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Summary

A new reactor design methodology based on the optimal trajectory of a reaction system in state space is
developed. The general idea is to track a fluid element on its way through the process and adjust the fluxes
into the element at every time to optimize a certain objective. Afterwards, the most suitable control
variables to obtain these flux profiles are determined.

This model based approach allows a systematic design of new innovative reactor concepts. Additionally,
different process integration concepts can be compared and the potential of process intensification

measures can be quantified. The method is illustrated for the SO,-oxidation.
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Introduction

Along the path of a fluid element on its way through a
chemical reactor the optimal values of the temperature,
pressure and educt/product concentration change due the
change in the composition of the element. Such optimal
profiles can be calculated in state space and represents the
optimal route of the reaction system.

However, such optimal profiles can usually not be realized
in standard reactors, since the control variables to achieve
these profiles like the cooling temperature are constant.
Likewise reactor optimization using heuristics, attainable
region methods® or rigorous optimization methods such as
superstructure optimization®® cannot always guarantee to
find the best profiles in state space for the reaction system,
since the solution space is limited by using a set of
predefined reactors. Even if profiles, e.g. for the cooling
temperature, are obtained from these methods, the reactor
networks consist usually of several connected ideal
standard reactors and can hardly be built in practice. In
addition, not all process intensification measures such as
distributed dosing of reactants or increasing the heat
transfer area can easily be investigated using the
aforementioned methods.

Methodological Approach

In this contribution, we propose a new methodology for
the analysis and optimal design of chemical reactors based
on the best reaction route in the thermodynamic state
space. The idea is to determine the best reaction route in
state space by tracking a fluid element on its way through
the process (Lagrangian approach) and manipulate the

fluxes into this element This yields a dynamic
optimization problem constrained by the balance equations
with given reaction Kinetics, initial and final conditions.
Instead of choosing a priori a reactor design and optimize
the free parameters of the chosen reactor set up, a new
innovative reactor design is developed based on the best
route in state space. The methodology is intended for the
investigation of all kind of process intensification
measures such as integration of reaction, cooling and
separation in one apparatus or the application of high
interface area for heat and mass transfer. To achieve the
goal of reactor design based on the optimal route in state
space of the reaction system, a multi-level approach is
developed.

On the first level, the dynamic optimization problem is
constrained by the balance equations, the reaction kinetics,
inlet and outlet conditions as well as system inherent
boundaries, e.g. a maximum temperature for the catalyst.
However, the fluxes into the fluid element are not bounded
and they are actually optimized. This gives rise to the
maximum possible performance of the reaction system.
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On the second level, the influence of limited fluxes is
investigated and optimal profiles for suitable control
variables are obtained. The model is extended by the
kinetic expression for all fluxes. Instead of optimizing the
fluxes directly, control variables, which can be adjusted
over the residence time of the fluid element, are optimized.
The control variables are obtained from the Kinetic
expressions of the fluxes and are either the Kinetic
coefficients, the driving forces or the exchange areas. This
gives rise to various possibilities for controlling the fluxes
and several of the below stated optimization problems
must be solved. On this level, the best control variables are
obtained by applying a systematic decision structure.
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Based on the profiles of the best control variables, a
technical approximation is developed on the third level of
the proposed methodology. The developed reactor
represents the technically optimal reactor and approaches
the optimal state space trajectory of the reaction system.
On the third level the structural shape of the reactor is
determined and effects coming with non-uniform field for
temperature, concentration and velocity are taken into
account.

Besides the dynamic states of the problem a number of
inequality and equality constraints exist. In order to solve
such dynamic optimization problems properly, the
simultaneous approach, which is based on complete
discretization of the dynamic optimization problem, is
chosen. As discretization method orthogonal collocation
on finite elements is used.’> The discretized problem is
efficiently solved using state-of-the-art NLP solvers such
as IPOPT and CONOPT.

Example: SO,-Oxidation

In order to illustrate the proposed methodology, the gas
phase oxidation of SO, to SO3 is investigated. Besides the
economical importance of sulfuric acid the SO,-oxidation
is a well suited example for the development of the
methodology. It represents the whole class of exothermic
equilibrium reactions, can be modeled with a pseudo-
homogeneous model and the required data is available in
the literature.

In general, the energy efficiency and the reduction of
investment costs are the most important aspects for the
economy of the process. The results of the optimization of
the minimal residence time problem, which corresponds to

the minimal reactor size or accordingly to the maximum
space time yield, are shown in Fig. 1.
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Fig. 1: State space trajectories for different reaction concepts

On the first level, different integrated reactor concepts are
compared. The blue line represents an optimal path for an
adiabatic reaction concept with intermediate cooling (no
integration of reaction and heat removal). The red line
constitutes the optimal path for a system with constant, but
optimal coolant temperature and heat exchange area.
Finally, the green line corresponds to a system where the
heat flux is controlled optimally. These calculations yield
the potential of an ideal temperature control in comparison
to the optimized technical reference case (adiabatic
reaction with intermediate cooling).

On the second level, the possibilities for controlling the
heat flux are systematically evaluated. The heat flux can
be manipulated by adjusting the local values of the heat
transfer area (e.g. by changing the geometry), the heat
transfer coefficient (e.g. by changing the flow regime) or
the temperature difference between cooling media and
fluid (i.e. changing the driving force). Based on these
results, the best control variable profiles are approximated
by a new reactor design giving rise to a technical optimal
reactor. Technical approximations of different control
variable profiles are possible and will be presented in our
contribution.
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