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ABSTRACT

Random packed bed reactors for heterogeneous catalysis are crucial for the chemical industry. The occurrence
of mechanical catalyst pellet failure is commonly known, yet its consequences have hardly been scientifically
investigated. To enable a simulative investigation of the influence of catalyst pellet breakage on reactor
performance, a novel method for the synthetic generation of packed bed structures is presented. The method
consists of the creation of digital particle fragments, the characterization and selection of suitable fragments,
as well as the subsequent synthetic packed bed generation. Instead of modeling the breakage process, digital
particle fragments are selected prior to the packed bed generation via the PECH, algorithm. The packed bed
generation itself is carried out in the open-source software Blender® 4.0.2 and Python. For the technically
relevant range of breakage fractions (0.0 < wp <0.3), sufficient agreement between the overall bed void
fractions of synthetic and experimental packed beds was found. Furthermore, flow through those bed structures
was simulated with particle-resolved computational fluid dynamics (PRCFD). The pressure drop attained by
PRCFD simulations agrees well with the experimental data.
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Nomenclature

Abbreviations

BPL
CPU
DEM
FDEM
MAR
PECH
PRCFD

PSD
RAM
RBA

Rep

Greek symbols
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Latin symbols
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current

hdynamic

Bullet Physics Library

Central Processing Unit

Discrete Element Method
Finite-Discrete Element Method
Minimal Area Rectangle

Primal Effective Capacity Heuristic
Particle Resolved Computational Fluid Dy-
namics

Particle Size Distribution
Random-Access Memory

Rigid Body Approach

Dimensionless numbers

Particle Reynolds Number

Greedy coefficient (-)

Sliding speed (ms~!)

Thickness (m)

Dynamic viscosity (Pas)
Capacity of dimension i (-)

Size feature distribution (-)
Friction coefficient (-)
Kinematic Viscosity (m?s~!)
Angular velocity (rads™')
Remaining capacity of dimension i (-)
Circularity (-)

Used capacity of dimension i (-)
Rotational momentum (N m)
Void fraction (-)

Deformation tensor (s~!)

Unit tensor (=)

Viscous stress tensor (Pa)

Velocity vector (ms~!)

Friction cone (-)

Inertia matrix (kg m?)

Area (m?)

Required capacity of object j in dimension
i(-)

Width (m)

Value of object j (-)

Diameter (m)

Set E (-)

Height (m)

Current bed height (m)

Height of dynamic packed bed section (m)
Number of size classes of distribution A (-)
Length (m)

Molar mass (kg mol™!)

Mass (kg)

Universal gas constant (JK~! mol™!)
Radius (m)
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U Perimeter (m)

u; Maximum available amount of object j (-)
v Velocity (ms~!)

w Mass fraction (-)

u; Remaining amount of object j (-)

x; Decision variables (-)

iz Effective capacity of object j (-)

Super- and subscripts

B Breakage

BL Boundary Layer
Br Fragment

c Contact

f Fluid

i Inner

MAR Minimal Area Rectangle
nor Normal

o Outer

ort Orthogonal

P Particle

tan Tangential

1. Introduction

The vast majority of industrial processes in the chemical industry
make use of solid-catalyzed reactions [1]. For the production of large-
scale basic chemicals, intermediates and several other applications,
fixed-bed reactors are the most important reactor type for hetero-
geneous catalysis [2,3]. Highly exothermic or endothermic reactions
require effective heat transport in or out of the system, which often
leads to reactor designs featuring a small tube-to-particle diameter
ratio (d;mype/dp = N < 5) [4]. Especially for such arrangements, the
effects of the local packed bed morphology on fluid flow as well as
heat and mass transfer cannot be sufficiently described by conventional
pseudo-homogeneous or heterogeneous reactor models [5]. Due to
that and the increasing computational power of modern computer
architecture, particle resolved computational fluid dynamics (PRCFD)
simulations, taking the actual geometric structure into account, are
gaining considerable attention in recent years [5]. It is essential that
the packed bed morphology used for PRCFD simulations must be as
realistic as possible [6,7]. Image-based methods, such as gamma ray
tomography or magnetic resonance imaging, can be used to obtain
three-dimensional information of packed beds [8,9]. However, they
are very time consuming and need special equipment for scanning
while synthetic bed generation methods are faster and more flexible
in comparison [6].

Apart from thermal and chemical stresses, catalyst pellets are also
exposed to mechanical stresses during transport and storage, as well
as loading and operation of the reactor itself [10]. The possibility of
mechanical failure of solid catalyst pellets and moreover its negative
consequences are commonly known [11]. The breakage of catalyst
pellets results in smaller, diversely shaped and sized particle fragments,
which influence the local packed bed morphology. As a result, breakage
of catalyst pellets can lead to a maldistribution of fluid flow and an
increase in pressure drop, which in turn might lower the efficiency and,
in serious cases, can cause the shutdown of the reactor [12]. Hence,
the mechanical strength of catalyst pellets is a key parameter for the
efficient and reliable application of solid catalysts [12,13]. Farsi et al.
used finite-discrete element methods (FDEM) to successfully simulate
the fragmentation behavior of single, complex shaped catalyst pellets
and drew conclusions on possible effects of catalyst pellet failure on
pressure drop [14].
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The same authors used FDEM methods to generate realistic catalyst
packings while evaluating the mechanical stresses acting upon the
individual pellets [15]. Wu et al. performed experiments to quantify
the effect of mechanical catalyst pellet failure on the pressure drop for
a few different particle shapes by applying pressures, large enough to
break the catalyst pellets, at top of the packed beds [16]. An increase
in pressure drop with an increased amount of broken particles and
fines generated was found [16]. However, a scientific model with which
the pressure drop and the packed bed morphology with catalyst pellet
fragments can be predicted, is still called for.

In this work, experiments are conducted to quantify the influence
of catalyst pellet breakage on the overall void fraction and the pressure
drop of packed beds with a tube-to-particle diameter ratio of N =4.4.
Steatite rings and their artificially created fragments are used to cre-
ate the needed packed bed structures with specific portions of pellet
breakage.

A novel method is presented that enables the generation of synthetic
packed beds of catalyst pellets of arbitrary shape while considering
catalyst pellet breakage. The method avoids modeling the computation-
ally intense breakage process and instead relies on experimental data
of particle fragments obtained by common pellet drop tests and two-
dimensional characterization methods. Hence, the method can be used
with reasonable prior experimental effort. Fundamentally, the method
consists of three steps: The creation of digital particle fragments, the
selection of a digital particle fragment collective suitable for the accu-
rate description of the experimental particle fragment collective and the
subsequent packed bed generation. Generated packed bed structures
are validated using the obtained data for the overall void fraction &
as well as the pressure drop 4p of performed PRCFD simulations.

2. Methodology

The novel method presented in this work makes use of particle
fragment data, to allow for the description of technically used catalyst
systems. Instead of simulating the breakage of the pellets, particle frag-
ments matching experimental data are selected prior to the generation
of the packed bed. Chosen particle fragments are then added in place
of intact particles. The packed bed generation is carried out in the
open-source software Blender® 4.0.2.

2.1. Experimental setup and methods

Experiments were conducted to quantify the influence of catalyst
pellet breakage on the packed bed morphology, especially the overall
void fraction €. Packed beds with a height A of 1.0m were prepared
in a polymethylmethacrylate tube with an inner diameter of 21.9 mm.
The pellets used were rings made from steatite due to its high struc-
tural strength which prevents breakage when filling the tube. In order
to implement their geometry into Blender®, the dimensions of 100
densely sintered, nonporous steatite rings with a total mass of 19.04 g
were measured using the digital microscope KEYENCE VHX-7000 and
subsequent evaluation with the Python Library OpenCV. The rings
feature an outer diameter of d, g;,, = (4.98+0.02) mm, an inner diameter
diging = (2.56 + 0.02)mm and a height of Ay, = (5.07 + 0.10)mm.
By multiplying the end face area of each ring with the respective
height, its volume was determined. The density pp of steatite was
determined to 2612.45kg m~ by dividing the mass weighed by the total
calculated volume. Fragments of these rings were generated manually
which enables the creation of packed beds with specific breakage
fractions wp by mixing intact rings and fragments. A constant breakage
fraction wp throughout the entire bed height was aimed for. In practice
this distribution was attempted by mixing small portions of rings and
fragments before carefully dropping the mixture into the tube. The
overall void fraction ¢ of the packed beds was determined using Eq. (1),
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in which pp is the particle material density, mp ., the total particle
mass and Ay, a1 the total height of the experimental packed bed.

-1
mP,tntal : pp
w-h

e=1- 1
exp,total riz,Tube

Apart from the overall void fraction, the pressure drop across the
packed beds was measured. As the pressure drop depends on the
volumetric fluid flow, it is common practice to plot the pressure drop
Ap versus the dimensionless particle Reynolds number Rep, which is
calculated by Eq. (2). The particle diameter dp used in Eq. (2) equals the
diameter of a sphere with the same specific surface as the rings and v,
the superficial velocity. Combined with the density p; and the dynamic
viscosity #; of air, the particle Reynolds number can be calculated:
Rep = Ug - dp - pg o)

Ui

The volumetric air flow was controlled by a Brooks 5851S mass flow
controller and subsequently measured by a gas flow meter Bronkhorst
EL-FLOW Select F-111B, which was set up to display the volumetric flow
under standard conditions (0°C, 1.013 bar). With a Greisinger GTH 1150
thermometer (type K), the temperature of the air flow after the perfu-
sion of the packed bed was measured. The measured temperature was
then used to calculate the volumetric flow under standard conditions,
which was needed to reach the desired volumetric flow of air. Using a
Greisinger GMH 3155, the static overpressure in front of the packed bed
was measured. For the calculation of the particle Reynolds number Rep
the dynamic viscosity #; = 18.55x 10~°kgm~!s at 25°C and 1.0 bar and
the density p; of dry air derived from the ideal gas law was used.

2.2. Synthetic packed bed generation

2.2.1. Creation of digital particle fragment collectives

Geometry data of the desired catalyst pellet fragments is essential
for their recreation in Blender®. For that reason, microscope images of
the fragments are taken. After binarization using Otsu’s thresholding
method [17], the projection of each fragment can be extracted into
a single image for separate analysis. Fig. 1 illustrates this part of the
characterization workflow. In this work, all fragments were character-
ized regarding their perimeter Uy, projection area Ag,, circularity ¥y,
as well as the width b, \jar and length I, \ar of the minimal area
rectangle (MAR) that surrounds the fragment projection. The circularity
Py, is equal to the ratio of the perimeter of a circle of equal area to
the actual perimeter of the fragment projection and can therefore be
calculated by Eq. (3)[18].
w,, = YT ABe 3)

UBr

The shape of particle fragments is restricted by the physical dimen-
sions of the intact particle. Hence, it is reasonable to generate catalyst
pellet fragments by splitting the original pellet shape into segments.
Using the Python application programming interface of Blender® and
newly developed scripts, any pellet shape can be automatically broken
down into circular and linear segments which enables the generation
of large datasets of different fragments. Fig. 2 schematically illustrates
both techniques as well as their combination. To ensure comparability,
the catalyst pellet fragments generated using Blender® are character-
ized analogously to the experimental fragments, which requires saving
an orthogonal image of the fragment projection from above. It is impor-
tant to note that particle fragments have a favored position when laying
on a flat surface. Hence, the digital particle fragments are dropped mul-
tiple times with different starting rotations and the position with the
lowest center of mass is chosen for the top view image. The projection
of each particle can be evaluated concerning arbitrary features such
as area, perimeter, specific lengths or form factors. Matching digital
and experimental fragments should yield equal values for any evaluated
feature. The distribution of any feature of the digital and experimental
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Fig. 1. Workflow of particle fragment characterization using microscope im-
ages and Python.
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Fig. 2. Schematic depiction of the segmentation techniques used for fragment
generation based on the original pellet shape in Blender®.

fragments must also be equal, if the fragments are equal. The goal of the
particle selection is to choose a combination of particles that accurately
describes all feature distributions simultaneously.

The combinatorial particle selection problem can be formulated as
a general multidimensional knapsack problem (MDKP). A definition of
the MDKP can be found in [19]. The MDKP considers a knapsack of m
dimensions with each dimension i having a capacity of k; (i = 1,...,m).
There are n different objects that can be added to the knapsack. Each
object j is available u; times and requires g;; units of the capacity of
dimension i of the knapsack. Including a single copy of object j yields
a reward of c;. The objective is to maximize the total reward Z of the
included items. With x; being the number of object j in the knapsack,
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the problem can be stated as follows:
n
max Z = z CjX;
j=1

n
subject to Z a;;X; < Kj,

i=1,2,....m
j=1
x; <uj, j=12,....,n
x; 20, x; eN, j=12,...,n

To transform the problem of particle selection into a MDKP, the
size classes of all evaluated distributions 4 with their k, size classes
are summarized into one knapsack with m = Y, k, dimensions. Each
dimension i has a capacity x; which is equal to the number of ex-
perimental fragments belonging to this size class. It is a;; = 1 if the
digital fragment j belongs to dimension i and a;; = 0 if not. All digital
fragments are available infinitely (u ; > max ;) and their reward is set
to ¢; = L. It is also required that a digital fragment and its feature
values must belong to size classes where fragments are present in the
experimental counterpart. This must be true for all considered features
for any digital fragment. Hence, digital fragments that do not meet this
requirement are neglected.

Given these assumptions, a solution to the particle selection problem
can be approximated using the PECH, algorithm. The primal effective
capacity heuristic (PECH), as introduced by Akgcay et al. is a greedy-like,
heuristic method that is intended to solve the general multidimensional
knapsack problem [19]. The effective capacity y; which is defined
by min,;{|x;/a;;|} is of major importance for the PECH, algorithm.
Intuitively, the effective capacity y; can be understood as the maximum
amount of object j that can be added to the knapsack. Every iteration,
the algorithm selects an object j* from ser E, that yields the largest
attainable reward c;-y; and commits a fraction « of its effective capacity
to the knapsack. The coefficient a therefore determines the algorithms
greediness. A brief explanation of Fig. 3 is given in the following:

Start

Step 1 Initialize decision variables x; =0,V j;

Initialize set E = {j|x; =0,Yj};

Initialize capacities of resources k; = k;, Vi;

Initialize upper bounds of decision variables u; = u;,V j;
Step 2 Compute effective capacity for item j

3, = min{l=-] : a; > 0},Yj € E;
j=minll2")

Ify; =0,Vj € E, go to End, otherwise go to 3.
Step3 Compute c¢;-y;,¥j € E and select j* = argjg;ax{cj yiks
Step4 Compute the increment of item j*
yj+ = minf{u;-, max{l, I_(yyj,J}};
Step 5 Update the values of decision variables  x;- < xj- +y;:;
Update remaining capacities of constraints
Ki K= ajj - yje, Vi
Update slacks of decision variables uj < uj +yj;
Update set E Ifuj =0ora=1,E « E—-{j'};
If E = 0, go to End; otherwise go to Step 2.
End
Fig. 3. PECH,, algorithm as introduced by Akcay et al. with adapted variable
notation [19].

In Step 1, the decision variables x;, which are equal to the number
of times the object j was added to the solution, are set to zero. The
set E which contains all possible objects, the knapsack capacities k; and
the upper bounds of the decision variables u; are initialized to their
respective values. Step 2 calculates the effective capacity y; for each

object j, which is used in Step 3 to compute the maximum possible
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reward c; - y; and select object j*. After calculating the increment of
object j* in Step 4, all information is updated in Step 5 before returning
to Step 2 for the next iteration.

2.2.2. Rigid body approach in blender

Flaischlen and Wehinger have shown that rigid body simulations
carried out in Blender® can offer significant calculation time advan-
tages over the discrete element methods (DEM) often implemented
in commercial software [6]. Rigid body simulations are based on the
model concept of an idealized rigid body. For rigid bodies, the distance
between points within and on the surface of the body always remains
constant [20]. The motion of rigid bodies is described by the Newton—
Euler equations [20]. The time rate of momentum change, the product
of mass m and the translatoric velocity v, must be equal to the sum of
all forces f acting on the rigid body:

d(mv)

f= e ©)]
The net momentum z is equal to the change of rotational momentum
with time, whereas the rotational momentum itself is the product of
the inertia matrix I and the angular velocity w:

T=1Ilo+wXlo 5)

The usage of these equations for the simulation requires knowledge
of the forces acting upon the respective rigid body to calculate f
and 7z. A contact of rigid bodies results in a contact force f. acting
upon both bodies at the contact point. Within the Coulomb friction
model, the contact force f, is decomposed into a normal component
fnor» @s well as tangential components f,,, and f,,. The tangential
components lie in a plane defined by the normal direction # and the
contact point C. The relative velocity v at the touching points of the
bodies is decomposed analogously into a normal component v,,, and
two tangential components v,,, and v,,,. Sliding occurs when v,,. =0
and at least one tangential velocity is not equal to zero. Both objects
separate if v,,, which cannot be negative, is greater than zero. The
Coulomb model describes friction based on a quadratic friction cone
F(fpor» Miric)- The contact force f, must lie within the friction cone and,
in case of sliding, the friction force must be directly on the boundary of
the cone, opposing the direction of sliding. The friction cone is defined
by Eq. (6), wherein the friction coefficient ;. > 0 is determined by
multiplying the friction factors of the two colliding objects.

FFpor Heric) = WHE a2 = Fo0 = 2,20, fror > 0} ©6)

The tangential friction forces f,,, and f,,, that occur when sliding are
defined by Egs. (7) and (8), with the sliding speed g calculated by Eq.
(9.

1%
fmn = _”fricfnor ;m (7)
v
forr = _”fricfrwr ;rt (8)
ﬂ = Utzan + Ugrr (9)

Blender® uses the Bullet Phyics Library (BPL) for rigid body sim-
ulations [21]. Fundamentally, the BPL differentiates between static,
kinematic and dynamic rigid bodies. While static rigid bodies have zero
mass and have a fixed position, dynamic rigid bodies possess a positive
mass, and their motion is determined by the simulation. Kinematic
rigid bodies are not relevant for the developed packed bed generation
method.

The BPL offers the possibility to assign a different collision shape
to every object, which does not necessarily coincide with the visual
shape of the object. With Convex Primitives and the Convex Hull colli-
sion shape, the collision of convex geometries can be accurately and
efficiently described. For arbitrary, non-convex geometries, the BPL
offers the Concave Triangle Mesh collision shape. Data from Flaischlen
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and Wehinger shows that using Concave Triangle Meshes increases the
computation time by 13 times compared to the Convex Hull collision
shape for generating packed beds comparable to the ones in this
work [6]. Nonetheless, it is necessary to use Concave Triangle Meshes for
the realistic description of concave pellets and their often non-convex
fragments.

2.2.3. Filling algorithm

Using the Blender® Python API [22], the packed bed generation is
fully automated. A basic flowchart of the algorithm is illustrated in Fig.
4. The algorithm mimics the filling process by dropping single particles
into the reactor volume and is based on previous work by Partopour
and Dixon [23] as well as Kutscherauer et al. [24]. Individual particles
are dropped into the reactor volume periodically until the final bed
height or a specified number of particles is reached. Each particle is
generated at a random position above the reactor opening which is
restricted in a way that the drop results in a free fall without touching
the reactor walls. After a certain amount of timesteps, the current bed
height A, is determined. To drastically improve calculation time
and stability, particles below hgyrene — haynamic @re set to static rigid
bodies, essentially freezing them, which removes the need to calculate
their motion and therefore reduces simulation time [24].

Calculate drop order

!

Generate particle above reactor opening

!

Continue simulation for At timesteps

!

Determine current bed height hcyrrent

!

Particles below Acurrent — hdynamic are set to static rigid bodies

Final bed
height reached?

Maximal number of
particles dropped?

Continue simulation until
all particles are at rest

Stop particle generation
and remove falling particles

Fig. 4. Flowchart of the packed bed generation filling algorithm based on
Kutscherauer [24].

Due to the multiple different geometries (particle and fragments)
used, a method is needed to determine a suitable order in which the
different shapes are dropped into the reactor. By choosing specific
drop orders, the packed bed morphology can be strongly influenced.
In this work, the drop order is chosen specifically to generate an
axially homogeneous distribution of particle fragments. More precisely,
a constant mass-related breakage fraction wg = mg/mp o, across the
entire bed height is aimed for. The friction coefficient for all particles
was determined by matching the overall void fraction ¢ of breakage
free, synthetically generated packed beds to the experimental data
while all other parameters were held constant as suggested by Jurtz
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et al. [25]. With the friction coefficient yiy,,. = 0.2 for the tube wall and
up = 0.75 for all particle surfaces, two constant values were used. The
void fractions of the generated synthetic packed beds were determined
via a ray-casting algorithm in Blender® as suggested by Partopour and
Dixon [23].

To increase the performance and stability of the collision detection,
the BPL uses an additional distance called Collision Margin that specifies
the distance to the objects surface, in which a collision is detected.
The Collision Margin can introduce a visible gap between objects when
used in combination with the collision shape Concave Triangle Mesh.
Hence, it is needed to set the Collision Margin of all particles to zero
according to Partopour and Dixon [23]. While the authors agree with
that, the Collision Margin of the wall can be used to drastically increase
simulation stability while still maintaining the desired geometry. In the
case of tubular reactors, this can be done by increasing the radius of the
tube by the chosen Collision Margin.

2.3. Computational fluid dynamics

2.3.1. Governing equations

All CFD simulations were performed under isothermal, steady-state
conditions. The simulations are governed by mass continuity and mo-
mentum conversation equations that are presented below. Detailed
descriptions and explanations of the governing equations can be found
in the relevant literature [26].

V'(};\{@fs: qentinuity: (10
Conservation of momentum:

Vipsv®V)=-Vp+V-T an
With the viscous stress tensor T:

T=nD- %anve 12)
The deformation tensor D is defined as follows:

D=Vv+ (VW) (13)

As equation of state, the ideal gas law was employed in order to de-
scribe the relationship between temperature, pressure and fluid density:
pM;

RT 14)

pr =

For Rep > 200, the flow regime was considered to be turbulent
as suggested by Zidtkowska et al. [27]. In turbulent flow regimes,
the Reynolds Averaged Navier Stokes (RANS) approach was applied,
specifically, the realizable k-¢ turbulence model with the two layer
all y* wall treatment of Siemens Simcenter STAR-CCM+ [28,29]. All
simulations were performed on 20 cores of two Intel Xeon E5-2687W
CPUs at 3.00 GHz on a system with 128 GiB of RAM running Ubuntu
22.04.5 LTS.

2.3.2. Contact modification and mesh generation

The meshing of packed bed structures for subsequent PRCFD was
carried out in Siemens Simcenter STAR-CCM+ v2402 using built-in
functionality. For each simulation a representative packed bed section
with a length of 50d, g;,, taken from the center of the generated
structure was imported as an STL file. A tube with radius d, 1. of
21.9 mm is introduced around the packed bed geometry. As commonly
stated in literature, the particle-particle and particle-wall contacts
provide major issues for the mesh generation prior to PRCFD, as mesh
cells generated there can be of low quality [30,31]. Many authors
use different contact modification methods to alter the geometry in
proximity to the contacts to enable the generation of good quality mesh
cells by the meshing algorithm in these regions, while guaranteeing
physical accuracy [30-33]. Particle-wall contacts were modified by
subtracting a tube with reduced radius from the entire packed bed
geometry, in analogy to Kutscherauer et al. [34]. In this work, the tube
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used for the capping has a radius of r; pp, —0.01d,, gin,, Which introduces
a particle-wall gap of 1.0% of the outer diameter of the ring d, gin,-
The particle—particle contacts were modified using the “caps” method
suggested by Eppinger et al. [35]. The particle surface near particle—
particle contacts is locally flattened when the distance between two
surfaces is below a specified minimum. This modification is performed
by the automated meshing algorithm for surface meshes built into
STAR-CCM+. A polyhedral core mesh with three prism layers around
surfaces for accurate resolution of the boundary layer was chosen.
As suggested by Kutscherauer et al. the number of prism layers was
reduced at close proximity surfaces to avoid cells of poor quality [34].
The thickness of the momentum boundary layer é5; was approximated
by Eq. (15) which is a correlation for the stagnation point on a sphere
taken from the work by Dhole et al. [36]. The obtained value of 55 =
1.265 x 10~* m was subsequently used as prism layer total thickness to
enable a sufficiently accurate resolution of the momentum boundary
layer.

o)
2L = 1.13Re; %’ (15)
dp
Relevant settings used for the automated surface and volume mesh
generation are listed in the supplementary material in Section S1.

2.3.3. Simulation setup

In the presented work, the influence of the breakage fraction wg
on the pressure drop of representative sections of packed beds was
investigated for breakage fractions wg of 0.0 and 0.1. For each breakage
fraction, the flow was simulated through a section of a single packed
bed with a length of 50d,, gi,,- The inlet velocity was set by a function
in order to maintain a particle Reynolds number Rep corresponding to
the experiments carried out.

Flow (Rep)

10 - do,Ring |

3
N3

30 - do,Ring = 14.94cm

3
V)
|

| 10 - do,Ring

Fig. 5. Schematic illustration of the simulation setup with plane sections used
for pressure drop determination highlighted and marked with p, and p,. The
insert shows three different bed sections with increasing breakage fraction
(fragments colored green).

The outlet pressure was set to a constant value depending on the
experimentally observed pressure drop, so that the fluid density at the
inlet is approximately the same in the simulation and the experiment.
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The outlet pressure value p,,, was approximated by assuming a linear
change of the pressure throughout the total experimental packed bed

height A, o> Which leads to Eq. (16).
Apeyp(Rep, wp)
Pout = ———h+p, (16)
out hexp,tolal 0

Since the simulated packed bed height was chosen to be 50d,gin,s
Eq. (16) was evaluated at h = Aq, rora — 50d, Ring = 0.751 m. Effectively,
the first layers of the packed bed downstream from the tube inlet were
simulated. In the simulation, the pressure drop was calculated as the
difference of the average pressure of two planar sections. Both sections
are highlighted in Fig. 5 and marked with p, and p, respectively. In
the figure, the insert shows three different bed sections with increasing
breakage fraction (fragments colored green).

3. Results and discussion
3.1. Particle selection results

In the following, the characterization results are discussed on the
example of the width by, \jor and length /g, \;sr as they show important
characteristics of the artificial particle fragments. Graphs for additional
particle size features are added to the supporting information in Section
§2. The particle size distribution (PSD) ¢,(/g, mar) Of the experimental
fragments shows a sharp distribution with a peak at /g, \jag = 5.10 mm,
which is close to the intact rings height of Ag;,, = (5.07+0.10) mm. Since
it is the only peak, almost all fragments must feature a length in that
region. The PSD ¢,(bg; mar) On the other hand peaks at the size classes
bg, mar = 3.54mm and bg, \jag = 4.86 mm, which could correspond to
the projection area of a quarter and a half of a ring respectively. Visual
examination of the real particle fragments confirms this hypothesis:
the artificial fragments mainly consist of halves and quarters of intact
rings. Therefore, the fragments boast a similar order of magnitude as
the intact rings regarding their size.

A dataset of 18,000 digital fragments was created, of which 65.2%
were potential candidates for the particle selection, as all their size
feature values fit into size classes also occupied by experimental frag-
ments. Using a greedy coefficient of « = 0.05, PECH,, yields a selection
of 2584 particle fragments with 536 unique shapes that approximate the
experimental particle collective.

By plotting the used capacity o, over the total capacity «;, Fig. 6
illustrates the approximated particle selection solution and indicates
how well certain size classes are represented by the selected digital
fragments. For clarity reasons, only the dimensions i’ with a capacity of
more than 1.0 % of the largest dimensions capacity are plotted. Unused
capacities can be attributed to two possibilities. The first possibility is
that there was no fitting fragment for the given size class in the dataset.
It is also possible that the remaining capacity x; was insufficient to add
any of the potential candidate fragments.

Fig. 7 enables the visual comparison between the particle size
distributions of the experimental and selected fragments. The PSD
of the selected fragments shows larger values than the experimental
fragments for size classes that belong to a peak of that feature in
the experimental distribution. This can be directly attributed to the
transformation of the particle selection problem into a MDKP and the
selection of fragments by the PECH, algorithm. In each iteration, the
algorithm chooses the fragment j that leads to the largest increase in
total value c; - y;. Since the value ¢; is set to 1 for all fragments, the
effective capacity y; is decisive. The effective capacity y;, on the other
hand depends on the remaining capacity k; and the respective unit
requirement a;;, which was set to 1 for all dimensions i and fragments
Jj in this work. Hence, the remaining capacity x; is equal to the number
fragments that can be added to dimension i. Any fragment belongs to 4
dimensions i, with 4 being equal to the number of particle size features
used for the fragment selection. The smallest remaining capacity «;
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Fig. 6. Capacity «;, and used capacity o, of the approximated particle selec-
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shown.
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Fig. 7. Particle size distribution related to particle count gy(bg, \ar) and
do(Up, mar) Of the experimental artificial fragments and the selected digital
fragments.

among the 4 concerning dimensions is decisive for the selection of
the fragment. This automatically leads to the constraint that all the
other remaining capacities of the other dimensions must be larger.
The dimensions with the largest capacities are filled up preferably
given that there are fitting fragments in the dataset. As a consequence,
fragment shapes that belong to the peaks appear over proportionately.
However, the distributions of the characteristic fragment parameter of
the fragment collection selected by the PECH, algorithm agree well
with the experimentally determined distributions.
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3.2. Packed bed morphology

As depicted in Fig. 8 the breakage fraction wg has significant
impact on the overall void fraction e. For each datapoint three packed
beds were generated and the respective mean value is plotted. The
packed beds generated synthetically reflect the decrease in the void
fraction with an increase in the breakage fraction wy that is present
in the experimental data. The overall void fraction of the synthetically
generated packed beds at wg = 0.0 was matched to the experimental
data by adjusting the particle friction coefficient up. Packed beds at
larger breakage fractions were calculated using identical friction coeffi-
cients. With increasing breakage fraction, an increasing deviation from
the experimental data is found. The synthetically generated packed
beds show an increased overall void fraction compared to the exper-
imental packed beds. With increasing breakage fraction, the number
of objects in the dynamic particle layer increases. This leads to an
overall increase in particle contacts, which inevitably causes contact
forces. As a result, particles perform small movements around their
position, enlarging the mean distance to neighboring particles and
thereby raising the overall void fraction. An increase in movement with
increasing breakage fraction can also be observed visually during the
simulation. Apart from that, the characterization method is restricted to
two-dimensional images and therefore cannot fully capture the three-
dimensional geometric data. Further, the particle selection algorithm
is biased towards the peak size classes. Fragments belonging to a
combination of size classes with large capacity «; are preferred, which
must not necessarily be a size feature combination found as commonly
in the experimental fragment data. Yet, the overall void fraction of the
synthetically generated packed beds shows a maximum deviation of less
than 2% at wy = 0.3.

0.60
0.55 4
w 0.50 A
0.45 1
—— Simulation
—$— Experiment
0.40 T T T T
0.0 0.1 0.2 0.3
Wg

Fig. 8. Overall void fraction ¢ of the experimental and synthetically generated
packed beds with varying breakage fraction wy.

Local void fraction profiles highly depend on the particle shape
[37]. Pellet fragments can close gaps between intact pellets, introduce
additional distance between them and affect their position and orienta-
tion. Therefore, an influence of catalyst pellet breakage on local packed
bed structure is expected. The local void fraction £(r) of the generated
packed beds show local minima and maxima depending on the distance
to the tube wall, as depicted in Fig. 9. In the presented case, local
minima and maxima are reduced with increasing breakage fraction wy
and a radially more uniform void fraction is achieved. The standard
deviation in radial void fraction &(r) is shown as a filled area around
the lines in Fig. 9. The deviation between individual generated packed
beds of a specific breakage fraction is most pronounced in the center
of the tube. Section S3 of the supplementary information provides
additional information about the positioning of rings and fragments
over the cross-sectional area of the tube.
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3.3. Pressure drop

Fig. 10 shows the mean value of the pressure drop 4p of three differ-
ent experimental packed beds with an axially homogeneous breakage
distribution at various breakage fractions wy and different particle
Reynolds numbers Rep. With increasing breakage fraction wp, the
pressure drop also steadily increases for the examined particle system.
Compared to the breakage-free packed bed, the packed bed config-
uration at wg = 0.1 yields a pressure drop increase of 21.2% at
Rep = 411. This shows that already minor breakage fractions can
lead to a significant increase in pressure drop and therefore to an
increased energy consumption for gas compression or reduced flow
rates at constant pressure drop.

800
wg A
700 A —I—0.0 I 0.3 /,/
600 1 -$-0.1 405 /
—§-0.2 -%-1.0 ;c/

0 100 200 300 400 500 600 700 800
Rep

Fig. 10. Pressure drop 4p of experimental fixed beds with different breakage
fractions wy and axially homogeneous breakage distribution at different par-
ticle Reynolds numbers Re.

PRCFD simulations were conducted of three packed beds with
wg = 0.0 (reproducibility) and single packed beds with wg = 0.1
and wg = 0.3 respectively for all experimentally investigated particle
Reynolds numbers Rep. The void fraction of the generated packed beds
without breakage (wg = 0.0) show a relative standard deviation of
0.172 %, which was the highest value across all investigated breakage
fractions. The numerical pressure drop values of the packed beds
without pellet breakage show a relative standard deviation of less than
1.684 %. Hence, it is sufficient to simulate one of the respective packed
beds for a given breakage fraction to quantify the pressure drop of a
given packed bed. With increasing particle Reynolds numbers Rep and
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increasing breakage fractions wyg, the simulated length normalized pres-
sure drop increases, see Fig. 11. The simulated specific pressure drop
deviates less than 10 % from the experimentally measured values, as can
be seen in the parity plot in Fig. 11(b). The scattering of the deviations
between —10 % and +10 % indicates that there is no systematic error in
the model. Possible sources of deviation are associated with particle ori-
entation, as well as fragment position, orientation and agglomeration.
This could be further investigated using extensive image-based analysis
(e.g. tomography) of experimental beds. The observed small differences
between simulation and experiment are inevitable since the simulation
did not cover the whole packed bed structure. Since the fluid density
is different in the first particle layers compared to the last layers, the
velocities and the pressure drop per meter packed bed change over the
packed bed as well. This is especially critical if the fluid density is not
adjusted according to the actual experimental conditions, which was
done in this work by adjusting the outlet pressure.
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Fig. 11. Pressure drop of experimental and synthetic packed beds over particle
Reynolds number Rep (a) and as a parity plot (b).

Fig. 12 provides a visual representation of the fluid flow through
packed beds at three different breakage fractions and Rep = 411. The
particle fragments are green for visualization purposes only. A small
section of the packed beds and its near-wall streamlines (top) and plane
sections with the axial velocity (bottom) are shown. It is visible that
pellet fragments can locally hinder the axial fluid flow which can be
seen in the case of fragments close to the tube wall at wg = 0.3. From
the plane sections it is clear that the local axial velocity increases with
increasing breakage fraction, which is expected with the lower overall
void fraction. The increased flow deflection leads to a higher pressure
drop.

Powder Technology 470 (2026) 121957

18.0

m/s

Direction of flow

<

0.0
18.0

m/s

-3.0

Fig. 12. Streamlines (velocity magnitude) and axial velocity in plane sections
of packed beds with different breakage fractions at Re, = 411 and equal height.

4. Conclusion

The centerpiece of any packed bed reactor is the bed made of
solid catalyst, which provides the main site for chemical reactions.
Mechanical stresses arising during loading and operation of the reactor
can lead to the failure of the employed catalyst pellets. The subsequent
change of the packed bed morphology inevitably affects the reactor
performance.

It has been confirmed experimentally that catalyst pellet breakage
has significant influence on the packed bed morphology. Packed beds
made of inert rings and their fragments were investigated. Overall,
the fragments were mainly halves and quarters of intact rings and,
therefore, had sizes of similar order of magnitude. Nonetheless, with
increasing breakage fraction, a decrease of the overall void fraction and
the expected pressure drop increase were observed. In the investigated
case, a breakage fraction wy of 10% already results in an increase
of pressure drop of more than 20 %, which shows the importance of
considering catalyst pellet fragments.

Simulative investigation of the influence of packed bed morphology
on reactor performance, for example by PRCFD, requires a digital
replica of the packed bed. A novel method for the generation of
packed beds considering catalyst pellet fragments for arbitrary catalyst
pellet shapes has been developed, which does not require expensive
equipment compared to image-based experimental methods. The novel
method consists of the creation, characterization and selection of digital
fragments. Starting from the original catalyst pellet shape, a set of
particle fragments is created and characterized in Blender®. Using the
PECH,, algorithm, a suitable digital particle fragment collection, match-
ing experimental particle fragment data, is selected for the subsequent
packed bed generation using Blender®.

The void fraction of experimentally and synthetically generated
packed beds shows very good agreement in the technically relevant
breakage fraction range of 0.0 < wg < 0.3 with a maximum deviation of
less than 2 %. The pressure drop of packed beds with a breakage fraction
of wg = 0.0,0.1,0.3, was investigated with PRCFD. Good agreement
between experimental and simulative pressure drop values was found,
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with a deviation of less than 10 % for all examined breakage fractions
wg and particle Reynolds numbers Rep. It is important to note that,
in addition to the geometric information and breakage distribution, no
further experimental information is required for predicting the void
fraction and pressure drop.

The presented method lays the foundation for further simulative
investigations of the effects of catalyst pellet breakage on reactor
performance. A more realistic depiction of the packed bed morphology
enables an improved description of the local flow field. Investigating
industrial reactors will enhance the understanding of how catalyst
pellet breakage affects pressure drop, chemical reactions, and local tem-
perature profiles within the reactor. These insights can contribute to the
optimized design of future reactors and catalyst pellet structures, and
assist in making informed decisions regarding the timely replacement
of catalyst beds in existing operations.

Future studies should examine particles and fragments of vari-
ous geometries and validate the proposed method accordingly. More-
over, coupling the presented approach with FDEM-based simulations
of catalyst pellet fragmentation, such as the model developed by Farsi
et al. [14], is expected to eliminate the need for experimental fragmen-
tation analysis.
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