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Abstract

Packed bed reactors (PBR) are commonly used in the chemical process industries to
perform gas-phase catalytic reactions (e.g., methane steam reforming (MSR)) due
to their high surface area to volume ratio offered by the catalyst particles of different
sizes and shapes that are randomly placed inside these reactors. Fluid flows over
the catalyst particles, reactions and heat transfer take place simultaneously on the
external (particle-scale) and internal (pore-scale) surfaces of the particles. Particle
shape influences the local fluid flow (in the vicinity of the particle) and therefore
the pressure drop (AP), heat transfer and reaction performance of PBR. This is
even more crucial for PBR with low tube-to-particle diameter ratio (< 10) as in
MSR where the confining walls also influence the local fluid flow. Therefore, the
performance of PBR can be improved by understanding the complex interactions

between the particle shapes and the surrounding flow field.

Common particle shapes (e.g., spheres and cylinders) have been widely studied in
the literature using particle-resolved CFD simulations. However, there is a lack of
information in the literature on the impact of particle shape on reactor performance
and also on the choice of optimal particle shape for a particular catalytic process.
Also, a reasonable method to simulate the transient catalyst deactivation process
which includes the changes in the particle properties and the effect of particle shape
on catalyst deactivation is still lacking. In addition, there is a lack of information
in the literature on the application of monolith and foam structure as bulk catalyst
which can offer significant advantages compared to the conventional pellets. Apart
from that, a validation of particle-resolved CFD simulations with detailed particle-
scale measurements under the turbulent flow conditions, in particular, the effect of

different turbulence models on the particle-scale flow predictions is still lacking.

v



Abstract vi

In the present thesis, particle-resolved CFD simulations are performed in a packed
bed with different particle shapes to understand and to quantify the effect of particle
shape on the AP, dispersion, heat transfer, effectiveness factor and reactant con-
version using the MSR reactions. Also, a modified AP correlation is developed for
different particles shapes considered in the present work. Later, the work is extended
to other industrial catalytic reactions with varying extents of heat/mass transfer lim-
itations to demonstrate a computational approach for selection of optimal catalyst
shape for a particular catalytic reaction. In addition, a method to simulate the tran-
sient catalyst deactivation process which includes the change in particle properties
is demonstrated using propane dehydrogenation (PDH) reactions, and the method
is used to understand the impact of particle shape on catalyst deactivation. Further,
numerical investigations are performed to understand the performance of monolith
and foam as bulk catalyst against conventional pellets using the MSR reactions, and

on catalyst deactivation using the PDH reactions.

Apart from that, a comparison of the particle-scale PIV measurements with the
corresponding particle-resolved CFD simulations (using the SST k& — w model) is
performed in a packed bed under the turbulent flow conditions. Later, the particle-
resolved CFD simulations with different turbulence models (standard k — ¢, SST
k — w, SSG Reynolds-stress, BSL Reynolds-stress and LES WALE) are validated
with the PIV measurements to understand the influence of different turbulence mod-
els on the particle-scale flow predictions. In addition, numerical investigations are
performed in a packed bed to understand the influence of different turbulence mod-
els on the heat transfer and reaction performance using the MSR reactions. The
methodology presented in this thesis can be applied to different particle shapes and
industrial catalytic reactions and thereby aid the development of optimal particle

shape for a particular catalytic reaction to improve the reactor performance.
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