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Microscale autothermal reactors remain one of the most promising technologies for
efficient hydrogen generation. The typical reactor design alternates microchannels
where reforming and catalytic combustion of methane occur, so that exothermic and
endothermic reactions take place in close proximity. The influence of flow arrangement
on the autothermal coupling of methane steam reforming and methane catalytic com-
bustion in catalytic plate reactors is investigated. The reactor thermal behavior and
performance for cocurrent and countercurrent are simulated and compared. A partial
overlapping of the catalyst zones in adjacent exothermic and endothermic channels is
shown to avoid both severe temperature excursions and reactor extinction. Using an
innovative, optimization-based approach for determining the catalyst zone overlap, a
solution is provided to the problem of determining the maximum reactor conversion
within specified temperature bounds, designed to preserve reactor integrity and opera-
tional safety. © 2010 American Institute of Chemical Engineers AIChE J, 57: 2518-2528, 2011
Keywords: reactor analysis, mathematical modeling, optimization, numerical solutions

Introduction

Over the past half century, the chemical industry has been
driven by the economy of scale. Chemical engineers built
ever larger plants to increase efficiency and reduce per-unit
production costs. This approach entailed, however, several
disadvantages, including increased safety and environmental
risks due to large inventories of hazardous materials and
economic risks caused by overcapacity.

New trends in chemical engineering promote process
intensification and the use of flexible, miniaturized plants
that facilitate localized production.' Several key elements
are widely accepted as drivers for future development®: a
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reduction in capital investments and energy use, increased
process flexibility and lower inventories, an ever greater em-
phasis on process safety, and improved environmental per-
formance. The motivation and goal behind process intensifi-
cation is thus “to do more with less.” In intensified proc-
esses, the transfer and transport limitations are minimized,
and the process is governed by chemical reaction rates.’®
Microchemical engineering is both a direct product and a
driver of process intensification and miniaturization: working
on a small scale facilitates the adaptation of the equipment
to the process requirements and, at the same time, the com-
bination of multiple operations in a reduced number of phys-
ical units.

Within the realm of process intensification, microchannel
process technology has made significant strides over the last
decade,4 with methane steam reforming reactors aimed at
small-scale hydrogen production being one of its most

AIChE Journal



suitable applications as well as one of its most notable prod-
ucts. Typical reactor designs alternate microchannels for
reforming and catalytic combustion, so that the exothermic
and endothermic reactions take place in close proximity.
These channels typically have a height of the order of milli-
meters and a catalyst thickness of the order of microns. The
advantages of microreactors over conventional reactors
are the high heat transfer coefficients and minimal intracata-
lyst diffusion resistance, ' which leads to an order-of-magni-
tude reduction in reactor size.® Novel manufacturing techni-
ques7_9 have recently allowed microchannel technology to
materialize in commercial offerings such as a gas-to-liquids
process. '’

Despite these advances, several design challenges must be
overcome. Most studies and applications favor a cocurrent
design, whereby the reforming mixture and the fuel are fed
at the same end of the reactor. A countercurrent layout
would bring the advantage of a greatly simplified flow distri-
bution and reactor assembly. However, producing balanced
countercurrent designs that match the rates of heat genera-
tion in the exothermic channels and heat consumption in the
endothermic channels remains an important issue.''™"> Previ-
ous studies'"'*!> indicate that the coupling of methane
steam reforming with methane combustion in a countercur-
rent flow arrangement is difficult: the reactant depletion
occurs in opposite directions relative to the reactor length.
This complicates the efficient synchronization of the reaction
rates and therefore the rate of heat generation and heat con-
sumption, with the reactor thermal behavior typically drifting
to one of two extremes:

e if the heat generated in the combustion side cannot be
consumed at the same rate, the temperature increases beyond
acceptable limits, resulting in hot spots that can destroy the
catalyst coating and jeopardize the structural integrity of the
supporting material.

e if the endothermic reaction rates are higher than the
combustion reaction rates, the temperature drops, resulting in
reactor extinction.

The effective countercurrent coupling of exothermic and
endothermic reactions and, equivalently, improving the
match between the respective heat generation and heat con-
sumption rates require modifications to the reactor design.'®
Alternatives include using a distributed fuel feed along the
reactor length (rather than feeding all the fuel flow at one
end), multiple passes for better heat recovery,” and a setup
that features a shifted, incomplete overlap of the catalyst-
coated zones in the combustion and reforming channels.
Modifying the activity of the catalyst is a further option for
alleviating issues related to the formation of hotspots,'’
shown to be effective in cocurrent setups but bringing lim-
ited benefits to countercurrent designs.'®

This article investigates the influence of flow arrangement
and catalyst distribution for autothermal coupling of methane
steam reforming and methane catalytic combustion in cata-
lytic plate reactors. The reactor thermal behavior and per-
formance for cocurrent and countercurrent flow are simulated
and compared. A design involving a partial overlap of the
catalyst zones in adjacent exothermic and endothermic chan-
nels is proposed to avoid both severe temperature excursions
and the extinction of the reactor. A novel, rigorous optimiza-
tion-based approach for determining the catalyst zone over-
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lap that results in a maximum reactor conversion within
specified temperature bounds is introduced. Using the
dynamic model of the reactor, a time relaxation-based solu-
tion technique is presented for the optimization problem.
Several model modifications, which exploit the physical
characteristics of the reactor model to improve its numerical
solution properties without altering the steady-state solution,
are also presented.

Description of the Reaction System

The reaction system considered in this work is the endo-
thermic steam reforming of methane and methane catalytic
and homogeneous combustion, taking place in alternate
channels of a catalytic plate reactor (CPR). The main chemi-
cal reactions involved in the reforming process are

e methane steam reforming CH4 + H,O < CO + 3H;
AH = +206.1 kJmol™" (1)

CO + H,0 < CO, + H,
AH = —41 kJmol™' (2)

e water— gas—shift

e reverse methanation CH4 + 2H,O < CO, + 4H,
AH = +164 kImol ' (3)

Side reactions may involve carbon deposition that can be
suppressed by using an excess of steam at minimum molar
ratio steam:methane of 1.7. However, in a conventional
steam methane reformer, a steam to carbon ration of 2.8 is
most commonly used. A study by Elnashaie et al.' showed
that the general rate equation based on Langmuir-Hinshel-
wood-Hougen-Watson approach, developed by Xu and Fro-
ment®® for a 15.2% Ni/MgALO; catalyst, describes most
accurately the process for a wide range of parameters. Con-
sequently, this kinetics is used in this work to describe the
steam reforming process. The rate equations for the chemical
reactions (1), (2), and (3) are

k ﬁf_b ‘Pco
1’?’2 PCH, " PH,0 — Tk,

r= , kmolkg_! h™' (4

(Den)?
s ( __ Py Poy
Pco * PH,0 K. )
ry =" (D;n)z /. kmolkg,! h™' (5)
e DPcHy " Pl0 ~ Tk, T
AT
where :

Den = 1 4 Kcopco + Ku,pu, + Kcn,pen, + Kn,opm,0/pH,
(7)

The values of pre-exponential factors, activation energies, heats
of adsorption, and equilibrium constants are given in Table 1.

Catalytic combustion of methane is most commonly car-
ried out by supported noble metal catalysts (Pt, Pd, and Rh).
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Table 1. Pre-Exponential Factors for Reaction Rates, Heats
of Adsorption, and Corresponding Activation Energies

Activation
Energy,
E, (k] mol™ 1),
Pre-Exponential Heat of
Factor Adsorption (—AH),
Constant A(ky); AKY) (kJ molfl)
ky (kmol bar™ kgZ! h™")  4.225 x 10" 240.1
ky (kmol kg_! h™"bar™")  1.955 x 10° 67.13
ks (kmol bar’” kg! h™")  1.020 x 10" 2439
Kco (bar™h) 823 x 107° 70.65
Kcn, (bar™") 6.65 x 10°* 38.28
Kiro 1.77 x 10° —88.68
Ky, (bar™") 6.12 x 1077 82.9

K. = exp(—26,830/T + 30.114) (bar®)
Ke> = exp(4400/T — 4.036)
K. = exp(—22,430/T + 26.078) (bar®)

The last three lines give equilibrium constants for steam reforming, water—
gas shift, and reverse methanation.

With both Pd and Pt catalysts, the reaction order in oxygen
tends toward zero, while the order in methane is usually
about unity. The activation energy depends on the metal and
reaction conditions. For methane catalytic combustion, the
activation energies were found to have values in the range
of 75-200 kJ mol "> In this work, a first-order kinetic
expression with respect to methane was used in the calcula-
tions along with activation energy of 90 kJ mol '. Homoge-
neous combustion has a contribution at high temperature.
The reaction order related to methane and oxygen for homo-
geneous combustion is —0.3 and 1.3, respectively, with a
pre-exponential factor of 8.3 X 10° s~' and activation
energy of 125.49 kJ mol "%’

Mathematical Model

A two-dimensional (2-D) dynamic reactor model has been
developed to investigate the influence of flow arrangement
for a catalytic plate reactor. The model considers a single
plate within the reactor, together with the adjacent channels
that accommodate the catalyst layers, as represented in Fig-
ure 1. Symmetry boundary conditions are imposed at the
centerlines of the channels. A 2-D geometry was adopted for
the gas phase and the solid wall. The catalyst layers were
modeled using a 1-D approach, justified by the fact that their
thickness is small compared with the reactor length (the as-
pect ratio 4~ 6.7 - 1079).

The inlet velocity profile considered was that of a fully
developed laminar flow between two infinite parallel plates,*®
with the Reynolds number ranging between 50 and 300 for
the calculations performed. The velocity variation in the reac-
tor takes into account the influence of temperature and com-
position changes so that the global mass balance is satisfied

j R;

= / i, dx; ®)
0 v

R.
itz dx;

0 7=

The temperature dependence of the physical properties of
the chemical species was also incorporated.6 The diffusion
coefficients were calculated assuming a binary mixture
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between component i and H,O (reforming channel) or air
(combustion channel). The effective diffusion coefficient for
the catalyst layer is calculated from

e 1 1 \!
Dyt = [ — 4 —— 9
eff; T (DKi_j + DGiA’j) ( )

where Dg, is molecular diffusion coefficient calculated by
Fuller’s method and the Knudsen diffusion coefficient, and
DKi,j is calculated®® as

7*_]_(:31
D, = 97Ro\ 51~ (10)

The mathematical formulation of the CPR model is given
in Table 2. It consists of mass balances for all the species in
the gas phase and the catalyst layers and heat balances for
both the reforming and the combustion channel, as well as
the solid wall.

The performance of the reactor is evaluated in terms of
conversion, which is calculated by integrating the local mass
flow rate in each channel

R
| pjuzocn, dx;
0

Xj(Z) =1-

: (1)

R;
| piuzoc, dx
0

z=0

where OcH,, is the mass fraction of methane.

Numerical Solution

The mathematical model was implemented and solved in
gPROMS.* A backward finite difference method of the sec-
ond order was used for discretizing the spatial partial deriva-
tives over 40 nodes along the axial direction, whereas
orthogonal collocation on finite elements was used for the
transverse direction. The latter choice was motivated by the
predominantly dispersive nature of the transverse mass and
heat transport.31 Third-order polynomials over three finite
elements were used.

o o tm it e mtm et co
CH, L Reforming Channel *! co,
o X i CPIEf
Reforming Catalysf Layer s ea 4
R, e o 1,0
0 —To
X, Solid Wall
3, ey
R, iy Combustion Catalyst Layer :51“" ICI%
CH,

; Combustion Channel
Air

Figure 1. Single-plate geometry within the catalytic
plate reactor depicting the modeling domains.

Full-length catalyst distribution. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.
com.]

September 2011 Vol. 57, No. 9 AIChE Journal



Table 2. Mathematical Model

Gas Phase
Mass balances

J
+ E , (Vi * Thomog &7 “Miy)
k

Energy balances

TS

ot} aTE g
pjcllfﬁ + Pjuz;Cpj E = 8— kj %

X8
j

Continuity equation

% 8pju:/70
ot 0z

Equation of state for ideal gas

Boundary conditions
1. Inlet conditions:
For co-current flow:

J : o D ) i 8
E""pju.’, oz *% pj i—mix; Ox8 +

0 ( T
*&(f@)

z=0; Vx& for channels 1 and 2
For countercurrent flow:
z=0;

Vx# for channel 1 (reforming process)

8&){*’]

9 <iji,—mix, e

z=1L; Vx® for channel 2 (combustion process)

e inlet composifion: 0f = w?_j
o inlet temperature: T¢ = T?

e parabolic inlet Veloéity profile u, = 1.5 - u

2. Outlet conditions:
For cocurrent flow:

z=1L; Vx® for channels 1 and 2

I
For countercurrent flow:

V\Jcm: Seat

z=1L; Vx® for channel 1 (reforming process)
z=0; foc’ for channel 2 (combustion process)
q dof;  OTE Ouy,
o zero flux -~ =— ===
3. Channel center: Vz; x{ =0
8(0% 8T§ Ouy,
[ symmetry @ = a—XIg = aXIg =
4. Catalyst surface conditions: Vz; x]g =R
8w% 8(02“‘
PiDG i-mix; | _ijeff_i,jW
J ,\;‘:Rl 1
T . OT.
j:lvkl_1 =H + A .
Oxe Oxg|y o
A‘f =R, s
. ars , O
J= 2, k» a}(~ = 112 /“sax
2 |x,=R, S Ixg=0

e no slip conditions u, = 0
Catalyst Layer

Isothermal in transverse direction cha‘ = Tig
Jle_p
il )

Mass balance

awcal

2 .
aTicm (ijeffi_j 8)(;:“) = _ zk: (\!i,k‘j Tk ‘Mi,j)
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Table 2. (Continued)

Boundary conditions

1. Inlet conditions: z = 0O;

3(0?3-‘
0z

2. Outlet conditions: z = L; fo""
cat
ij
=0
0z
3. Wall conditions: Vz; x{* =0

oy
e zero flux =

oxs™
j

4. Catalyst surface conditions: Vz; x]““ = o

yeat
i

e zero flux =0

e zero flux

 =q peat
xf =R; 4

e

8]

xeat —geat
J

Effectiveness factor

5&“
1 - cat
g J s
0

Nefr _kj =

Tk

ljml —gea

Seat
Reaction heat flux H; = Y (7AHk‘j - f rk,jdxjcm>
B 0

SOE: }Z:ile ation 1 + o1, 0
uati =
P q 0% Ox?
Boundary conditions: IT.
1. Inlet condition z = 0;  Vxg; d—‘ =0
Ty
2. Outlet condition z = L;  Vxg; ~=0
0z
3. Reforming wall Vz;  Ty|, o= T, g,
4. Combustion wall Vz; Ty, _s = Ta|,, g,

Steady-state solution

The exponential temperature dependence of the reaction
rates, along with the large pre-exponential constant of the
combustion reaction, led to the presence of terms of vastly
different magnitudes in the model equations—even when
these are written in dimensionless form—reflected in steep
axial temperature and composition gradients. These traits,
along with the difficulty of finding an appropriate initial
guess, significantly complicate the derivation of a steady
state solution for the model equations.

To mitigate these numerical challenges, a time relaxation
solution approach is introduced, predicated on exploiting the
dynamic component of the models for obtaining a steady-
state solution. In this context, the temperatures and composi-
tion variables are considered as states of the dynamic model,
which is then integrated numerically from an initial condi-
tion (rather than solving from an initial guess) until a steady
state is reached (as indicated by a zero value of the time
derivatives of the state variables).

Based on physical insights, the following model-level
modifications were implemented:

(a) Time scale stretching: Autothermal reactors feature a
multiple time scale dynamic behavior, with the transient evo-
lution of the variables in the fluid phases being much faster
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than that of the corresponding variables in the solid wall.
The temperature and composition of the fluid phase are thus
almost always at a quasi-steady state with respect to their
solid counterparts. This discrepancy can be traced to the vast
difference between the physical properties—notably density
and heat capacity—of the solid and fluid phase," i.e.

c
Peme (12)
psCPs

To reflect this trait, the material and energy balance equa-
tions of the fluid phase in the channels are rewritten in a
stretched time scale © = #/¢

8pj B apj c')Tjg _ 8Tjg
5785 and o =& BT (13)

A value of ¢ = 1/10,000 was chosen, which is of the order
of magnitude of the above heat capacity-density ratio.

This results in “speeding up” the dynamics of the fluid
phase, bringing the fluid temperature and composition to a
quasi-steady state. Note that this approach is practically
equivalent for solving a differential-algebraic equation
(DAE) system having the wall temperatures and composi-
tions as the only differential variables. However, the numeri-
cal issues typically associated with computing consistent ini-
tial values for the algebraic variables of a DAE system® are
eliminated.

(b) Dynamic extension: To alleviate the impact of axial
stiffness on solver stability and performance, a dynamic
extension is introduced, whereby the reaction rate laws are
modified to include the state o

i = min(x, 1)ry (14)
with

doa/dt =0, a(t=0)=0 (15)

This technique allows for the reaction rates to be
increased gradually in a simulation, following a ramp profile,
with significant numerical benefits. The value of w (v =
107°) was chosen to be of the order of magnitude of the
slowest natural time constant of the reactor, namely that of
the wall temperature.

It is easy to verify that these modifications do not alter
the steady-state problem formulation and its solution. Never-
theless, it is important to note that the transient part of the
solution is distorted by the system modifications; the time-
dependent temperature and composition trajectories thus
obtained are not physically meaningful.

Optimization

The solution of an optimization problem entails finding
the maximum (or minimum) of an objective function, J(x,/),
by varying a set of decision variables, /, subject to con-
straints, which can be expressed as either equalities (f) or
inequalities (g)

2522 DOI 10.1002/aic
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mlaxJ(x, l)

st f(x,1) =0 (16)
g(x,0) <0

The above equation describes the most general formulation,
a nonlinear program, in which both the objective and the con-
straints are nonlinear functions; conversely, a problem involv-
ing a linear objective and linear constraints is referred to as a
linear program. The time dependence of x (and implicitly, of
J1f) affords a further classification into steady-state (if they
are time independent) and dynamic (time dependent) pro-
grams. In the dynamic case, the constraints can in turn be inte-
rior (which apply to an interval covering some or all of the pe-
riod of time considered in the optimization) or end point,
applied only at the end of the time period. Further details on
optimization can be found in standard texts. >3

As with most equipment designs, the formulation of the
optimization problem for autothermal reactors entails maxi-
mizing a performance criterion (e.g., the conversion in the
reforming and/or combustion channels), subject to satisfying
constraints pertaining to the process, catalyst and reactor ma-
terial (which will be discussed later in the article), as well as
the model equations.

It is intuitive that the numerical challenges encountered in
solving the model equations at steady state translate into
difficulties in satisfying the corresponding constraints in a
steady-state optimization scenario. To mitigate this issue, the
time-relaxation strategy for obtaining a steady-state solution
was extended to solving the steady-state optimization problem.
Specifically, the steady-state optimization problem is formulated
as a dynamic program, seeking to maximize the objective func-
tion and satisfy all the constraints at the end of the time horizon
of the problem (which is chosen to be sufficiently long to allow
for the reactor to reach a steady state) and ignoring the con-
straints as the system transitions toward steady state.

A schematic representation of the optimization algorithm
is presented in Figure 2. This optimization algorithm has
recently been made commercially available as part of
gPROMS.*

Results and Discussion
Reactor performance for cocurrent flow arrangement

The thermal behavior of the cocurrent CPR—using the pa-
rameters in Table 3—has been investigated extensively in a
previous study.® Cocurrent flow provides a good balance
between the rates of heat generation (in the combustion
channel) and heat consumption in the endothermic channel.
Because in this case the resistance to heat transfer is mini-
mized,” the heat balance depends mainly on the relationship
between the rates of the endothermic and exothermic reac-
tions. A cocurrent flow arrangement has the advantage of
matching the rates at which reactants in both channels are
depleted along the reactor length. As illustrated in Figure 3,
the axial evolution of the methane conversion in the two
channels is well synchronized, and the axial temperature pro-
file exhibits a steady increase from the inlet to the outlet.
Figure 3 shows the dimensionless transversal mid-point tem-
perature of the metallic plate, which varies from the initial
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Table 3. Data Used for Base Case Calculations

Gas Phase Reforming Side Combustion Side
Inlet conditions
Composition (vol %) 21.28% CH,4 9.1% CH,4
71.45% H,0 90.9% Air
1.19% CO,
2.60% H,
3.48% N,
Temperature 793 K
Pressure 1.1 bar
Velocity 4ms! 32ms !
Geometry
Plate length 0.3 m
Channel half height 1 mm
Catalyst layer
Thickness 20 pum
Pore radius 10 nm
Porosity 0.4
Tortuosity 4
Thermal conductivity 0.4 W mK™!
Kinetics
Pre-exponential factor See Table 1 4 x 108 s7!
Activation energy See Table 1 90,000 J mol ™!
Solid wall
Thickness 0.5 mm
Thermal conductivity 25Wm ' K!

value of 1 to a maximum of 1.33 (equivalently, the tempera-
ture of the plate mid-point varies from 793 to about 1058
K). This allows high outlet conversions (95 and 98%, respec-
tively) for both methane steam reforming and catalytic com-
bustion. Synergistic coupling of heat generation and heat
consumption is also evinced by the evolution of the axial
heat fluxes, as shown in Figure 4: the peak of heat genera-
tion by combustion and heat consumption in the endothermic
channel are located at almost the same axial coordinate.

Reactor performance for countercurrent flow
arrangement and full-length catalyst distribution

The reactor behavior has been simulated with identical
inlet conditions (Table 3) for a countercurrent flow arrange-
ment. A full-length catalyst distribution was considered in
both channels, and (as in the aforementioned cocurrent case)
it was initially assumed that only catalytic combustion takes
place in the combustion channel. Simulation results for the
dimensionless mid-point plate temperature and for the meth-
ane conversion in both the reforming and the combustion
channels are given in Figure 5. The plots indicate that a sim-

Set initial conditions for

Make initial guess for ‘

é temperatures and compositions decision variables
©
2
s
= Integrate reactor model to
steady state

Calculate the gradients of |

the objective function and Integrate reactor model to
- constraints steady state
N v
2 Compute new decision Check optimality criteria and
-% variables constraints
2 v no

Reset temperatures and S

compositions to initial Optimal Display results
condition

Figure 2. Optimization algorithm.
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Conversion
Dimensionless Temperature

0 0.2 0.4 06 0.8 1
Dimensionless axial coordinate, £

—e— Reforming Conversion
—#— Combustion Conversion
—a&— Wall Dimensionless Temperature

Figure 3. Evolution of combustion and reforming con-
versions, and the dimensionless temperature
in the middle of the metallic plate along the
reactor for cocurrent flow arrangement.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

ple reversal of the flow direction results in very poor reactor
performance, which can be traced to a strong mismatch in
the endothermic and exothermic heat fluxes.

In this case, in the combustion channel, about 70% of meth-
ane combustion conversion occurs in the first 10% of the
channel length. The conversion at the outlet of the reforming
channel reaches only 62%. This is mainly due to an abrupt
increase close to the channel exit (which corresponds to the
inlet of the combustion channel), as it is evident that almost
no reactions occur within the remaining (or about 80% of the
total) channel length. Clearly, the heat released cannot be effi-
ciently transferred to support the endothermic process.

This assertion is further supported by the axial profile of
the heat fluxes (Figure 6): the maximum combustion heat

30

20 A

Heat Flux, W/m?

Dimensionless axial coordinate, &

—&— Combustion —#— Reforming

Figure 4. Evolution of exothermic and endothermic
heat fluxes along the reactor for cocurrent
flow arrangement.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Conversion
Dimensionless Temperature

0.4
0.2 {

0 0.2 04 0.6 0.8 1
Dimensionless axial coordinate, £

—— Reforming Conversion
—#—Combustion Conversion
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Figure 5. Evolution of combustion and reforming con-
versions, and the dimensionless temperature
in the middle of the metallic plate along the
reactor for countercurrent flow arrangement
and full-length catalyst distribution.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

flux occurs close to the inlet of the combustion channel.
From a heat transfer point of view, most of the remaining re-
actor length is unutilized, showing close to zero heat fluxes.
Because of the inability of the endothermic process to
receive the heat generated by combustion, the heat released
by combustion contributes chiefly to the (inefficient) increase

of the reactor temperature. Consequently, the plate mid-point
temperature exhibits a much higher (1270 vs. 1058 K) maxi-
mum than in the case of cocurrent flow.

Reactor performance for countercurrent flow
arrangement and optimal catalyst distribution

Previous studies and the developments presented thus far
indicate that a rearrangement of the overlap of the catalyst
zones in the adjacent channels is required to maximize coun-
tercurrent operation performance. A stepwise distribution, as
shown in Figure 7, constitutes a natural (and practically
implementable) approach. In Figure 7, the lengths L.; and
Lecomp represent the distance from the reforming and combus-
tion channel inlet to the location where the catalyst coating
coverage begins in each channel. Intuitively, the choice of
reactor length, L, as well as the catalyst distribution (driven
by L. and L.omp) are critical for the performance of the re-
actor. %3¢ This, in turn, makes these parameters an ideal
choice of decision variables in the formulation of a design
optimization problem. For the autothermal reactor, the opti-
mization problem (16) thus takes the form

max (XCH4 jref (L, tfinal) + XCH4 ,comb (07 [final))
Leomb Lret ,L

$.t.1000K < Ty (z, tgina) < 1500 K
L < Ly =0.6m
0 <L <1
0 < Leomp <1

a7

9.00E+01

7.00E+01

5.00E+01

3.00E+01

Heat Flux, W/m?

1.00E+01

-1.00E+01 02

0.4

0.6 0.8

-3.00E+01

st

Dimensionless axial coordinate, £

—&o— Reforming

—#— Combustion

Figure 6. Evolution of exothermic and endothermic heat fluxes along the reactor for countercurrent flow arrange-

ment and full-length catalyst distribution.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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CH, Reforming Channel
H,0

€o, Combustion Catalyst Layer

H,0
CH, Combustion Channel
OZ

N,

Figure 7. Single-plate geometry within the catalytic
plate reactor for step size catalyst distri-
bution.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Specifically, we are interested in maximizing the sum of
the values of the methane conversion at the outlets of the
reforming and combustion channels, subject to maintaining
the temperature above 1000 K (to prevent reactor extinction)
and a maximum set at 1500 K. Naturally, the formulation
above assumes that the dynamic model equations (with the
modifications mentioned before) are satisfied at all times. It
is important to note that the formulation in Eq. 17 can be
extended to accommodate other bounds for the constraints
and decision variables as well as additional constraints or de-
cision variables (if needed); the framework we propose is
completely flexible in this regard.

The optimization problem (17) was initially solved consid-
ering the same inlet conditions as in the cocurrent case and
only catalytic combustion in the exothermic channel, i.e., the
data in Table 3.

The solution resulted in a catalyst distribution that ensures
a high reforming conversion for a maximum plate mid-point
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Figure 8. Evolution of combustion and reforming con-
versions, and the dimensionless temperature
in the middle of the metallic plate along the
reactor for countercurrent flow arrangement
and step catalyst distribution (only catalytic
combustion).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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lyst distribution (only catalytic combustion).

[Color figure can be viewed in the online issue, which is
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temperature, Tp,.x = 1484 K. In the optimized geometry, L
= 0.6 m, Lt = 0.0135 m, while L.y, = 0.2652 m. The re-
actor profiles with optimal catalyst distribution are shown in
Figure 8. It can be seen that a reforming conversion of 99%
is achieved at the endothermic channel exit. The temperature
maximum in the reactor occurs near the beginning of the
combustion catalyst layer, which corresponds to the maxi-
mum in the heat flux generated by combustion (Figure 9).
Recall that the peak of heat generation occurs at the outlet
of the reforming channel for a full-length catalyst distribu-
tion. Shifting the location of the heat generation peak thus
allows the generated heat to be carried downstream the
reforming channel to better assist the endothermic process,
improving the synchronization between the rates of heat gen-
eration and heat consumption in the two channels.

The results also indicate that operating the reactor in coun-
tercurrent flow is challenging when the operating parameters
used in the cocurrent case are preserved. Although a very high
reforming conversion is possible, the conversion of the fuel
remains lower than in the cocurrent case, at 86.9%.

It was found that the solution of the problem is dependent
on the initial guesses considered for the variables L, L., and
Leomp- Specifically, the high nonlinearity of the reactor
model increases makes this design problem susceptible to
local maxima. To account for this, the calculations were run
with several initial guesses; the data reported above and in
the subsequent section reflect the best results obtained in
each set of calculations.

Influence of homogeneous combustion for
countercurrent flow arrangement and optimal
catalyst distribution

The temperature profile in Figure 8 exhibits a sharp
increase at the beginning of the combustion catalyst layer;
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Figure 10. Evolution of combustion and reforming con-
versions, and the dimensionless tempera-
ture in the middle of the metallic plate along
the reactor for countercurrent flow arrange-
ment and step catalyst distribution (catalytic
and homogeneous combustion).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

the wall temperature reaches a value where homogeneous
combustion could be initiated.>” To assess the possibility of
back propagation of the homogeneous combustion, a simpli-
fied reaction rate expression®’ for methane combustion in the
gas phase was added to the gas-phase model in the combus-
tion channel. The optimization problem (17) was solved for
similar inlet conditions. The solution indicates an optimal
geometry having a total reactor length of L = 0.6 m, Ls =
0.225 m, and Lcomp = 0.104 m. Figure 10 shows the spatial
profile of the reforming and combustion methane conver-
sions and the dimensionless temperature of the reactor wall.
The exothermic and endothermic heat fluxes are presented in
Figure 11. It can be seen that in this case the temperature
peak is shifted toward the inlet of the combustion channel,
whereas the peak temperature decreases to Ty, = 1293 K
(significantly lower than T, = 1484 K in the catalytic
combustion-only case). Moreover, the conversion at the out-
let of the combustion channel increases to 91.7% because of
the contribution of the homogenous reaction.

To assess the back propagation of the homogeneous com-
bustion, the reaction rates of both the homogeneous and cat-
alytic combustion reactions were scale related to their maxi-
mum value in the reactor and plotted as a function of the re-
actor length in Figure 12. Note that although the catalytic
combustion is initiated at the dimensionless axial coordinate
that corresponds to the beginning of the combustion catalyst
layer, i.e., { = 0.8257), homogeneous combustion begins at
the very inlet of the combustion channel. However, the ho-
mogeneous contribution is small, as the methane conversion
at the point where the fuel mixture reaches the combustion
catalyst is only 5%. Note also that both the homogeneous
and the catalytic reaction rates exhibit a maximum around
the location of the wall temperature peak, and that the reac-
tor is cooled down between the beginning of the reforming
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catalyst layer (dimensionless coordinate { = 0.375) and the
location of the temperature peak ({ = 0.8).

Increasing the combustion channel conversion

The results presented above indicate that in the optimized
configurations the combustion conversion remains lower than
the conversion in the reforming channel. It is likely that
increasing the conversion in the combustion channel would
entail using a leaner fuel mixture. This approach presents the
disadvantage of a decreased fuel efficiency. In the present
configuration, which relies on a stoichiometric air—-methane
mixture, the unspent fuel in the combustion channel exhaust
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Figure 12. Scaled reaction rates for homogeneous and
catalytic combustion along the reactor
dimensionless axial coordinate.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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can be used to preheat the feed streams with only a minor
efficiency penalty. Other potential avenues for improving
fuel use include

e a multiple segmentation of the catalyst: intercalating
several inactive portions in the combustion catalyst coating
is likely to improve combustion conversion and allow for
more flexibility in shaping the longitudinal temperature pro-
file through optimization; note that, in the limit, catalyst seg-
mentation is equivalent to the distributed fuel feed proposed
by Kolios et al.'®

e altering the choice of fuel and catalyst, and opting for a
construction material with higher thermal conductivity.'*

However, these modifications go beyond the scope of this
work and will constitute the object of a future study.

Conclusions

This article investigated the influence of flow arrangement
and catalyst distribution for the autothermal coupling of meth-
ane steam reforming and methane catalytic combustion in plate
reactors. The reactor thermal behavior and performance for
cocurrent and countercurrent have been simulated and com-
pared. In the countercurrent case, a partial overlapping of the
catalyst zones in adjacent exothermic and endothermic channels
was shown to significantly increase reactor performance, while
avoiding both severe hotspots and the extinction of the reactor.
The effect of homogeneous combustion of the air—methane fuel
mixture was investigated and was shown to have a significant
impact on the optimal distribution of the catalyst. A rigorous
optimization-based approach for determining the catalyst zone
overlap that results in a maximum reactor conversion within
specified temperature bounds was introduced. To our knowl-
edge, no prior research has relied on this technique, and the
present effort thus represents a significant step forward in this
regard. Furthermore, the concept of using a dynamic model to
obtain a steady-state optimal solution for the autothermal reactor
was presented and demonstrated. The physics- and chemistry-
based dynamic model modifications that were presented (e.g.,
time scale stretching, dynamic extensions) are considered to be
of generic value for future studies concerning the simulation,
design and optimization of stiff, and multiscale convection-dif-
fusion-reacting flow systems.

Notation

¢p = heat capacity, J kg "K'

Doy = effective diffusion coefficient, m? s~
Dg = molecular diffusion coefficient, m? s~
Dx = Knudsen diffusion coefficient, m?s~!
Fo = Fourier number as defined by Eq. 13

H = reaction heat flux, W m~?

k = gas thermal conductivity, W m~' K" or reaction rate constant
K. = equilibrium constant

L = reactor length, m

M = molecular weight, kg mol

p; = partial pressure, bar

P = total pressure, bar

7 = reaction rate, mol kg,! s~

Thomog = homogeneous combustion reaction rate, mol m?

R = half distance between the reactor plates, m
R, = catalyst pore radius, m
R, = universal gas constant, J mol ' K~!

1
1

1
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T = temperature, K
u, = axial mass velocity, m s~
x = transverse coordinate, m
X = conversion

z = axial coordinate, m

Greek letters

" = catalyst thickness, m
ds = wall thickness, m
AH = heat of reaction, J mol™"
& = catalyst porosity
As = thermal conductivity of the solid wall, W m ' K!
n = effectiveness factor
v = stoichiometric coefficient
p = density, kg m™>
T = catalyst tortuosity
14 = transverse diffusion time as defined by Eq. 12
7, = local space time as defined by Eq. 11
@ = mass fraction
{ = dimensionless axial coordinate

Subscripts
0 = inlet
i = chemical species
j = channel
k = reaction
s = solid wall
Jj = 1 Reforming
i = CHy, H,0, CO, CO,, H,, N,

k = 1 methane steam reforming reaction
CH, + H,O0 & CO + 3H,

k = 2 water—gas shift reaction
CO + H,0 & CO, + H,

k = 3 reverse methanation reaction
CH4 + 2H,0 & CO, + 4H,

Jj = 2 Combustion

i = CHy, O,, CO,, Hy0, N,

k = 1 methane catalytic combustion
CH,4 + 20, & CO, + 2H,0

Superscripts

g = gas phase
cat = catalyst layer
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