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ABSTRACT

Numerical modeling of methane-steam reforming is per-
formed in a mini/microchannel with heat input through Nickel-
deposited channel walls. The low-Mach number, variable den-
sity Navier-Stokes equations together with multicomponent reac-
tions are solved using a parallel numerical framework. Methane-
steam reforming is modeled by three reduced-order reactions oc-
curring on the reactor walls. The surface reactions in the pres-
ence of Nickel catalyst are modeled as Neumann boundary con-
ditions to the governing equations. Effects of the total heat input,
heat flux profile, and inlet methane-steam molar concentration
on production of hydrogen are investigated in detail.

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]

%im Binary diffusion coefficient, i corespondents to the chem-

Sourabh V. Apte
School of Mechanical, Industrial and
Manufacturing Engineering
Oregon State University
Corvallis, Oregon 97331
Email: sva@engr.orst.edu

John Schmitt
School of Mechanical, Industrial and
Manufacturing Engineering
Oregon State University
Corvallis, Oregon 97331
Email: schmitjo@engr.orst.edu

ical species, [m?/s]
E,; Activation energy of the k" reaction, [kJ /mol]
h  Specific enthalpy of mixture, [kJ/kg]
h$.  Specific enthalpy of formation of the i species, [kJ /kg]

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]

#; 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?]

Qioral Flow rate of both inlet methane and steam, [ml/min]

r  Reaction rate of k' reaction, [kmol /m* — s]

s; Rate of chemical species adsorption and desorption at the
catalyst surface of species i, [kmol; /m* — s]

R Universal gas constant, [kJ/kmol — K]

t Time, [s]
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T 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, [n]

Y; Species mass fraction of species i, [kg;/kgmixture]

Yyouiki Bulk species mass fraction of species i, [kg;/kgmixture|

o Temperature exponent, [1]

W 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
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]

1

" chemical species in re-

INTRODUCTION

The present work investigates conversion efficiency of
biomass-based gaseous products (CH4,C0>) using a micro/mini-
channel reactor. This design exploits the short diffusion lengths
for reactant gases in microchannels, such that the reaction may
occur near stoichiometric conditions (using very less excess re-
actant gases), thereby substantially increasing the efficiency of
the system. Such a design has several advantages: (a) reduced
mixing time for non-premixed reactants since diffusion time is
limited 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.

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 micro/mini-channel reactor with Nickel 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 [1,2,2-4]:

CH4 +2H,0 <= CO; +4Hy; AHYg = +165 kJ/mol (1)
CO+H,0 <= CO,+Hy; AHY = —41kJ/mol (2)
CH 4+ H,0 <= CO+3H,;  AH)q = 4206 kJ /mol. (3)

There have been several studies on micro/minichannels re-
actors with Rhodium, Palladium or Nickel catalysts arranged in
the form of a packed bed [3-6]. Recently, Wang et. al. [2]
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 [1] investigated the effect of heat flux
distribution on methane-steam reforming using reduced reaction
mechanisms in a microchannel with Nickel catalyst. The goal
of this work is to investigate the effect of inlet steam-methane
ratio, the distribution and amount of external heat flux on the
physicochemical reactions, species diffusion, and heat transfer
processes inside the microchannel reactor. Accordingly, the pa-
rameters varied in this work are the heat flux magnitude (|¢”|),
heat flux profile (§” = f(x)), steam-methane ratio (S : M) and to-
tal flow rate (Q). The microchannel geometry is chosen based on
the work by Wang et. al. [2] and their experimental data is used
to first validate the numerical model.

Mathematical Formulation

The mathematical formulation is based on the variable-
density, Navier-Stokes equations together with species mass-
fraction and enthalpy equations [7]:

%ﬁ: + ;xj(Puj) =0; )
agtui + aij(l?uiuj) = —%Z + 32}1 ©)
8§tY,- +aij(p”fy") _ 8‘; ( @i’m(ﬁ) L al" i =1..N(6)
aaih—l-;xj(pujh) = —32 +ud,; N

where Ny, p, u;, Yi, p, h, g, 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
(9;m) depending upon the local composition and temperature.
The mixture density is obtained from the equation of state for an
ideal gas,

PRT
= 8
P %mixture7 ( )

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, .#yixture = (ng'Y %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 [5, 6]. The total
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enthalpy £ is given as

Ny
h fmlx + / CpledT hﬁll[)( ZYlh?} ) (9)

Where, 4 is the total enthalpy of the mixture, h;m' is the enthalpy
of formatlon of the mixture, h” is the enthalpy of formation for

the i species, ¢, is the spemﬁc 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 [5]
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 [5, 8]; 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 3,1) 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 [9, 10],

re = ky I [V (10)

Eq i
kpi = Axexp (— 2T ) : (11)

where C; denotes the concentration per unit volume of the i
chemical species in the mixture, k¢ is the specific reaction rate
constant for the k' reaction and v,il, which is dimensionless, is
the stoichiometric coefficient of the i chemical species in the
k' reaction. Experimental data for the reaction activation energy
(E, ), the activation constants A; and oy for each k' h reaction is
obtained from the experimental data [3,4]. It should be noted that
the predictive capability of the numerical approach depends on

accurate characterization of the surface reactions rates. Detailed
chemical kinetics pathways for catalytic surface reactions [5, 8]
were used in the modeling of the catalytic reaction on the channel
surface. In the present work, we use a reduced reaction mecha-
nism to reduce the computational cost. There have been previous
studies on methane-steam reforming [2] and Kutnetsov [1] using
similar three-step reduced reaction mechanism.

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 [1,5]:

_ Y
7 on

aT
Sl%l 7k$

3
= Gwai + ZrkAHR,b 12)
%

where §; is the rate of chemical species adsorption and desorption
at the catalyst surface, .#; is the molecular weight of species i,
qwanr 1S the rate of external heat supplied to the wall, AHg is
the heat of reaction, ry is the reaction rate of the k" surface re-
action. The surface adsorption and desorption rates depend on
the coverage of the catalyst over the surface and surface site den-
sity [1,5,6]. 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 Vi) = Vi () (13)

where is 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 [11-14]. 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
or WENO discretization [11, 14]. 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
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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
details of the numerical approach are given in [11,13,14]. In the
present work, the total enthalpy equation is re-written in the form
of a transport equation 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

Figure 1 shows the schematic of the computational domain
with the height and spanwise length of 4.5 mm axial flow length
of 0.13 m. A porous nickel catalyst section, on the top and bot-
tom walls starts at flow length of 0.015 m and continues up to
0.115 m. This catalyst configuration allows the flow to develop
before the reaction zone. The Reynolds number varies between
simulations but is always in the laminar flow regime. A struc-
tured Cartesian grid was used in this simulation with 25 x 800
control volumes in the vertical and axial directions, respectively.
For the present study, variations in spanwise directions were
assumed negligible, and a two-dimensional configuration is as-
sumed.

- 0.13m -

i1

Inlet Outlet
——— —
4. 5mm

¥
B e e — R

Wall Catalyst Wwall

FIGURE 1. Schematic of the mini-channel reractor with catalyst on
the top and bottom surfaces. A two-dimensional approximation is used
in numerical studies.

In this zero-Mach number variable density reacting flow
computation, the reactor pressure is assumed constant at 100 kPa.
The inlet temperature is set to 973 K for all cases. The total
heat flux (|¢”]), the heat flux profile (¢” = f(x)), the inlet steam-
methane ratio (S:M), and the inlet flow rate (Q) are varied and
their effects on H; production are investigated. A uniform inlet
velocity field (based on the flow-rate and inlet area) together with
Dirichlet conditions for the species mass fractions (based on the
steam-methane ratio) are specified. A convective boundary con-
dition is imposed at the outlet section. No-slip conditions are
assumed on the walls. For regions with no catalyst a zero-flux
Neumann condition is employed for the species mass-fractions

and temperature fields. For the catalyst region, the species mass-
fractions and temperature conditions are based on the catalytic
reactions (equation 12).

Characterization of Porosity of Catalyst Surface
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FIGURE 2. Variation of species concentrations along the microchan-
nel reactor (a) and reaction rates along the microchannel reactor (b). The
flow rate is 800 ml/min, steam-methane ratio is 2.5 and constant wall
temperature is 973 K.
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TABLE 1. Exit hydrogen concentration and percentage CH4 consumption for various flow rates compared with experimental data [2].

Flow Rate Xn, [2] Present Xy, 9% CH, consumption [2] Present % CH4 consumption
ml/min ~ Molar Fraction Molar Fraction %
100 0.515 0.503 87.5 89.0
200 0.486 0.444 81.5 78.0
300 0.451 0.412 75.2 73.3
400 0.423 0.400 67.5 69.9

Accurate characterization of the reaction on the catalyst sur-
face is critical to correctly predict the chemical conversion in the
microchannel reactor. Given the complexity of the surface reac-
tion mechanisms in the presence of a porous catalyst, it is dif-
ficult to completely model the diffusion and chemical reactions
through the porous surface. The reaction-rates predicted by the
equations 1, 2 and 3 for a non-porous catalyst are first calibrated
against the experimental data by Wang et al. [2] on microchannel
methane-steam reforming for a porous catalyst. These reaction
rates are then used to predict the hydrogen production for dif-
ferent cases studied experimentally [2] to show good agreement
with the experimental data. Wang et al. [2] also used a simi-
lar procedure for their numerical simulations. Accordingly, for
a flow-rate of 800 ml/min, constant wall temperature of 973 K
and inlet steam-methane ratio of 2.5, the reaction rates were cal-
ibrated to match the exit bulk molar concentrations of Hy. The
bulk mass-fractions at a channel cross-section is defined as,

1
Ypuik.H, = E/AMYHZdA. (14)
C

where # is the average velocity at the cross-section. With this
input from the experimental data, a series of runs at varied flow-
rates were conducted to predict the exit hydrogen concentrations
and compared with the experimental data in Table 1 to show rea-
sonable match.

Figure 2a shows the molar fractions of all species along the
microchannel wall for the inlet flow-rate of 800 ml/min. For
this high flow rate, it is seen that hte conversion of CHs to H»
is not complete over the microchannel length. The molar frac-
tion variations shown are on the catalyst surface. Downstream
of the catalyst, the molar fractions of H,O and CHj near the cat-
alyst surface increase. This is mainly because of diffusion of
methane and steam from the centerline of the microchannel to
the channel walls. However, because of lack of catalyst there
are no reactions. Figure 2b shows the distribution of reaction
rates for the three chemical reactions considered. It is observed
that the first reaction (equation 3) is most dominating compared
to the exothermic water gas shift reaction and the other reaction
producing CO. Figure 3 shows the dominant reaction rate for dif-

ferent flow rates. For lower flow-rates, and thus with increased
convective residence time, the reactions to go to completion and
majority of the methane is consumed to produce H; as expected.

01 F 8 ° Q. = 100ml/min
0.08 |- o B Q,,,,, = 200ml/min
- v Q. = 300ml/min
006 ¢ Q,,,, = 400ml/min
5 : o Q= 800ml/min
0.04 |-
[ Catalyst
0.02 -

Reaction Rate [mol/m?-s]

| T IR T IR 1
002 004 006 _ 008 01 0.2
X [m]

FIGURE 3. Variation of surface reaction rates for different flow-rates
and a steam-methane ratio of 2.5 with constant wall temperature of
973 K.

Magnitude Heat Flux

The reaction rates are highly dependent on the local tem-
perature. Here, we investigate the effect of external heat flux
on H, production. Four heat flux magnitudes were enforced at
mean values of 0, 1, 2 and 3 kW / m?. The heat flux is also lin-
early increasing along the channel wall. The steam-methane ratio
was set to 2.5 and the flow rate for these cases is maintained at
400ml /min. 1t is found that, with increase in the amount of heat
flux, the H, production as well as reaction rates at the wall in-
crease. Increased value of heat flux increases the temperature
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FIGURE 4. Variation of H, concentration (a) and reaction rate (b)
along the microchannel reactor for different wall heat fluxes.

along the wall, leading to enhanced H; production. The reaction
rates plot indicates a peak in their values at the beginning of the
catalyst surface. The premixed H, O-CH4 mixture diffuses to the
catalyst surface and reacts to produce hydrogen. Production of
H, is an endothermic reaction, and this causes the temperature at
the wall to initially decrease. Reactions continue to occur along
the channel wall, however, their rate is decreased. The amount
of methane and steam diffusing to the channel wall are also af-
fected with production of H; in the upstream section. Since the

inlet temperature of the premixed mixture is relatively high, re-
actions are initiated even for the case of no heat flux; however,
the amount of H, produced is considerably lower compared to
high heat flux cases. The variation of H, molar fraction shows
a decrease after the catalyst section. This is mainly because of
diffusion of H, produced at the wall to the centerline of the chan-
nel; however, the bulk H, molar fraction remains the same after
the catalyst section.

Heat Flux Profile

Since methane-steam reforming is an endothermic reaction,
the temperature values near the catalyst wall are bound to drop
in the absence of heat addition. However, in order to explore the
effect of heat-flux profile on the non-linear nature of the reaction
rates and H, production, we considered three different heat flux
profiles: uniform distribution, ramp up, and ramp down wherein
the heat flux is varied linearly along the channel walls. For all
cases, the average heat flux over the microchannel length is kept
fixed at 2 kW /m? and the steam-methane ratio was set to 2.5 at a
flow rate of 400m! /min. Figures 5 show the variation of H, molar
concentrations along the channel together with wall temperature
for the three different heat flux profiles. It is observed that, for
all heat flux profiles, the temperature drops in the upstream sec-
tion of the channel where the reaction rates are large. The ramp
down heating, however, does not raise the temperature of the wall
sufficiently to produce higher H, concentrations. Small increase
in temperature occurs mainly because the endothermic reaction
rates are smaller and also there is heat addition. The ramp-up
distribution, seems to give increased production of H. It should
be noted that in the present microchannel, the conversion of CHy
is not complete for the flow rate of 400 mi/min. This indicates
that a longer microchannel is needed for complete conversion.

Steam Methane Ratio

Finally we vary the inlet steam-methane ratio for a flow rate
of 400 ml /min and average heat flux of 2 kW /m?. The heat flux
profile is linear ramp-up along the channel wall. The reaction
rates are non-linear functions of the reactant concentrations. Ow-
ing to the three-step reduced reaction kinetics studied here, we
define the optimal steam-methane ratio as the averaged ratio of
the stoichiometric coefficients for steam and methane weighted
by the corresponding reaction rates for all three reactions. It was
found that, a steam-methane ratio of approximately 3.0 (on mo-
lar basis) provides the maximum H; production as seen from fig-
ure 6.

Conclusion

Numerical experiments investigating effectiveness of a
mini/microchannel reactor geometry on methane-steam reform-
ing are performed using a low-Mach number, variable den-
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FIGURE 5. Variation of H, Molar concentration (a) and wall temper-
ature (b) along the channel wall for different heat flux profiles. The av-
erage heat flux is kept constant at 2 kW / m?, the flow rate is 400 ml /min
and steam-methane ratio is 2.5.

sity Navier-Stokes equations together with multicomponent re-
actions. Methane-steam reforming is modeled by three reduced-
order reactions occurring on the reactor walls, two of which are
endothermic reactions and an exothermic water-gas shift reac-
tion. The reaction rate constants are for a Nickel-deposited cat-
alyst. The reaction rate constants are obtained based on the ex-
perimental work by Wang et al. [2] and are matched for a high
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FIGURE 6. Effect of varying the inlet steam-methane ratio on H, pro-
duction at flow rate of 400 mi/min and average heat flux of 2 kW /m?.

flow-rate constant wall temperature case. The predictions of the
numerical simulation are first validated against the experimental
data for different flow rates to show reasonable agreement of H,
production and methane consumption.

The validated numerical model, was then applied to perform
parametric studies investigating effect on hydrogen production.
The amount of heat flux, the heat flux profile, and the steam-to
methane ratio were varied for a fixed total mass-flow rate. It was
found that, for all cases majority of the conversion to H, takes
place in the upstream section of the microchannel where the re-
action rates are considerably large. With production of products
such as CO and CO, and H,, the reaction rates drop along the
length of the channel. It was found that manipulating the wall
heat flux profile can result in optimal A, production for a specific
steam-methane ratio. It was also found that accurate quantifica-
tion of the reaction rates and porosity of the catalyst surface are
critical for numerical model predictions. Ongoing work at OSU
involves experimental measurements of catalytic reaction rates
in the presence of Palladium catalyst. This data will then be used
to investigate response to temporal variations in heat fluxes and
heat flux profiles on H, production using solar energy.

The above results were obtained in a mini-channel; how-
ever, studies are currently being performed in using microchan-
nels minimizing the diffusion time-scales in the reactor.
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