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1 Introduction

The application of so-called short-contact-time reactors to the autothermal
production of ethylene from ethane has led to a promising technology. In
these devices, mixtures of ethane, oxygen, and nitrogen (and possibly hydro-
gen) flow through a ceramic monolith coated with a catalytic metal such as
platinum. Mild heating of the reactor initiates an autocatalytic reaction that
yields a mixture of ethylene, carbon monoxide, hydrogen, water, and smaller
amounts of other hydrocarbons. The residence time in the reactor is typically
a few milliseconds and the reactor temperatures appear to be in the range 900
— 1000 °C. Experiments with platinum-catalyzed systems show that ethane
conversions and ethylene selectivity comparable to conventional steam crack-
ing can be achieved [ZAWDO00].

One of the questions arising is the role that homogeneous reactions play in
the oxidative dehydrogenation at high temperatures and short contact times.
While Huff and Schmidt [HS93] proposed a purely heterogeneous mechanism,
experiments by Beretta et al. provided evidence for a major influence of gas-
phase reactions [BRF01]. The catalyst may serve as a heat supply by support-
ing complete combustion of hydrocarbons, and thus initiating endothermic
gas-phase reactions.

In a first step, a single channel of a monolithic reactor is modeled. We
assume that the cross-section of the channel can be approximated by a cylin-
drical shape. The inlet conditions and the wall temperature profile are given
parameters, which in a second step become subject to the optimization. De-
tailed models for transport processes as well as for gas-phase and surface
reactions are applied to the numerical simulation.
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2 Simulation

2.1 General Mathematical Formulation
Modeling of the fluid dynamical process: boundary layer equations

To model flows in a channel, we employ the boundary layer equations which
are a simplification of the Navier-Stokes equations. Since our considered chan-
nel is an axisymmetrical cylinder, we assume that the flow in it is also ax-
isymmetrical, which can be described by two spatial coordinates, namely the
axial one z and the radial one r. By applying von Mises transformation

wz/ pur’dr’,
0

where 1 is the stream variable, u is the axial velocity and p is the mass
density, we obtain the following equation system, which we use for modeling
the reactive flow in channel of monoliths. Here, we assume that the system
is in a steady state. Figure 1 shows a typical catalytic monolith with flow
conditions and the model assumption.
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Fig. 1. Catalytic Monolith
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Species equation:
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State equation:
_PW

pP= RT (5)

This equation is used for calculating p. The relation between the stream vari-
able 1 and the radial variable r is

or? 2

EARI A (6)
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The meaning of the notations used above and in the following is as follows.

— z and r are the cylindrical coordinates.

— wu and v are the axial and radial components of the velocity vector.
— pis the pressure.

— T is the temperature.

— Y} is the mass fraction of the kth species.

— u is the viscosity.

— p is the mass density.

—  ¢p is the heat capacity of the mixture.

— )\ is the thermal conductivity of the mixture.

— cpk is the specific heat capacity of the kth species.

—  Jgr is the radial component of mass flux vector of the kth species.
— wy, is the rate of production of the kth species by gas phase reactions.
— hy, is the specific heat enthalpy of the kth species.

— Wy is the molecular weight of the kth species.

— Ny is the total number of gas phase species.

— K, is the total number of elementary reactions.

— W is the mixture mean molecular weight.

— R is the universal gas constant.

Note that H= :U‘(YaT)a A= )‘(KT)v Cp = Cp(YaT)a Cpk = Cpk(YaT)a hk =
hi(Y,T), wp = wp(Y,T,p), Y = (Y1,Ys,--- ,Yny), and the diffusion flux J,
is given by

Wy, 80X, DTor
Jor = =D =2 )2k _ 2k 2 (7)

where D} and DkT are diffusion coefficients, X}, is the mole fraction of the kth
species. More details can be found in, e.g., [CKM84], [KCGO03] and [RKD*00].
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Modeling of the chemical process in the gas phase

When moving in a channel, the gas mixture takes part in several chemical
reactions. To model this process, we use the detailed chemistry describing
elementary reactions on molecular level, the description and derivation of
which can be found, e.g., in [WDM96, Deu00]. A chemical reaction involving
N, species can be represented in the general form

N, N,

g
Z Vpi Xk — Z Vgei Xk (8)

k=1 k=1

where v}, and v} are the stoichiometric coefficients of the kth species and x
is the chemical symbol for the kth species and i denotes the reaction number.
The rate of production wy, of the kth species, which appears in equations (4)
and (3), is determined by

K.‘] Ng
Wr :kaikfi H[Xj]vji (k= 1...,Ng), 9)
i=1 =1
where
ki P = Vg~ Vg s

[X;] : the concentration of the jth species,
ky; :the forward rate coefficient of the ith reaction.
The forward rate coeflicient ky; is calculated by the Arrhenius expression:

Eai .
kg, = A;TP exp <RT) (i=1,....K,), (10)

where
A; : the pre-exponential factor of the ith reaction

[the units are given in terms of m, mol, and s],

B; :the temperature exponent of the ith reaction,

E,; : the activation energy of the ith reaction [J/mol],

R : the universal gas constant being 8.314 [J/(mol - K)],

T :the gas temperature [K].

The backward (reverse) rate coefficient k, is determined based on the
chemical equilibrium.
The mass fractions Yj of the species are computed from the concentrations

vl N -
> i WilX]

They must satisfy

0<Yi<l (k=1,...,N,), > Yi

I
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Modeling of the surface chemistry

The chemistry source term $; appearing later in the boundary conditions (17)
and (19) states the creation or depletion rate of the ith species due to the
adsorption/desorption process and is given by

K Ng+Ns
S = Z 'Uikkfk H [Xj]vjk, (13)
k=1 j=1

where Ky and N, are the numbers of elementary surface reactions and of
adsorbed species, respectively. If the jth species is a gas-phase species then
[X] is its concentration, otherwise, if it is a surface species then [X;] = 6,1,
where 6; is the surface coverage and I" the surface site density.

Depending on the reaction mechanism, in some reactions, the rate coefhi-
cient k¢, is calculated by the standard Arrhenius formula

E,
kf, = AT exp ( RTk) , (14)

and in some other reactions, it is described by the modified Arrhenius formula

E At €10;
kfk = AkTﬁk‘ exp <_ak) H@éﬁk exp ( ik z> (15)
RT b RT

where p;, and €;;, are surface parameters, and 6; is surface coverage, which
must satisfy

0<6;<1 (i=1,...,Ny), Zei:L (16)

2.2 Imnitial and boundary conditions

As initial conditions, the values of u, p, T', and Y} are specified at the inlet of
the channel:

u=1ug, p=po, T =To, Yo =Yio (k=1,...,Ny) at z=0.

At ¢ = 0, which corresponds to the centerline of the cylindrical channel, we
can deduce the following boundary conditions from the assumed axisymmetry

r =0, du/d =0, dp/dp = 0, IT /b = 0, DY,/ O = 0.

At 9 = YPyax which is definied as

)

z=0

Tmax
Pmax = / pur’dr’
0
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and corresponds to the channel wall, it holds
" = Tmax, U = Oa T = Tywan-

In addition, since an essential part of chemical reactions takes place at the
catalytic wall and because of the state steady assumption, the gas species
mass flux produced by heterogeneous chemical reactions and the mass flux of
that species in the gas must be balanced there, i.e.

5:Wi =—Jir (k=1,...,Ny), (17)

where 3y, is the rate of creation/depletion of the kth gas-phase species by sur-
face reactions. Note that J, represent the radial components of the diffusive
flux vector pointing from the center to the wall. In general we additionally
have to take the convective flux pYyvster into account, where vgter is the Stefan
velocity calculated by

Ng

1 )
UStef = — Z S Wy.
L

At the steady state, the Stefan velocity vanishes. Also due to the steady state
assumption, the surface coverage 6; does not depend on time, i.e. 96;/0t = 0.
By definition,

00; & .
=7 =N+l Nj+N). (18)
Hence, we have
5=0 (i=N,+1,...,N,+N,). (19)

Equations (17)—(19) stand for the reactions at the catalytic surface, which
play a crucial role in the whole physical-chemical process.

The solution of the boundary equation is crucial since it strongly influences
the solution of the whole PDE system. Later in this paper we discuss how we
compute consistent boundary values.

By (7), (13), (15), and (17), these equations are highly nonlinear with
respect to the unknowns Yj and 6;. This fact causes major difficulties in the
numerical treatment and makes an essential difference between our problem
and the one without catalytic surface.

Note that the boundary conditions of our PDEs are not standard ones, such
as Dirichlet conditions where the dependent variables are explicitly specified
at the boundary or Neumann conditions where the first-order derivatives of
dependent variables are known, but they are given as the algebraic equations
(17) and (19).

Using subscript for denoting partial derivatives and the abbreviations
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equations (1), (2), (3), (4), and (6) can be summarized to the system
E=F, (20)

which forms, along with (5) and (17)—(19), our entire mathematical model.
Next, we discuss how to solve this problem numerically.

2.3 Simulation Method
Semi-discretization

We choose the approach of semi-discretization of the PDE system in the direc-
tion ¢ by the method of lines [Sch91]. Here, we have two independent spatial
variables z and 1, but do not have the independent variable “time”. The axial
direction z is now treated as the time-like direction.

The considered interval of ¢ is discretized by ¥;, ¢ = 1, ..., N. Let us denote
the function section corresponding to ¥ = ; by the subscript 7. For instance,

ui o= ui(z) = u(z, ¥;).
This rule is also applied to partial derivatives, e.g.,

du(z,
Uy o= Uy (2) 1= U(aip¢) s

and other quantities, such as temperature 7', pressure p, radial coordinate r,
and mass fraction Y.
Let A = (A 1) be the matrix defined by

ou, ifj=k=1land5<j=k<Ny;+4
, ifj=1k=2

Ajr = "
pucy, ifj=k=3

0, otherwise.

and let
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Q= [u,p,T,r,Y1,Y2,...,Yn,] .

Then we have

E=AQT. (21)

By our convention,

& = 5|1/J:wi » Ai = ‘A|1/J:wi » Qi = Q|1/J:wi » Qi = QZ|1/J:¢%‘ ’

With
E = [l ef,. ... 5 ",
Q

= [Ql) QQ;' L) QN—l]a
Qz = [Qzla Qz27" ';QzN—l]a

(21) implies
E = AQZ,

which is the discretization result of the left-hand side of equation (20).

A; depends on p;, u;, and ¢,,, which in turn depend only on Q;. Note that
A;,i=1,..., N —1, are band matrices with upper bandwidth equal to 1 and
lower bandwidth equal to 0. Therefore, A inherits this property, too.

We use the forward finite difference to approximate p.:

Pi+1 — Di
Dy, = ————, 22
YT i1 — (22)

Central finite differences are applied to the following partial derivatives

with respect to :

Wy, Ty, (pupr®uy)p, (puAr*Ty)y, (rdi)p, and Xp,. (23)

(Note that X, does appear in J, as given in (7).)
The fourth component of F is discretized by the trapezoidal rule:

{6_72 _ 3] o 4 (24)
oY pu

i Vi— i1 P+ picitio1
In addition, we have the boundary condition r; = 0.
Let F; denote the semi-discretized form of F; = F|y—y, by using the
approximation scheme described in (22), (23), and (24). Then

F=[F F], . .. F¥ "

is the discretization result of the right-hand side of equation (20). Note that

F = F(Q). Due to the central finite difference scheme, F; depends on the

values at three pOiIltS ¢Z‘,1, ’L/)i, and ’L/)i+1, i.e., Fz = Fi(Qifl, Qi; Qi+1>-
Hence, the PDE system (20) corresponds to
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AQ)QL = F(Q). (25)
With

b {ska + Jirly_yy s 1<k <N
S, if N, +1<k<N,+N,
the boundary conditions (17)—(19) can be written as
0=P. (26)
Initial conditions are

u=1ug, p=po, T =To, Yo =Yro (k=1,...,Ny) at z=0. (27)

At the channel wall, u, T, p, and r must fulfill

U 0
_|P PN-1
0= T Twall ' (28)
" Y=9YN "max

Finally, the equations (25)-(28) together form the Differential Algebraic Equa-
tion (DAE) system with the unknowns

[QlaQQa'"aQNaela"'aHNs]a

which satisfy, in addition, conditions (12) and (16).

Note that 61,..., O, appear in the formulas to compute $g.

It is worth to say that the partial derivatives of the left- and right-hand
side of the DAE with respect to the unknowns and the iteration matrix are
of band structure, with total bandwidth 3 x dim(Q;). The mentioned band
structure arises from choosing suitable indices for @ and F. It is used for
efficient computation and storage of derivatives and iteration matrix.

Solution of the DAE system

Since the DAE system is derived from the discretization of a PDE and it con-
tains the model of chemical reaction kinetics, it is stiff. 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 practial computation, based on the code DAESOL [BBS99, BFD197],
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 Jaco-
bian and Internal Numerical Differentiation for the computation of derivatives
of the solution w.r.t. initial values and parameters.
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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 in order to avoid scaling roundoff errors.
Using this technique the condition number of the linear system is reduced
from more than 10'® 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 deriva-
tives. We use Automatic Differentiation (implemented in the tool ADIFOR
[BCH'95]) which allows us to compute derivatives with accuracy up to ma-
chine precision. This is crucial for a fast performance of the overall solution
method.

To solve the DAE, we supply consistent initial values for the algebraic
variables. During the integration the consistency 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 (25)—(28), a set of consistent initial values is
needed. Some of them are explicitely given, as stated in section 2.2. But the
mass fractions Y, (k = 1,...,N,) at the catalytic wall ¢ = tn and the

surface coverage fractions 6; (i = 1,..., Ny) are only implicitly determined
by the nonlinear equations at the boundary (26) and the constraints (12) and
(16).

These equations are highly nonlinear due to the Arrhenius kinetics. The
solution is the steady state of a dynamic system of the surface process. The
steady state is an asymptotic limit of the corresponding transient system. We
only know initial values of the transient system, which can change very dras-
tically until the system goes to steady state. It is very difficult to find values
that are sufficiently close to the consistent values in order to have convergence
of a Newton type method. Techniques of globalization of the convergence often
fail because non-singularity of the Jacobian cannot be guaranteed. Therefore,
we use a time-stepping method for solving the corresponding transient system
to find an initial guess close to the solution and then apply Newton’s method
to converge to the solution.

With the variables (Yin,...,Yn,n,01,...,0N,) € RNs+Ns the nonlinear
equation system for the boundary is

Wi + Jirlp=py =0 (k=1,...,Ny) (29)
5, =0 (k=Ng+1,...,Ny+ Ny). (30)

The left-hand sides of equation (30) sk, (k = Ng+1,..., Ng+N,) are the rates
of creation/depletion of the surface coverage of the surface species multiplied
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by the site density I

20, S
at:%k (k=N,+1,...,N, + Ny). (31)

Similarly, the left-hand side of equation (29) can be considered as the mass
rate of creation/depletion of the kth gas species by surface reactions and
diffusion process multiplied by a some length dr, i.e.,

oY} .
pdra—: :Ska+Jkr|1p:wN (k: 1)"'7Ng)' (32)

The differential equations (31) and (32) describe the corresponding tran-
sient state model for the nonlinear equations (29) and (30).

Starting from initial values for mass fractions and surface coverage at
the beginning (Yin,...,Yn,~,01,...,0n,)(to) we integrate the ODE (31)-
(32) until it nearly reaches steady state. In our implementation, we monitor
the value of ||P||, 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 (31)—(32) describes a chemical process modeled using detailed
chemistry and therefore is very stiff. For solution, we also use the BDF method
implemented in the new DAESOL.

To speed up the computation, we only integrate 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 integration
procedure fast.

It is interesting to note that the conditions (12) and (16) are satisfied
during the integration of ODE if they are fulfilled at the initial and the cor-
responding ODE model has a physical meaning.

2.4 Simulation Results

The presented methods have been implemented in the software package
BLAYER. The software has been developed for general reaction schemes and
can be applied for any arbitrary process in a catalytic monolith with detailed
gas-phase and surface chemistry.

The user of the software has to provide the reaction mechanism and ther-
modynamic data, the initial and boundary values, i.e., velocity, gas tempera-
ture, pressure and mass or mole fractions of the gas species at the inlet and the
surface temperature at the wall. Output of the software are the trajectories
of the state variables in Tecplot format.

In the following we present simulation results for the process of conver-
sion of ethane to ethylene. The chemical reactions are modeled by detailed
elementary-step reaction mechanisms featuring 261 gas-phase [Kar97] and 82
surface reactions [ZAWDOO] involving 25 gas-phase and 20 surface species.
This leads to 29 PDEs.
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The channel has the length zpyax = 0.01 [m] and the radius rpa = 2.5 %

1074 [m).

At inlet the mass fractions are Xc,u, = 0.44, X0, = 0.26 and Xy, =
0.30. All other gases do not occur at the inlet. The inlet gas temperature is

930 [K]. The inlet velocity

Tgas = 650 [K] and surface temperature is Twan

0.5 [m/s].
For the simulation, we use a spatial grid with 20 grid points. Figure 2

shows the trajectories of selected species.

has the value ug

Yo2

YC2H6

vco2

YC2H4

YH20

Simulation results for the conversion of ethane to ethylene, trajectories of

.

2

Fig.

ethylene, carbon dioxide, carbon monoxide and water.

)

ethane, oxygen

The computational time for one simulation run is 30 seconds on a 2.5 GHz

Pentium 4 Linux PC.
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2.5 Chemical Interpretation of the Results

Figure 2 illustrates typical trajectories for the species concentrations during
the oxidative dehydrogenation of ethane to ethylene. The oxygen is consumed
completely within the first millimeter of the reactor. Ethane is combusted
completely, giving mainly CO5 and water. The gradients in the concentration
profiles for these species indicate that catalytic surface reactions dominate the
oxidation.

The dehydrogenation of ethane is a much slower process. The gradients
in the species concentrations vanish. Therefore the process is kinetically con-
trolled. This can be achieved by either gas-phase reactions or by slow surface
reactions. The continuous formation of CO is due to the water-gas-shift reac-
tion.

3 Optimization
3.1 Formulation of an Optimal Control Problem

In the catalytic combustion process, the initial and boundary conditions can
be used to optimize the performance of the reactor, e.g., maximize the gas con-
version or maximize the selectivity. In particular, at the inlet of the catalytic
monolith, the mass or molar fractions of the species, or the initial velocity
u(r, 2)| =0, or the initial temperature T'(r, z)|,—o can be changed resp. be op-
timized, and at the catalytic wall, the temperature profile Ty.n(z) can be
controlled. Moreover, the length of the catalytic tube zy.x can be optimized.
In a general formulation, this optimization problem can be stated as

min ¢(w) (33)
w,q

subject to  PDE Model Equations(w, q) (34)
Initial and Boundary Conditions(w, q) (35)
State and Control Constraints(w, q) (36)

where the PDE equations describe the fluid dynamical process (1)-(5) and
the gas-phase (9)-(10) chemistry. The initial and boundary conditions are
described in (17)—(19) and contain in particular the surface chemistry (13)-
(16). w denotes the state vector w = (u,p, T,r,Y1,Ys,...,YN,,01,... ,QNS)
and ¢ are the controls.

For practical reasons, there are often equality and inequality constraints
on the control and state variables, such as an upper and lower bounds for the
wall temperature, or sum of all mass fractions must be one.

Again, as described above, we semi-discretize the PDE using the method
of lines on the grid v¢;, ¢ = 1,..., N. This transforms the optimal control
problem in a PDE (33)-(36) to an optimal control problem in a DAE which,
using the notation of section 2.3, can be written as
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rgi;l &(z,q) (37)
subject to  A(Q)QL = F(Q) (38)
0= 81 Wi — Jirly_yy» 1< k<N, (39)
0=3s4 if N+ 1<k <N, +N, (40)
u=1ug, p=po, I =Tpat z=0 (41)
Ye=VYi (k=1,...,N,) at z=0 (42)
U 0
0= |7 T )
" ly=yn Tmax
State and Control Constraints(z, q) (44)

The vector of state variables is

T = [leQQv"'aQN;elv"'aeNs]a

and the control variable is
q = Twan(z).

3.2 Direct method

To transform the optimal control problem (37)-(44) to a finite dimensional op-
timization 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 temperature profile at the wall Ty (2) is treated as control function in
the optimal control problem.

Control functions are discretized on an appropriate user-defined grid us-
ing a suitable finite functional basis. Usually, the controls are approximated
by piecewise continuous functions, e.g., piecewise constant or piecewise lin-
ear 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 piece-
wise representation using in a finite-dimensional space. If the piecewise linear
approximation is applied, then, e.g.,

z— 2z
Twan(2) = Twan(zj) + (Twan(zj+1) — Twan(z;)) ————.
Zj+1 — %

Note that in this case the bounds on the controls are transformed to bounds

on the parameterization coefficients.
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Representation of the DAE solution

For given initial values and control parameters, we solve the DAE initial value
problem (38)-(43). This yields a representation of the DAE solution which we
use for the evaluation of the objective function and the constraints.

3.3 Nonlinear optimization problem

The parameterization of the controls and the states turns the dynamic opti-
mization problem into a finite dimensional optimization problem. It is a non-
linear constrained optimization problem which can be written in abbreviated
form as

min

eS|
—~

54
=

v) (45)

subject to  E(v) =
Gv) =

0
0
The time-independent control variables ¢ and the control parameters in-

troduced by the parameterization of the control functions are the optimization
variables v in the NLP.

3.4 Optimization Methods

To solve constrained nonlinear optimization problems, the method of Sequen-
tial Quadratic Programming (SQP) is the most efficient available method.
It consists of the solution of a sequence of quadratic optimization problems
and can be regarded as a Newton-like method for the optimality conditions
of the problem (45). We use the implementation SNOPT [GMS02] which em-
ploys BFGS updates for the approximation of the Hessian and an Active-Set
strategy for the treatment of the inequalities.

As discussed above, a solution of the semi-discretized PDE only makes
sense if the algebraic equations (the boundary condition of the PDE) are con-
sistent. As a consequence, our optimization follows the so-called sequential
approach solving the algebraic constraints in every iteration. Fortunately, in
our case this is not time consuming and the computing time for consiste-
nency calculations is negligible compared to the solution time for the whole
discretized PDE.

Computation of derivatives

For the application of the SQP method, derivatives of the objective function
and the constraints have to be provided. In our case, this is some what intricate
because these functions are implicitly defined on the solution of the DAE
system derived from the semi-discretization of the PDE.
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The derivatives of the DAE solution w.r.t. the control parameters are solu-
tion of a variational DAE which, in principle, can be derived by differentiation
of the DAE w.r.t. the control parameters. Because discretization of the DAE
by a BDF scheme and differentiation commute, we can solve the variational
DAE by differentiating the BDF scheme where we freeze all adaptive compo-
nents as step size and order control and monitor strategy. The step size control
is computed from an error estimator for the system consisting of the nominal
and variational DAE. Nominal and variational DAE use the same iteration
matrix to compute the BDF step. This approach of Internal Numerical Dif-
ferentiation was introduced by Bock [Boc81] and is implemented in our new
BDF code DAESOL.

We apply the automatic differentiation tool ADIFOR (see [BCH195] for
more details) to generate Fortran codes for the required derivatives of the
model functions of the DAE system. As we described in the previous sections,
for our problems, the Jacobian matrices of the model functions are banded-
structured. We exploit this structure by seed matrix compression according
Curtis, Powell and Reid [CPR74]. This reduces the number of directional
derivatives to the total bandwidth of the matrix.

3.5 Optimization Results

For our optimization case study we keep the initial values at the inlet fixed:
X, = 0.44, Xo, = 0.26, Xy, = 0.30, the inlet gas temperature Tg,s = 650
[K], the inlet velocity up = 0.5 [m/s].

The wall temperature profile is optimized. We use a piecewise linear pa-
rameterization with 8 intervals. Objective is to maximize the mass fraction
of ethylene at the outlet. As constraint the temperature is required to be
between 600 [K] and 1500 [K].

The optimization was started with a constant temperature profile of 930
[K] leading to an objective value of 0.132. The optimization run took 30 min
computational time on a 2.5 GHz Pentium 4 Linux PC. In the optimal solution
the objective value is 0.280. Figure 3 shows the temperature profile and figure
4 the mass fraction of ethylene before and after optimization.

The work presented in this paper is the first realization of optimization
for this problem.

3.6 Chemical Interpretation of the Results

The results show that temperatures around 1300 K give maximum yield in
the ethylene production. At inlet the temperatures only need to be sufficiently
high enough for ignition of the combustion to occur. An autothermal reactor —
where the temperature is only controlled by the exothermic reaction — should
therefore maintain a temperature around 1300 K. This is nearly the same tem-
perature as observed in experiments [HS93]. The optimal oxygen content can
be determined by the amount of heat necessary to maintain this temperature.
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Fig. 3. Initial and optimal temperature profile and initial and optimal trajectory
of ethylene at the centerline.

YC2H4

Fig. 4. Initial and optimal profile of ethylene.

4 Conclusions

This project continuous work on conversion of natural gas done previously
in the SFB: In [vSDS00] the homogeneous oxidative coupling of methane
to achive ethylene was investigated. By optimization of temperature and
residence time the concentration of ethylene could be more than doubled
[vSDS00].

In this project, we have developed simulation and optimization software
packages for investigating the chemically reacting flow in a catalytic channel.
Using the boundary-layer approximation, we model the process by a system
of parabolic partial differential equations (PDEs), with nonlinear boundary
conditions for coupling gas-phase and surface chemistry. The PDEs are semi-
discretized by using the method of lines which leads to a large-scale stiff
differential algebraic equations (DAEs). The solution of the DAEs requires a
set of consistent initial values. A combination of a time-stepping and of New-
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ton’s method is employed for finding consistent initial values at the boundary.
Based on the BDF code DAESOL, we develop a new code which allows us to
solve the DAEs efficiently. Given the inlet conditions and wall temperature
profile as parameters, the reactive flow field can be computed very fast, below
one minute, even for very complex reaction mechanisms.

The fast simulation of single channel flow fields lets optimization proce-
dures become applicable. Based on the simulation code, we develop the opti-
mization program using the direct approach with an SQP method. The SQP
method requires derivatives, which are efficiently computed by the Internal
Numerical Differentiation technique.

The program has been applied to the problem of catalyst-supported de-
hydrogenation of ethane to ethylene. The results are in good agreement with
experimental observations. The numerical simulation of the single channel flow
field gives detailed insight into the catalytic and gas-phase processes occur-
ring. By this, the program provides a useful tool for the validation of reaction
mechanisms.

By the extension to optimization problems the simulation tool has gained a
new qualitative level. For the first time, systematic parameter optimization for
a reactive tubular flow with detailed chemistry becomes possible. In our case
of ethane to ethylene conversion, the temperature profile of the reactor wall
was subject to optimization. The ethylene yield could be more than doubled
by optimization. The maximum yield was achieved for temperatures around
1300 [K].

Besides the wall temperature, other parameters—such as inlet composition
or catalyst distribution along the channel—will be of interest. The method de-
scribed offers excellent opportunities for further studies of optimization prob-
lems.
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