configuration of Eilers [1] are presented next followed by sum-
mary and conclusions.

MATHEMATICAL FORMULATION

The mathematical formulation is based on the variable-
density, Navier-Stokes equations together with species mass-
fraction and enthalpy equations [8]:

oty pu) =0 @
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where N;, p, u;, Y;, p, h, qj, and ®, represent the number
of species transport equations, density, velocity components,
species mass fraction, pressure, total enthalpy, heat flux due to
conduction and species diffusion, and viscous dissipation, re-
spectively. The mixture is assumed as an ideal gas with the vis-
cosity, thermal conductivity, and the binary diffusion coefficient
(i m) depending upon the local composition and temperature.
The mixture density is obtained from the equation of state for an
ideal gas,

PRT
=——, (®)
P tﬂmixture

where, R is the universal gas constant, p is the operating pressure,
and T is the mixture temperature. The mixture molecular weight
is given by the expression, . ixture = (Zf-vy %i)’l, where N is

the total number of species.

The gas-phase reaction rates (@) are functions of temper-
ature, species concentration, and pressure field [6,7]. The total
enthalpy 7% is given as

T Ny
h= h;)(mix + A CpmixdT; h?mix = Zyzh% (9)
ref i

Where, £ is the total enthalpy of the mixture, h%m_x is the enthalpy
of formation of the mixture, 4% is the enthalpy of formation for

the i species, ¢ pmix 18 the specific heat of the mixture (the mass
weighted average of the species’ specific heat), N; is the total
number of species and T, ¢ is a reference temperature.

Chemical Kinetics and Surface Reactions

In the microchannel-based solar reactor, chemical reactions
can occur in the gaseous phase as well as a series of reactions on
the catalyst surface. Past studies by Deutschmann & Schmidt [6]
on oxidation of steam in a tubular model showed that for atmo-
spheric pressures, the gas-phase reactions contributed negligibly
to the oxidation process; however, increase in reactor pressure
beyond 10 bar resulted in sensitivity of the oxidation process to
the gas-phase reactions. In the present work, we perform numer-
ical experiments at atmospheric conditions and neglect the gas-
phase reactions. The numerical solver presented in this work is,
however, capable of accounting for the gaseous-phase chemical
kinetics.

The catalytic reaction rates are nonlinear relations compris-
ing the reactant species concentrations and the local temperature.
Modeling of detailed chemical kinetics pathways for catalytic
reactions on the surface have been performed [6, 9]; however,
can become prohibitively expensive for time-resolved simula-
tions performed in the present work. A reduced reaction mech-
anism with the following two endothermic (equations 1,3) and
one exothermic water-gas shift (equation 2) global reactions was
used to model the chemical conversion.

To calculate the reaction rates, the classical kinetic model
was employed, wherein the reaction rates for each chemical re-
actions can be formulated as [10, 11],

re = kg1 [Ci]', (10)
Eqk
kpio=Arexp ( 2T ) : (1)

where C; denotes the concentration per unit volume of the i
chemical species in the mixture, ks is the specific reaction rate
constant for the k' reaction and v,ii, which is dimensionless, is
the stoichiometric coefficient of the i chemical species in the
k" reaction. Experimental data for the reaction activation energy
(Eq4 k), the activation constants Ay and oy for each k'™ reaction is
obtained from the experimental data [4,5] for a specific catalyst.
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The activation energy for the three reactions 1,2,3 are given as
E,1=1094,E,, =154 and E, 3 =209 kJ /mol, respectively [4,
5]. The pre-exponential factors for each reaction vary based on
the catalyst type and are given for Nickel and Palladium catalysts
in Table 1.

TABLE 1: Pre-exponential factors for the three reactions (equa-
tions 1,2,3) for Nickel and Palladium catalysts.

Catalyst Ay Aj Az
Nickel [4,5] 1.093x10% 6.028 x10~* 5.922x 103
Palladium [12]  89.6 x 10° 543.5 371.1 x 10°

It should be noted that the predictive capability of the numer-
ical approach depends on accurate characterization of the surface
reactions rates. Detailed chemical kinetics pathways for catalytic
surface reactions [6, 9] were used in the modeling of the cat-
alytic reaction on the channel surface. Kuznetsov and Koslov [2]
used the same three-step reactions, however modeled the reaction
rates using the expressions developed by Hou and Hughes [5],
Xu and Froment [4] based on packed-bed reactor studies. In the
present work,

In the present work, we are interested in microchannel
configurations and use the above reaction rate models, owing
to their Arrhenius-type standardized expressions. There have
been previous studies on methane-steam reforming in minichan-
nels [3] using similar three-step reduced reaction mechanism
with Arrhenius-type reaction rates. As shown later, we first
verify the applicability and predictive capability of the above
model by simulating configurations corresponding to the work
by Kuznetsov and Koslov [2] to show good comparisons between
the two reaction-rate models.

With the above surface reaction rates, the catalytic conver-
sion is then modeled simply through the following boundary
conditions for the species mass-fractions and temperature equa-
tions [2,6]:

3
) AH, 12
on 5y~ Qwall + ;"k R ks (12)

where s; is the rate of chemical species adsorption and desorption
at the catalyst surface, .#; is the molecular weight of species i,
qwan is the rate of external heat supplied to the wall, AHg  is
the heat of reaction, ry, is the reaction rate of the k' h gurface re-
action. The surface adsorption and desorption rates depend on
the coverage of the catalyst over the surface and surface site den-
sity [2,6,7]. In the present work, uniform catalyst surface den-
sity is assumed for the reactor conditions. The surface adsorp-

tion/desorption rates for each i’ species are obtained as:

3
Z Vii(re) = Vi (re)) (13)

where the summation is over the three chemical reactions in the
reduced reaction mechanism.

NUMERICAL IMPLEMENTATION

For the numerical implementation, it is assumed that the
flow velocity is much smaller than the speed of sound and the
mean thermodynamic pressure field within the microreactor re-
mains approximately constant, such that the zero-Mach number
assumption is valid. The numerical solver is based on a pressure-
based, reacting flow solver on unstructured grids [13—-16]. The
flow solver has been used for two-phase reacting flow field in a
realistic gas-turbine combustor and is able to capture the reaction
dynamics in the microchannel configuration. The solver is three-
dimensional, massively parallel and is suitable for large number
of parameter variation studies.

The governing equations are solved using a fractional-step
method. First, the scalar fields (the species concentrations and
temperature fields) are solved in a conservative form using a third
order WENO discretization [13, 16]. The new scalar fields are
used to evaluate new mixture density using the ideal gas law. The
momentum and continuity equations are solved using a pressure-
based, predictor-corrector approach. The momentum equation is
used to first predict a new velocity field. This velocity field is
then corrected by solving a pressure-Poisson equation constrain-
ing the velocity field to satisfy the continuity constraint. The de-
tails of the numerical approach are given in [13,15,16].The total
enthalpy equation is re-written in the form of a transport equa-
tion for the sensible enthalpy. This leads to a reaction source
term based on the heats of formation of species in the gaseous
phase. In the present work, gas-phase reactions are neglected.
The catalytic surface reactions are modeled through boundary
conditions for the gas-phase species.

NUMERICAL RESULTS

The numerical approach is first systematically verified and
validated for a series of non-reacting and reacting flows in
microchannel configurations. Specifically, we first verify our
numerical approach together with the Arrhenius-type surface
reaction rate model against the numerical studies on micr-
channel methane-steam reforming performed by Kuznetsov and
Koslov [2] using a Nickel catalyst. Their work uses the com-
monly used reaction rate model based on packed-bed reactor ex-
periments by Hou and Hughes [5]. Once verified, we perform
non-reacting and reacting flow configurations in the experimental
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setup by co-workers [1] with Palladium catalyst. Here, the non-
uniform distribution of active surface sites for catalytic reactions
are accounted for by using a reaction-rate correction factor. The
reaction rate correction factor is obtained by using experimen-
tal data for one particular flow condition. Different flow con-
ditions are then simulated and predicted numerical results com-
pared with the experimental data.

Non-reacting Flow in a Microchannel

Simple flow in a 3D channel, as studied by Qu et al. [17],
serves as the initial test case. Validation of the flow solver for this
test case is a critical step towards our simulation goal, since the
parallel microchannel geometry of interest involves flow through
microchannels with a high aspect ratio (see Fig. 1).

TABLE 2: Dimensions (in [mm]) for the single-
microchannel [17].

Wch  Wp Hch Lpl Lpch Lp2

0222 635 0.694 635 120 127

Wp

tﬂ wen
W

~lp] == Lch . | p2 —=

Heh = =

FIGURE 1: Schematic and grid for the single channel geometry.
The grid used consists of around 1.5M grid elements. Only a
small section of the grid is shown.

Channel dimensions are given in Table 2. As seen from the
schematic, the ratio of plenum to microchannel height is very

large. The computational grid consists of around 1.5 M grid
points with roughly 30 cells inside the microchannel in the ver-
tical direction. The grid cells are refined near the walls and near
the entrance region to resolve the flow accurately. Fluid flow
through the channel is simulated for different Reynolds numbers
(Re = 196 and Re = 1895), and the resulting velocity profiles
and pressure drops are compared with the experimental and nu-
merical results presented in [17]. In these simulations, two large
plenums are used at the inlet and outlet of the domain to en-
sure that the boundary conditions do not perturb the solution in-
side the channel. A fully developed velocity profile for a three-
dimensional rectangular channel [17] is applied at the inlet of the
domain and data is only collected after the flow in the channel
reaches steady state.

Figure 2 illustrates the comparison of the simulated veloc-
ity profile over the cross-section at different locations within the
channel to the numerical and experimental data of [17]. The sim-
ulations produce a parabolic profile and good agreement with the
both the numerical and experimental results. For larger Reynolds
numbers, the numerical velocity at the center of the channel is
slightly larger than the experimental data; however, agrees with
the simulations conducted by Qu et al. [17]. These deviations
are within the uncertainties in maintaining constant flow rates as
well as velocity measurements.

TABLE 3: Comparison between computed and theoretical pres-
sure drops at different Reynolds numbers.

Pressure Drop [bar]

Re.p, DNS DNS Theory

(with plenum)  without plenum) (without plenum)

196 0.189 0.195 0.20
1021 1.09 1.06 1.04
1895 1.33 1.87 1.93

Table 3 presents the comparison of numerically obtained
pressure drop inside the microchannel with the theoretical pres-
sure drop in a square microchannel (excluding the plenums).
A good agreement is achieved for low Reynolds number (up
to Re.;, = 1021). For Re., = 1895 the pressure drop is under-
predicted by the simulation. This is attributed to the effects of
sudden changes in aspect ratios near the inlet and outlet plenums.
Flow separations are possible near the entrance, modifying the
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FIGURE 2: Velocity profiles in the center plane of the channel
taken at X’ = 1 cm and X’ = 10 cm from the entrance of the chan-
nel. e shows the experimental data, — — — the numerical simula-
tion from [17] and — the present study. The velocity is expressed
in [m/s] and the y location in [um].

flow evolution to fully developed velocity profile and thus af-
fecting the overall pressure drop. To test the accuracy of the
solver, we have also simulated flow through the microchannel
duct (without the plenums) with uniform inlet on a grid similar
to the grid used for the case with plenums. The pressure-drop
values for the same mass-flow rates are shown in Table 3 and
agree well with the theoretical estimates.

Microchannel Methane-Steam Reforming with Nickel
Catalyst

This study is performed to verify the accuracy of the
Arrhenius-type reaction rate model (equation 11) for surface
chemical reactions inside a microchannel with Nickel catalyst.
Kuznetsov and Kolsov used a different reaction rate model as
given below (from Hou and Hughes [5]):

X Feny, P,‘Jjo | PC()PE[z
"= 2 5 (14
(1 + KcoPeo + Kiy P32 + Kityo (Peso / Pr ))

0.5
k FeoPso 1— Feo, Pit,
2 Py Kp2FcoPr,o0

Iy = 7 (15)
(l + KcoPco JrKHzPIg'ZS +Kn,0 (PHZO/PHz))
k3 <PCH4PH20) (1 _ PCOZP";Z)
Py Ky3Pcr, P}
r3 = 2 P 0 5. (16)

(1 +KcoPco + Ky Py, + Ko (Pyo/ P ))

This test case verifies the numerical approach for reacting
flow with surface chemical kinetics modeling by comparing re-
sults with the numerical studies by Kuznetsov and Koslov [2].

Figure 3 shows a schematic of the computational domain
with the height and spanwise length of # = 0.5 mm and L =
112.5 mm, respectively. A porous nickel catalyst section, on the
top and bottom walls starts at flow length of 30 mm and continues
up to the end of the channel. This catalyst configuration allows
the flow to develop before the reaction zone. The Reynolds num-
ber varies between simulations but is always in the laminar flow
regime. A structured Cartesian grid was used in this simulation
with 25 x 800 control volumes in the vertical and axial direc-
tions, respectively. For the present study, variations in spanwise
directions were assumed negligible, and a two-dimensional con-
figuration is assumed. Simulations were performed for uniform,
ramp-up and ramp-down variation of the heat flux input through
the catalyst walls. The overall heat flux magnitude was kept con-
stant at 2 kW /m?. The average inlet velocity of the gas mixture
is 0.67 m/s. Dirichlet conditions are specified for the species
mass fraction, velocity and temperature at the inlet. Walls are
modeled as no-slip and adiabatic, except the catalyst wall. For
the catalyst wall, surface reactions are incorporated as boundary
conditions given by expression 12. The exit boundary condition
is implemented as a convective outflow.
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FIGURE 3: Schematic of the mini-channel reractor with catalyst
on the top and bottom surfaces.

Figures 4 show the comparison of surface reaction rate pro-
files and the species mole fraction profiles along the length of the
microchannel to the corresponding predictions by Kuznetsov and
Koslov [2]. It is found that, the species molar fractions are well
predicted by both approaches. Small deviations in the surface re-
action rates are observed between the two models, however, their
effect on the overall species or temperature distributions were
minimal. It is also observed that the exothermic water-gas-shift
reaction (reaction number 2 given by equation 2) has the smallest
reaction rates compared to the other two endothermic reactions.
This verifies the use of Arrhenius-type reaction rate model for
microchannel-based configuration. Similar results were obtained
for different heat flux profiles (not shown).

Microchannel Methane-Steam Reforming with Palla-
dium Catalyst

Finally, we apply the numerical model to the microchannel
setup corresponding to the work by co-authors [1]. Figure 5a
shows the schematic of the setup. The initial two torches acted as
preheaters for the reactor, whereas the subsequent seven torches
impinged on the surface corresponding to the location of the cat-
alyst and provided heat for the reaction. Half of the preheater
zone had the same thermocouple arrangement as the catalyst
zone, whereas in the other half the flame impinged directly on
the reactor wall, thereby reducing heat transfer resistance. The
Pd catalyst was contained on a porous FeCrAlY felt insert. The
channel was held together with 30 8x32 stainless steel bolts dis-
tributed around the perimeter of the channel in order to distribute
the compressive force as much as possible to minimize the po-
tential for leaks in the system. To eliminate conduction between
heating zones, 0.8 mm (1/32 in) air gaps separated each heating
zone.

Non-Reacting Flow: The top section of the left pipe is
0.073 m long with a diameter of 0.0046 m the bottom section is
0.013 m long with a diameter of 0.0032 m the top section of the
the right pipe is 0.061 m long with a diameter of 0.0046 m and the
bottom section is 0.013 m long with a diameter of 0.0032 m. The
height of the channel is 0.86 mm with a total length of 0.1735 m
and a catalyst length of 0.133 m, the width of the channel is
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FIGURE 4: Reaction rate and species mole fraction profiles along
the microchannel length for a uniform heat flux of 2 kW /m?
though the catalyst walls: (—) present, —— Kuznetsov and
Koslov [2].

19 mm in the catalyst section (the section of the channel). A
downward velocity at the inlet of the left pipe is enforced and
an outflow condition on the end of the right pipe. All walls were
given a no-slip condition. The inlet steam to methane ratio is 3.4.

First, for different flow rates, the pressure drop across the
microchannel was computed and compared with the experimen-
tal data under non-reacting flow conditions. The pressure drop is
measured between ends of the two circular pipes shown. Nitro-
gen gas was used as the acting fluid, this eliminates the reactions
at the catalyst surface. Pressure drop was measured and modeled
at different flow rates, the results of these pressure parametric
study is shown in Figure 6. Good agreement is seen between the
measured experimental pressure drop and the modeled numerical
pressure drop.
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FIGURE 5: Experimental setup and numerical model: (a) schematic of experimental setup by Eilers [1], (b) the 3D flow model, (c)

computational grid.

Reacting Flow: As mentioned earlier, the inlet methane-
steam mixture is pre-heated by a pre-heat section (without wall
catalyst). The catalyst used here was a porous felt with deposited
palladium nanoparticles throughout the felt (chemical kinetics
charactoristic are taken from Shu ez al. [12]). For the case stud-
ied in this work (catalyst C), the channel wall was treated such
that Palladium nanoparticles were deposited uniformly through-
out the surface to give a porous catalyst bed. Figure 7 shows
the SEM image of the catalyst bed after flow shearing test. For
this test, one section was loaded into the reactor and exposed to
a moderate temperature (500°C) high velocity (>10 m/s) flow of
nitrogen to test for catalyst adhesion and durability (typical ve-
locities during experiments were 5 m/s). Particle sizes on the
order of 15 nm were observed but a large degree of agglomera-
tion occurred as can be seen in figure 7. The nanoparticles can
be seen as the clumped small round particles distributed through-
out both figures. No noticeable reduction in particle density was
observed after the shear testing, suggesting that particles were
adequately adhered to the substrate.

As seen from the SEM image, it is clear that the active sites
for surface chemical reactions are not uniformly distributed on
the channel walls. In order to account for this distribution in the
numerical model, it is necessary to quantify the surface distri-
bution of the deposited Palladium catalyst. However, since the
bed is porous, it is not straightforward to model its effect on the
reaction rates. In the present work, we introduce a reaction-rate
correction factor, o, that modifies the pre-exponential factor in

2000

1500

Pressure [Pa]

1000

500

10 12

P
0 2

(=]

4 6 8
Flow Rate [g/min]

FIGURE 6: Comparison of pressure drops through the device at
different flow rates: dashed line (——) experiments [1], solid line
(—) numerical.

the Arrhenius reaction rates (equation 10) as:

Ea,k
kf7k = (X;AkeXp — RT |-

The reaction-rate correction factor can be determined by us-

a7
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TABLE 4: Calibration studies to obtain reaction-rate correction factors by matching the exit hydrogen concentrations with experimental

data [1].
Case CHy4 Flow H>O:CHy4 Inlet Inlet Temp. Heat Flux  Computed
Rate g/min Ratio Velocity m/s °C W /m? Ot
Cl 0.233 2.87 4.89 627 -154.8 0.0000101
C2 0.211 3.13 5.1 673.6 -1.727 0.0000184
C3 0.21 291 491 714 276.3 0.00004325
C4 0.203 2.96 5.09 761 399 0.0000612
C5 0.195 3.06 5.18 798.7 840.7 0.0000748
Co6 0.188 3.25 5.38 836.9 1882 0.0001008
C7 0.183 2.87 5.06 902 3908 0.0001463

TABLE 5: Exit hydrogen concentration compared to experimental results for catalyst C [1] with a constant reaction rate correction factor

of oy = 6.6 x 1072,

Case Methane Flow Rate  Experiments H, Predicted H, Error
g/min Molar Fraction ~ Molar Fraction
C3 0.21 0.0788 0.1066 35.28%
C4 0.203 0.1433 0.1488 3.84%
C5 0.195 0.219 0.2039 6.89%
Co6 0.188 0.333 0.2831 14.98%
C7 0.183 0.4803 0.4068 15.30%

FIGURE 7: SEM images of the catalyst bed after flow shear test-
ing [1].

ing the experimental data, by matching the exit hydrogen pro-
duced with the numerical results. For specified inlet flowrates,
steam-to-methane ratio and net heat flux into the reactor, the o
value was varied to match the bulk exit molar concentration for
H; with the experiments. The bulk mass fraction (and concentra-
tion) at a cross-section is obtained as:

Ybulk,H2 = — uYHZdA. (18)

Al JA,

where u is the average velocity at the cross-section of area A..
The heat fluxes going into each section were not available, rather
the total heat input into the reactor was obtained from experi-
ments by doing an overall energy balance. The heat input was
assumed uniformly distributed along the microchannel surface.
Table 4 shows the different cases investigated and the corre-
sponding reaction rate correction factors. Ideally, for all cases
studied, the correction factor would remain constant; however,
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as seen from the Table 4, some variation in @ value is observed,
showing a monotonous decrease with increase in net heat input
to the reactor. Discarding the first two cases (as they indicate net
negative heat input in the experimental data), and averaging the
remaining O, the mean reaction rate correction factor was ob-
tained to be 6.6 x 107>, indicating that the active catalyst sites
were a small fraction, consistent with the visual observations in
the SEM images. Once this averaged reaction-rate correction
factor was determined, it was kept constant and all the cases were
run again to establish the errors in numerically predicted exit hy-
drogen concentrations compared to experimental measurements.
Table 5 indicates the errors in the predicted hydrogen concen-
trations compared to the experimentally measured values. Here,
the dry concentrations (after removal of the steam for gas chro-
matography) are compared showing predictions with reasonable
errors. Errors less than 16% were observed for all cases except
one with low heat input. These errors are within the experimental
uncertainty given considerable heat losses observed in the exper-
imental facility [1].
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FIGURE 8: Steady state contours within the microchannel for a
flow rate of 0.258 g/min: (a) CH4 mass fraction, (b) H, mass
fraction. Channel height is scaled up 100 times for clarity.

The chemical species generation and depletion along the
channel length, the catalyst surface temperature, the catalyst sur-
face reaction rates and net heats of reactions are difficult to mea-
sure with the experimental facility utilized in this work, but can
be generated from the numerical model. Figure 8 gives the steady
state contour plots for mass fractions of CHy and Hj in the center
plane of the channel for case C7 described in Table 4. Hot mix-
ture of methane and steam enter the channel and conversion of
methane to hydrogen begins near entrance. Owing to the strong
endothermic reactions, the fluid-phase temperature near the bot-
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tom wall (catalyst region) decreases. It is observed that for the
cases studied, only a small portion of methane is converted to
hydrogen; which is consistent with the low number of activation
sites for surface reactions.
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FIGURE 9: Steady state plots along the catalyst surface for cases
C5 and C7 given in Table 4: (a,b) surface reaction rates for three
chemical reactions, (c,d) surface temperature variations, (e,f) ra-
tio of magnitudes of surface heat of reaction to input heat flux.

Figure 9a-f show the steady-state axial variations of catalyst
surface reaction rates, temperatures, and ratio of magnitudes of
heat of reaction to the heat flux input for two different cases stud-
ied C5 and C7. The inlet steam-to-methane ratio for both cases
are around 3, and the methane flow rates are close to 0.19 g/min.
The net heat flux for case C5 (840 W/m?) is considerably lower
than that for case C7 (3908 W/ m?2). For both cases, it is observed
that the reaction 1 is most dominant and has much higher reaction
rates than the other two. The exothermic water-gas shift reaction
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does play a role in production of CO and CO,, however, its reac-
tion rates are much smaller. It is also observed that the reaction
rates for reaction 3 decreases along the channel for lower heat
flux case (C5), whereas, it slightly increases for the higher heat
flux case (C7). The surface temperature for case C5 decreases
along the channel, whereas it increases for the higher heat flux
case C7. Accordingly, the ratio of surface heat of reaction to the
net heat flux is larger than 1 for case C5 and lower than 1 for
case C7. This indicates that with increased heat input the reac-
tion rates are generally higher and accordingly more hydrogen
is produced as shown in Table 5. Since the rate of methane-to-
steam conversion is higher in the initial stages of the channel, it
indicates that maintaining high wall temperature at the inlet sec-
tion may be beneficial for better conversion efficiency. For the
cases studied, the methane conversion is not significant; however,
can be enhanced by preparing the catalyst deposition in different
ways. This was confirmed experimentally as shown by Eilers [1].
This work also indicates that proper characterization of the acti-
vation sites for microchannel catalyst deposition is essential. Use
of a reaction rate correction factor for the reduced-reaction mech-
anisms, obtained from experimental measurements, can facilitate
predictive modeling of methane-steam reforming in microchan-
nel configurations.

Development of a one-dimensional model: To per-
form parametric studies varying inlet steam-to-methane ratio, in-
let temperature, surface heat distribution, and net surface heat
flux, full three-dimensional, reacting flow computations in the
the entire flow geometry is feasible, but not practical. In order
to reduce the time to solution in the numerical calculations of re-
acting flow and allow these parametric studies, a simplified one-
dimensional reacting flow model for steady state solution was de-
veloped. Our main motivation here is to obtain a model that can
be used for several parametric studies that can be used for opti-
mizing the hydrogen production and designing the microchannel
reactor. In addition, such a model can also be used to develop
an optimized shape of a solar receiver that will provide a desired
heat flux distribution along the length of the channel by combin-
ing the model with a Monte-Carlo radiative heat transfer solver,
combining microchannel reaction simulation with conjugate heat
transfer problem in the future.

Accordingly, the plane section of the microchannel (neglect-
ing the inlet and outlet pipe sections in Figure 5c) was considered
with one-dimensional grid along the flow direction. Using a sim-
ple staggered grid and neglecting diffusion in the wall-normal
direction, the following steady state equations can be derived:
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d d
2P = (") =0 (19)
d d dy; .
E(m”y,») = <dex) + o (20)
d, ,.dT d (.dT o
= == (k== 21
dx(m pdx) dx(kdx)+q ’ @D

where # is the average velocity over the cross-section of the mi-
crochannel, and @] and ¢" are source terms corresponding to
the homogeneous gas-phase reactions in the species mass frac-
tion and energy equations, respectively. In this work (as de-
scribed before), the effect of gaseous-phase, homogeneous reac-
tions was very small and these source terms are neglected. The
majority of chemical conversion takes place on the catalyst sur-
face giving rise to heterogeneous reactions modeled by the three
surface reactions 1, 2, 3. Using a finite volume approach and
integrating the one-dimensional model over the control volume,
implementation of the surface reactions and surface heat flux into
this model is fairly straight forward. The coupled equations for
mass, species concentrations, and energy are solved using an it-
erative successive over-relaxation scheme. The species advec-
tion terms are discretized using a second-order Beam-Warming
scheme, properties at the fluxes are evaluated using simple arith-
metic averages, and diffusive fluxes are approximated using a
piecewise linear profile assumption (resulting in a symmetric
central differencing). Ideal gas law is used to compute den-
sity from temperature and a constant reactor pressure field (low-
Mach number assumption). Solutions to this coupled system of
equations is obtained within only a few seconds on a laptop.

In order to verify the one-dimensional model, case C7 was
used. For simplicity, only one reaction (R1 1) was activated
for this verification study. Comparison of the one-dimensional
model and the full DNS study for this case are shown in Fig-
ure 10a,b. It is observed that the 1D model predicts the evolution
of the hydrogen molar fraction as well as surface reaction rates
very well. This also indicates that simple one-dimensional ap-
proximation to the governing equations as well as neglecting the
inlet and outlet pipe sections has negligible effect overall results.
The one-dimensional model is very efficient and thus useful for
several parametric studies that can be used for optimization of
hydrogen production.

CONCLUSION

Numerical experiments investigating effectiveness of a mi-
crochannel reactor geometry on methane-steam reforming are
performed using a low-Mach number, variable density Navier-
Stokes solver together with multicomponent reactions. Methane-
steam reforming is modeled by three reduced-order reactions oc-
curring on the reactor walls, two of which are endothermic re-
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FIGURE 10: Comparison of one-dimensional model and full
DNS study for case C7 with only one reaction (R1 1) activated.
Axial variation of (a) Hy molar fraction and (b) surface reaction
rate are shown.

actions and an exothermic water-gas shift reaction. The surface
chemical reactions are modeled as boundary conditions to the
energy and species mass fraction equations, with Arrhenius-type
reaction rate models for Palladium-deposited catalyst.

First the numerical approach was verified against experi-
mental and numerical works on non-reacting flow in microchan-
nels showing good predictive capability of the flow character-
istics in high-aspect ratio channels. The approach was also used
verify the validity of the Arrhenius-type reaction rate model for a
Nickel catalyst, by comparing present predictions against the nu-
merical work by Kuznetsov and Koslov [2] to show good agree-
ment.

The validated numerical approach was then applied to pre-
dict hydrogen production in a microchannel setup based on the
experimental setup of Eilers [1]. For these studies, the active Pal-
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ladium catalyst sites were found to be few and distributed along
the channel walls. In order to account for the non-uniformity
and intermittency in active sites, a simple model modifying the
reaction rate constant through a single constant factor was inves-
tigated. The reaction-rate correction factor was determined by
matching the exit hydrogen production against the experimental
data for one particular flow rate. Using this reaction-rate con-
stant, simulations were performed at different flow rates and hy-
drogen production was compared with the experimental data to
show reasonable agreement. This validation shows that use of an
experimentally calibrated reaction-rate factor can be used to per-
form parametric studies and prediction of hydrogen production
in microchannel reactors.

A simple one-dimensional model of the complex microchan-
nel reactor was developed and verified against the resolved DNS
study to show very good predictions. For the present cases stud-
ied, the thermo-diffusion effects (for example the Soret and Du-
four effects) were not considered; however, it is conjectured that
these effects may not affect the hydrogen production results sig-
nificantly. Simulations are currently being performed varying
the inlet steam-methane ratio, wall temperature distributions, and
wall heat fluxes to investigate potential operating ranges for opti-
mal production of hydrogen using microchannel configurations.
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