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Chemically reacting gaseous flows in catalytic monoliths are numerically investi-
gated to mathematically optimize product yields by the variation of operating condi-
tions and catalyst loading. The fluid dynamics of the single monolith channel is mod-
eled by the two-dimensional boundary layer equations (BLEs), a system of parabolic
partial differential equations (PDEs) with highly nonlinear boundary conditions arising
from the coupling of surface reactions with the reactive flow field inside the channel.
The surface and gas-phase chemical reactions are described by large elementary-step
reaction mechanisms. An optimal control problem is formulated with the wall tempera-
ture, the catalytic active surface area, and the inlet gas composition and flow parame-
ters as control variables. The newly developed approach and numerical code are
applied for the optimization of the oxidative dehydrogenation of ethane to ethylene
over platinum at high temperatures and short contact times. The ethylene yield can be
significantly increased by choosing the optimal operating conditions. Furthermore, the
analysis of the behavior of the reactor at optimized conditions leads to a better under-
standing of the interaction of physics and chemistry in the catalytic monolith. � 2008
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Introduction

Heterogeneously catalyzed gas-phase reactions are part of
the majority of industrial chemical processes. At high tem-

peratures, the catalytic reactions on the solid surfaces often
interact with homogeneous reactions in the gas-phase. To
provide large surface areas, monolithic reactors are fre-
quently used for heterogeneously catalyzed processes. Appli-
cations of catalytic monoliths range from small lab-scale
reactors to large-scale facilities, e.g., for automotive exhaust-
gas after-treatment, catalytic combustion, conversion of natu-
ral gas into synthesis gas and, subsequently, into higher

Correspondence concerning this article should be addressed to H. D. Minh at
hoang.minh@kit.edu (or) O. Deutschmann at olaf.deutschmann@kit.edu

� 2008 American Institute of Chemical Engineers

AIChE JournalSeptember 2008 Vol. 54, No. 92432



hydrocarbons, and reforming of diesel and gasoline to pro-
duce hydrogen for fuel cell-based power units.

The monoliths can be either foams with random paths or
honeycomb structures consisting of numerous parallel chan-
nels. For a numerical model of the monolith, the different
scales of the physical and chemical processes have to be con-
sidered. Usually, due to high space velocities, the residence
time of the fluid phase inside the reactor is small when com-
pared with the response time of the solid phase. In this case,
the reacting flow in the single channel and the heat balance
of the monolith can be decoupled, and the thermal behavior
as well as the fluid dynamics in the individual channels can
be considered simultaneously.1 However, in this article, we
only focus on the numerical simulation of the fluid phase
and chemistry in a single channel of the structured monolith.

The complex interaction between molecular transport and
chemical reactions has significant influence on the shape of
the species profiles in such honeycomb channels of a hydrau-
lic diameter of ;0.2–2.0 mm. The residence time of the
gases inside the monolith is typically on the order of milli-
seconds. The diffusive transport across the channel and
inside the porous catalytic layer, called washcoat, also occurs
on time scales of milliseconds. The chemical reactions cover
a much wider range of time scales, from nanoseconds to sec-
onds. Since all these processes have to be considered simul-
taneously, the mathematical model results in a stiff system of
differential equations. For mathematical optimization of the
system, first of all, an efficient algorithm is needed for a fast
numerical solution of equations modeling transport and
chemistry in the channel.

The newly developed optimization approach is in particu-
lar suitable for better engineering of monolithic reactors with
strong interaction between chemical reactions on the catalytic
surface and in the gas-phase, and mass and heat transport. As
an example of such a system, the catalytic oxy-dehydrogena-
tion of ethane to ethylene in a platinum-coated catalyst is
chosen. For the optimization of catalytic reactors, the objec-
tives usually are the maximization of the yield of a product
or the conversion of a pollutant, or the minimization of the
energy demand or catalyst loading. In our example, the yield
of the product, ethylene, should be maximized depending on
inlet (temperature, species composition, mass flow) and reac-
tor operating conditions (wall temperature and catalyst load-
ing along the channel).

After homogeneous,2 reactive systems and one-dimen-
sional stagnation-flows on catalytic plates were optimized,3,4

in this article, the optimization of two-dimensional reactive
flow in a single channel of catalytic monoliths is studied.
The chemical surface and gas-phase reactions are described
by detailed models based on elementary-step reaction mecha-
nisms, which were described and evaluated by comparison
with experimental data in literature before.5 Here, we have
used these published mechanisms without any modification,
even though a decent number of experimental and theoretical
studies have been performed for the system under investiga-
tion6–11 since the mechanisms were developed, which may
require an update of the mechanisms. Oxy-dehydrogenation of
ethane was chosen as an example, because it represents one of
the most complex systems, for which detailed reaction mecha-
nisms are available.5 Thus, by choosing this complex reactive
system, we demonstrate the robustness of the presented method.

Mathematical Model

Fluid dynamics: boundary-layer equations

Figure 1 illustrates the physical and chemical processes
typical for a catalytic monolith and the model assumption.
The fluid dynamics is modeled on the scale of a single chan-
nel. Catalytic reactors with homogeneous and heterogeneous
reactions are typically characterized by a complex interaction
of physical transport processes and chemical reactions on a
very short time scale. Therefore, it is critical for a time-effi-
cient simulation of the single-channel problem to choose a
model that includes the necessary processes, but that also
allows for a simplification of the underlying mathematical
equations. Instead of solving the full Navier-Stokes equa-
tions, our model is based on two simplifying assumptions:

(1) Even though the support of the monolith often defines
a square or even hexagonal structure of the channel cross
section, the corners of the channel become rounded after
adding a washcoat that contains the catalytic active material.
This observation and the fact that the excess washcoat in the
corners does not significantly contribute to the chemical reac-
tion, allows us to approximate the channel by an axis-sym-
metric cylinder. (2) The elliptical structure of the steady-
state Navier-Stokes equations is reduced to a parabolic one
by applying the boundary-layer approximation. In the chan-
nel, the convection is mainly directed parallel to the walls as
in a boundary layer of any flow around an arbitrary solid
object. As a consequence, the transport in axial direction is
mainly convective; the diffusive transport terms can be
neglected in this direction, in particular at high Peclet num-
bers. In radial direction, the diffusive transport is dominating,
which is expressed by a vanishing pressure gradient in that
direction. It has been shown previously that the boundary-
layer approximation is a suitable model for the description of
the flow in a monolith channel for a wide range of Reynolds
numbers, especially for conditions as in short contact-time
reactors or exhaust gas after-treatment devices.12,13 There-
fore, in this article, the boundary layer equations,13–16 which
are a system of parabolic partial differential equations with
nonlinear boundary conditions, are used as model for the
fluid dynamics. For more details of the equations and their
coupling to multiphase complex reaction networks, we refer
to those references and the user manual of the code applied.17

Figure 1. Processes occurring in a catalytic monolith
operated at high temperature.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Detailed models are used for the chemistry in the gas-
phase and on the surface. The forward rate coefficients kfi of
the gas-phase reaction i are calculated by using an Arrhenius
type expression:

kfi ¼ AiT
bi exp � Eai

RT

� �
; (1)

where Ai is the pre-exponential factor, bi the temperature
exponent, and Eai is the activation energy of the ith reaction,
R is the universal gas constant being 8.314 J/(mol K), and T
is the gas temperature. The reverse rate coefficients, kri, are
determined from thermodynamics. The forward rate coeffi-
cient kfi of surface reactions i is calculated by a modified
Arrhenius expression

kfi ¼ AiT
bi exp � Eai

RT

� �Y
k¼1

Ks

hlkik exp
ekihk
RT

� �
; (2)

where lki and eki are parameters describing an additional de-
pendence of the rate on the surface coverage. lki and eki are
often set to zero due to lack of information on those depend-
encies. yk is the surface coverage of the kth surface
(adsorbed) species, which must satisfy the following condi-
tions:

0 � hk � 1ðk ¼ 1; . . . ;NsÞ;
XNs

k¼1

hk ¼ 1 (3)

where Ns is the number of surface species.

Initial and boundary conditions

At the catalytic surface, the gaseous species mass flux pro-
duced by heterogeneous chemical reactions and the mass flux
of that species in the gas phase at the gas-surface boundary
must be balanced, i.e.,

Fcat=geo _skWk ¼ �Jkr ðk ¼ 1; . . . ;NgÞ (4)

where

_sk ¼
Xks
i¼1

vikkfk
Y
j¼1

NgþNs

cj
v0jk ;

is the creation or depletion rate of the kth species due to the
adsorption, desorption, and chemical reactions on the surface,
Wk is its molar mass of the kth species. Jkr represent the ra-
dial components of the diffusive flux vector of species k
pointing from the center to the wall. The factor Fcat/geo

describes the ratio of catalytic to geometric surface areas,
which corresponds to the amount of catalyst available for
surface reactions; Fcat/geo 5 1 would mean that the inner
channel wall is completely coated with a monolayer catalytic
film. The use of washcoats can easily lead to values for Fcat/

geo on the order of 102. This parameter will play an impor-
tant role in the optimal control problem.

In this study, potential mass transfer limitation of the con-
version due to finite diffusion in the pores of the washcoat is
neglected. Within the software17 used, this mass transfer
effect can be introduced by the addition of an ‘‘on-the-fly’’
computed effectiveness factor into the boundary conditions

(4) or by the very time-consuming solution of reaction-diffu-
sion equations for the washcoat layer coupled with the 2D
flow field model.

Since we calculate the steady-state of the system, in this
study, all adsorbed species (surface species) will obey the
condition,

_sk ¼ 0 ðk ¼ Ng þ 1; . . . ;Ng þ NsÞ (5)

This condition also remains valid for most, not too fast,
transient processes1 but breaks down for very fast transients
such as catalytic ignition, which proceeds within 1026 s.18

Application example: oxidative dehydrogenation
of ethane

A promising route for the production of ethylene (C2H4)
are so-called short-contact time reactors, where ethane
(C2H6) is dehydrogenated by partial oxidation.19 Here, a mix-
ture of ethane, oxygen, nitrogen, and possibly hydrogen is
fed into a catalytically coated monolith. The residence time
of the gases is only ;5 ms at temperatures between 1150
and 1300 K. The advantage of oxygen addition in a dehydro-
genation process is that the catalytic oxidation of some of
the ethane provides a sufficient amount of heat for the endo-
thermic dehydrogenation, which permits autothermal opera-
tion of the reactor at those high temperatures. Bodke et al.20

reported high ethylene selectivity of up to 70% at complete
oxygen and high ethane conversion; hence, the yield of the
reactor can compete with the conventional steam cracking of
ethane. Later, Beretta et al.6,21 have conducted similar
experiments confirming the results and supporting the hy-
pothesis that most of the ethylene is produced in the gas-
phase.

Zerkle et al.5 have studied the system numerically. Their
gas-phase mechanism consists of 25 reactive species (mainly
C1 and C2 species) involved in 131 reversible reactions and
one irreversible reaction. In addition, a surface reaction
mechanism was established for the conversion over platinum
consisting of another 82 elementary-step like reactions
involving another 19 surface species. This mechanism was
later also used to study on-line catalyst addition effects.22

Our example for the optimal control problem is based on
the case studied by Zerkle et al.5 The monolith itself has a
diameter of 18 mm and a length of 10 mm. The individual
channels have a diameter of 0.5 mm. The monolith is fed
with ethane/oxygen/nitrogen mixture of varying C/O ratio at
5 standard liters per minute.

Formulation of an optimal control problem

In a chemical reactor, the initial and boundary conditions
can be used to optimize the performance of the reactor, i.e.,
maximize the conversion, the selectivity, or the yield of cer-
tain product species. In particular, at the inlet of the catalytic
monolith, the chemical composition, the velocity, and the
temperature can be controlled to optimize the product com-
position. Furthermore, it may be possible to control the tem-
perature profile Twall(z) at the channel wall and vary the cata-
lyst loading along the channel, i.e., Fcat/geo(z); z is the axial
spatial coordinate. Moreover, the length of the catalytic
monolith, zmax, can be optimized as well.
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In general, this optimization problem can be stated as

min
w;q

UðwÞ (6)

Subject to PDEModel Equation ðw; qÞ (7)

Initial andBoundary Condition ðw; qÞ (8)

State andControl Constraints ðw; qÞ (9)

where w and q are state and control variables, respectively.
The partial differential equations (PDE) equations describe
the fluid dynamics and the gas-phase chemistry. The initial
and boundary conditions are given by Eqs. 4 and 5.

Objective function

The objective function to be maximized is the mass frac-
tion of ethylene at the outlet of the channel:

UðwÞ ¼ YC2H4

at outlet.

Controls

The controls considered here are the inlet gas composition,
temperature, velocity, and pressure, which are independent of
the axial coordinate z, and the wall temperature Twall(z) and/
or the catalyst loading, expressed by Fcat/geo(z), which are
functions of the axial coordinate z.

Constraints

For practical reasons, there are often equality and inequal-
ity constraints on the control and state variables, such as
upper and lower bounds for the wall temperature and Fcat/geo,
or the fact that the sum of all mass fractions must be unity.

Numerical Method

DAE-constrained optimization

We choose the approach of semi-discretization of the PDE
system in the streamline direction by the method of lines,23

which leads to a system of structured, stiff differential alge-
braic equations (DAE). This transforms the optimal control
problem in a PDE (6–9) to an optimal control problem in a
DAE, which can be written as

min
x;q

Uðx; qÞ (10)

Subject to The resultingDAE (11)

State and control constraints ðx; qÞ (12)

Direct method

To transform the optimal control problem (10–12) to a fi-
nite dimensional optimization problem, we apply the direct

approach; this means we parameterize the control functions
by a finite number of degrees of freedom.

Parameterization of the control functions

The profiles at the wall Twall(z) and Fcat/geo(z) are treated
as control function in the optimal control problem. Control
functions are discretized on an appropriate user-defined grid
using a suitable finite functional basis. Usually, the controls
are approximated by piecewise continuous functions, e.g.,
piecewise constant or piecewise linear, but also other
schemes are applicable. The coefficients in these schemes
will be control parameters replacing the control functions.
By this way, the control function in infinite-dimensional
space is approximated by its piecewise representation in a fi-
nite-dimensional space. If the piecewise linear approximation
is applied, then

TwallðzÞ ¼ TwallðzjÞ þ Twallðzjþ1Þ � TwallðzjÞ
� � z� zj

zjþ1 � zj

for zj � z � zjþ1:

Note that in this case, the bounds on the controls are trans-
formed to bounds on the parameterization coefficients.

Solution of the DAE system

For the given initial values and control parameters, we
solve the DAE initial value problem. The obtained solution
of the DAE system is used for the evaluation of the objective
function and the constraints. The DAE system is usually stiff,
because it is derived from the discretization of a PDE and
due to chemical reaction kinetics. The DAE is of index 1.
Therefore, we choose an implicit integration method, based
on backward differentiation formulas (BDF) for the solution
of the initial value problems. For the practical computation,
based on the code DAESOL,24,25 we develop a new code
that allows us to solve this problem. Features of this code
are variable step size and variable order controlled by error
estimation, modified Newton’s method for the solution of the
implicit nonlinear problems, a monitor strategy to control the
computation and decomposition of the Jacobian, and Internal
Numerical Differentiation for the computation of derivatives
of the solution w.r.t. initial values and parameters.

In our problems, the linear systems arising in Newton’s
method are very ill-conditioned. We have developed an
appropriate scaling. The variables are scaled with the same
weighting vector that is used in the BDF error estimation,
and then we perform row equilibration. The scaling factors
are chosen to be integer powers of the machine base to avoid
scaling round-off errors. Using this technique, the condition
number of the linear system is reduced from more than 1018

to around 107.
The BDF method needs derivatives of the DAE model

functions. Here, we exploit the band structure. Instead of
computation of the full Jacobian, we apply a compression
technique which only requires few directional derivatives.
We use Automatic Differentiation (implemented in the tool
ADIFOR26) that allows us to compute derivatives with accu-
racy up to machine precision. This is crucial for a fast per-
formance of the overall solution method.
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To solve the DAE, we compute consistent initial values
for the algebraic variables. During the integration, the consis-
tency is preserved because the algebraic constraints and the
equation from the implicit integration scheme are solved
simultaneously.

Computation of consistent initial values of the DAE

To integrate the DAE system, a set of consistent initial
values is needed. Some of them are explicitly given, as stated
in previous sections. However, the mass fractions Yk(k 5
1,. . ., Ng) at the catalytic wall w 5 wN and the surface cover-
age fractions yk(k 5 1,. . ., Ns) are only implicitly determined
by the nonlinear equations at the boundary. These equations
are highly nonlinear due to the Arrhenius kinetics. The solu-
tion is the steady state of a dynamic system, which is an as-
ymptotic limit of the corresponding transient system. We
only know initial values of the transient system, which can
change very drastically until the system reaches a steady
state. It is very difficult to find values that are sufficiently
close to the consistent values to have convergence of a New-
ton-type method. For this problem, techniques of globaliza-
tion of the convergence often fail because nonsingularity of
the Jacobian cannot be guaranteed. Therefore, we use a time-
stepping method for solving the corresponding transient sys-
tem to find an initial guess close to the solution and then
apply Newton’s method to converge to the solution.

With the variables Y1N;...;YNgN; h1; . . . ; hNs

� � 2 <NgþNs , the
nonlinear equation system for the boundary is

Fcat=geo _skWk þ JkrjW¼WN
¼ 0 ðk ¼ 1; . . . ;NgÞ; (13)

_sk ¼ 0 ðk ¼ Ng þ 1; . . . ;Ng þ NsÞ: (14)

The left-hand sides of Eq. 14, _sk, are the rates of creation/
depletion of the surface species coverage multiplied by the
site density, G:

@hk
@t

¼ _sk
C

ðk ¼ Ng þ 1; . . . ;Ng þ NsÞ (15)

Similarly, the left-hand side of Eq. 13 can be considered
as the mass rate of creation/depletion of the kth gas species
by surface reactions and molecular diffusion in the gas-phase
multiplied by some length dr, i.e.,

qdr
@hk
@t

¼ Fcat=geo _skWk þ JkrjW¼WN
ðk ¼ 1; . . . ;NgÞ (16)

The differential equations (15 and 16) describe the corre-
sponding transient state model for the nonlinear equations
(13 and 14).

Starting from initial values for mass fractions and surface
coverages ðY1N ; . . . ; YNgN; h1; . . . ; hNs

Þðt0Þ, we integrate the
ordinary differential equation (ODE) (15 and 16) until it
nearly reaches steady state. In our implementation, we moni-
tor the value of the norm of the right-hand side, when it
decreases below a certain value then we switch to Newton’s
method. From our practical experience, this method is quite
stable even for ill-conditioned problems.

The system (15 and 16) describes a chemical process mod-
eled by detailed chemistry and therefore it is very stiff. For

solution, we also use the BDF method implemented in the
new DAESOL. To speedup the computation, we only inte-
grate until we are near steady state and then use Newton’s
method for fast convergence. Therefore, we do not need high
tolerance for the ODE integration, which makes the integra-
tion procedure fast.

Nonlinear optimization problem

The parameterization of the controls and the states turns the
dynamic optimization problem into a finite dimensional opti-
mization problem. It is a nonlinear constrained optimization
problem (NLP), which can be written in general as follows:

min
v

FðvÞ

Subject to EðmÞ ¼ 0

GðmÞ � 0
(17)

The time-independent control variables q and the control
parameters introduced by the parameterization of the control
functions are the optimization variables v in the NLP.

Optimization Results

The results presented here summarize our application of
the code to the optimization of partial oxidation of ethane
over Pt catalysts. The chemical processes are described by
25 gas phase species, 20 surface species, 261 gas-phase reac-
tions, and 82 surface reactions.5 The work presented in this
article is the first realization of optimization for this problem.
For more details on the numerical algorithms, we refer to
Refs. 17 and 27.

2D profiles of major species with initial settings

We run a reference case simulation with the following ini-
tial settings: inlet mass fractions YC2H6 5 0.44, YO2 5 0.26,
YN2 5 0.30, inlet gas temperature Tgas 5 650 K, inlet veloc-
ity u0 5 0.5 m/s. The wall temperature was kept fixed at 930
K and Fcat/geo(z) 5 1. Figures 2 and 3 show the two-dimen-
sional profiles of major species and surface coverages with
the these setting.

Clearly, three regions can be recognized along the catalyst.
In the first ;1 mm, oxygen is consumed completely. Here,
ethane is primarily oxidized to CO2 and water on the Pt sur-
face: the primarily adsorbed species on the surface is oxygen
supporting total oxidation. The gradients in the concentration
profiles for these species indicate that catalytic surface reac-
tions fully dominate the oxidation. The overall reaction rate
is limited by mass transfer, i.e., diffusion of oxygen and eth-
ane to the catalytic surface. Since CO is an intermediate in
total oxidation and is not strongly bound to the surface, some
of the CO will desorb and lead to the CO peak at the en-
trance. However, since CO also has a high sticking coeffi-
cient on Pt, it will readsorb on the surface and be oxidized to
CO2 when more empty sites, Pt(s), are available due to
decreasing oxygen coverage. Therefore, at z 5 0.5 mm, a
small region of decreased CO concentration in the gas-phase
can be observed (Fig. 2). Since shortly further downstream,
the oxygen concentration and coverage decline rapidly, there
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is not enough oxygen for CO oxidation, thus, CO concentra-
tion increases again. CO also is in a small region around z 5
1.2 mm the species primarily adsorbed. Further downstream,
all the oxygen coverage declines further and originates now
from readsorbed water only. Since no oxygen is available
anymore, the carbon coverage increases.

The dehydrogenation of ethane is a much slower process.
After a first small region of oxygen-supported ethylene for-
mation due to surface reactions, ethylene concentrations stay
relatively constant until, further downstream, production of
ethylene by pryolysis of ethane in the gas-phase becomes
significant. The radial gradients in the species concentrations
vanish. The process, downstream the initial oxidation section,
is kinetically controlled, which is caused by the increasing
rate of gas-phase reactions or by surface reactions with small

rates, after all oxygen is consumed. The continuous forma-
tion of CO is due to the water–gas-shift reaction.

Optimization of the wall temperature

For the first optimization step, we keep the initial values
at the inlet fixed: inlet mass fractions YC2H6 5 0.44, YO2 5
0.26, YN2 5 0.30, inlet gas temperature Tgas 5 650 K, inlet
velocity u0 5 0.5 m/s.

For the optimization of the wall temperature profile, a
piecewise linear parameterization with eight intervals is used.
The objective is to maximize the mass fraction of ethylene at
the outlet. As constraint, the temperature is required to be
between 600 and 1500 K.

The optimization was started with a constant temperature
profile of 930 K leading to an objective value of 0.13. The
optimization run took 30 min computational time on a 2.5-
GHz Pentium 4 Linux PC. In the optimal solution, the objec-
tive value is 0.28 that means the ethylene yield could drasti-
cally be increased by an optimum temperature profile. Dis-
cussion of how this temperature profile is enforced is beyond
the scope of this article. Figure 4 shows the temperature pro-
file, and Figures 5 and 6 show the mass fraction of some
major species with initial and optimal setting.

Control Fcat/geo(z)

The ratio of catalytic active surface area to geometric sur-
face area Fcat/geo(z), i.e., the catalyst loading along the reac-

Figure 2. Mass fraction profiles of major species with
initial settings.

The center line of the channel is at the bottom, the catalytic
wall at the top of each profile; and the channel diameter is
0.5 mm.

Figure 3. Surface coverages of major adsorbed spe-
cies with initial settings.

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

Figure 4. Initial and optimal profiles of temperature
and ethylene mass fraction.

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

Figure 5. Average mass fractions of major species
with initial settings.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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tor, is now optimized. The inlet gas temperature is Tgas 5
600 K, and the wall temperature Twall(z) is kept fixed at 1000 K.
The objective is to maximize the mass fraction of ethyl-
ene YC2H4 at the outlet. As constraint, Fcat/geo(z) is required
to be between 0, i.e., no catalyst, and 100, i.e., highly
loaded.

The optimization was started with a constant Fcat/geo(z) of
20.0 leading to an objective value of 0.06. In the optimal
solution, the objective value is 0.19. Figure 7 shows the
standard and optimal profiles of Fcat/geo(z) and average mass
fraction profiles of ethylene. Figures 8 and 9 show the mass
fraction profiles of ethane and ethylene with the standard and
optimal profiles of Fcat/geo(z).

Platinum is a very efficient catalyst for the oxidation of
ethane. In the first 2 mm of the catalyst, oxygen is almost
completely consumed by surface reactions (catalytic oxida-
tion of ethane) leading to the total oxidation products CO2

and H2O with some ethylene and CO as side products. Ethyl-
ene, however, can in general be produced in the gas-phase as
well. However, the conversion in the gas-phase occurs only
if a sufficiently large radical pool exists, which takes a cer-
tain time/distance (so-called ignition delay time) to be built-
up. Furthermore, some of the ethylene formed by surface
reactions adsorb on the surface as well, where in the region
around z 5 2 mm reforming reactions mainly occur but their
reaction rate is much smaller than the total oxidation rate at
z \ 1 mm, where oxygen is still available. Since the produc-

tion of ethylene by gas-phase reactions reaches much higher
values further downstream (most of the ethylene is produced
in the gas-phase) due to the radicals available there and due
to the fact that the surface is relatively inactive in the region
around 2 mm, a plateau appears in that region (Figures 7 and
9) due to the competition between ethylene production in the
gas-phase and (partial) oxidation on the surface, both at rela-
tively low rates. The optimization of the catalyst loading pro-
poses a very low loading in this region, because here the cat-
alyst does not only oxidize ethylene but also adsorbs radicals
from the gas-phase, which are needed to initiate ethylene for-
mation in the gas-phase.

The optimization proposes relatively low catalyst loading
in the very active initial catalyst section, which can be under-
stood as follows: Within the first millimeter of the catalyst,
where oxygen is available, the process is limited by mass-
transfer of ethane and even more of oxygen to the surface.
Here, primarily, oxidation of ethane occurs at a very high
rate, the catalyst is very active. Consequently, catalyst is
needed here but not at a high loading; this effect has also
been observed in several experiments.

We have also implemented multivariable optimization.
However according to numerical experiments, the objective
function did not have significant improvement when com-
pared with optimal objective value of a single variable opti-
mization. The computational time for a multivariable optimi-
zation is about 50–400% increase compared to the case of

Figure 6. Average mass fractions of major species at
the optimal solution.

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

Figure 7. Fcat/geo(z) profile and the average mass
fraction of C2H4 at the initial and at optimal
solutions.

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

Figure 8. Average mass fraction profiles of C2H6 and
C2H4 with the initial setting.

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

Figure 9. Average mass fraction profiles of C2H6 and
C2H4 with the optimal setting.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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optimization with respect to the wall temperature or catalyst
loading alone, depending on the initial setting.

Control of the inlet gas composition

Here, we investigate an adiabatic case. The initial inlet gas
temperature was 800 K, Fcat/geo(z) 5 1. The optimization was
started with the initial inlet mass fractions of YC2H6 5 0.40, YO2
5 0.30, YN2 5 0.30 leading to the objective value (mass frac-
tion of ethylene at outlet) of 0.15. In the optimal setting, YC2H6
5 0.48, YO2 5 0.22, YN2 5 0.30, the objective value is 0.27.

Control of pressure and velocity

We have also investigated the effect of pressure and veloc-
ity; however, no significant improvement on the objective
function was obtained.

Conclusion

In this article, we presented a newly developed code for the
optimization of a two-dimensional flow in a catalytic active
channel. Here, the chemical reactions in the gas phase and on
catalytic surfaces are modeled by detailed mechanisms con-
sisting of elementary step-like reactions. As an example, the
oxidative dehydrogenation of ethane to ethylene over Pt in a
short contact time reactor was simulated. As control parame-
ters, the influence of the wall temperature profile, the catalyst
distribution, and the inlet composition on the ethylene yield
were investigated. An optimal solution could be computed
very time efficiently (30 min on a 2.5-GHz Pentium 4 Linux
PC). Thus, for example, we were able to achieve ethylene
yield that are twice as much as in our reference case.

In future, this numerical code can be applied to similar
cases, for instance by applying to different reacting systems
with different objectives. There is a high potential, especially
in the optimization of catalyst distribution. It is a time-effi-
cient alternative to try-and-error experimental investigations
in such areas.

Since the current implementation of the optimization code
is not yet applicable to consider heat conduction in the solid
structure of the monolithic reactor, future work will include
the extension of the underlying physical models. The simula-
tion code of the software package used, DETCHEMMONOLITH,
already includes even transient heat balances of the solid
monolithic structure coupled to single channel simulations.28

However, the implementation of heat transfer usually
requires the solution of an elliptic problem. So far, we have
used the boundary layer approximation as basis for the simu-
lation of the channel flow, which leads to a parabolic prob-
lem, that is solved very CPU time-efficiently. Therefore, new
algorithmic approaches are needed.

Aside from expecting new numerical facilities of that opti-
mization procedure, we are currently using the results of the
optimization to improve reactor design. In particular, we
study the proposed catalyst loadings distributed inhomogene-
ously in the flow direction.
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Notation

Ai5pre-exponential factor of the ith reaction
Eai5 activation energy of the ith reaction

Fcat/geo5 ratio of catalytic active to geometric surface areas
Jkr5 radial component of mass flux vector of the kth species
Ng5 total number of gas-phase species
Ns5 total number of surface species
Ks5 total number of surface reactions
R5universal gas constant
T5 temperature

Wk5molecular weight of the kth species
Yk5mass fraction of the kth species
kfi5 reaction rate coefficient of the ith reaction

_sk 5 rate of production of kth species by surface reactions

cj5 concentration of jth species
u and v5 axial and radial components of the velocity vector
z and r5 axial and radial cylindrical coordinates.

bi5 temperature exponent of the ith reaction,
G5 surface site density
yk5 coverage of the kth surface species
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