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Hetero-agglomeration of micron- and submicron-sized particles enables the formation of all-solid-state battery
cathode materials with enhanced safety and energy density. This study investigates a turbulent pipe flow process
for mixing lithium iron phosphate (LiFePO4, LFP), lithium indium chloride (Li3InCl, LIC), and carbon black (CB)
to form three-component hetero-agglomerates. The analysis aims to identify suitable pipe dimensions and
evaluate how different mixing configurations affect agglomerate size, composition, and structure. The investi-
gation employs a dedicated simulation framework utilizing a mesh-free representation of turbulent flow fields
derived from direct numerical simulation datasets. Lagrangian particle tracking incorporates an improved
discrete random walk model, while stochastic agglomerate structure simulations account for various turbulent
collision mechanisms, hydrodynamic interactions, and breakup events. Prior to simulations, virtual CB aggre-
gates were stereologically reconstructed from scanning electron microscopy images, the particle size distribu-
tions were determined using laser light diffraction, and the surface energies of all materials were determined
from contact angle measurements using the Owens-Wendt-Rabel-Kaelble method. Simulations examined parallel
mixing and sequential premixing configurations (LFP-CB, LIC-CB, and LFP-LIC) across various pipe diameters.
For parallel mixing under experimental process conditions, an 18 mm pipe diameter proved optimal, achieving
maximum particle capture in agglomerates at a downstream distance of 2.73 m. Premixing diameters were
selected based on mixing length and deposition. The mixing configuration significantly influences the agglom-
erate composition, material-specific mixing quality measures, and the contact-pair distribution. The findings
provide concrete recommendations for experimental process design regarding pipe dimensions and mixing
strategies, while the influence on electrochemical properties requires further investigation.

components. The structural arrangement of the particles within these
hetero-agglomerates is of paramount importance, as it determines the

1. Introduction

The mixing of particulate systems represents a fundamental unit
operation in process engineering, with applications across diverse in-
dustries such as pharmaceuticals, chemicals, and materials science (Jin
and Shen, 2024). Hetero-agglomeration, the specific combination of
particles of different materials, can result in unique and enhanced
properties of the composite due to the formation of hetero-contacts at
the interfaces of the particles (Kolck et al., 2026, 2023; Witte et al.,
2023). These hetero-contacts facilitate interactions such as charge, heat,
or mass transfer without necessitating chemical reactions between the
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quantity of resulting hetero-contacts and influences the characteristics
of the resultant material.

Hetero-agglomerates can form through three distinct processes: first,
in the liquid phase (Gunlazuardi et al., 2021; Li et al., 2019a; Liu et al.,
2022); second, through mechanical mixing (Poux et al., 1991); or third,
in the gas phase (Buchheiser et al., 2023; Gerken et al., 2023; Witte et al.,
2023). The advantages and limitations of these methods are discussed in
Kolck et al. (2023). Recently, a jet-based direct mixing gas phase hetero-
agglomeration process was introduced and analysed both numerically
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(Kolck et al., 2023) and experimentally (Witte et al., 2025, 2023). This
process involves deagglomerating particles to the primary particle level
using a rotating brush disperser, followed by turbulent mixing of two
crossing particle-laden jets. In the mixing zone, particles of different
materials contact and form hetero-agglomerates. As the results of Kolck
et al. (2023) indicated a deficiency in particle concentration and resi-
dence time, the original process was reformulated in Kolck et al. (2026)
to eliminate the need for a secondary carrier gas (a third stream used to
remove agglomerates), thereby increasing the particle-to-gas volume
ratio.

The turbulent pipe flow of this process, which promotes further
mixing and agglomeration, was recently the subject of numerical in-
vestigations in Kolck et al. (2026). In that study, a Lagrangian particle
tracking and agglomeration approach (Sommerfeld and Stiibing, 2017)
was employed to model the particle motion as well as mixing and
agglomeration of micrometre-sized particles in turbulent pipe flows. In
this context, the fluid field, comprising the mean flow velocities and the
root-mean-square (RMS) values of the velocity fluctuations, was pro-
vided by suitable curve-fit functions derived from direct numerical
simulation (DNS) data. The RMS velocities were employed for the
modelling of turbulent dispersion via an improved discrete random walk
model (IDRW) (Mofakham and Ahmadi, 2020), while the agglomeration
was modelled using a Lagrangian agglomerate structure model proposed
by Sommerfeld and Stiibing (2017). The findings indicated that the se-
lection of pipe diameter and mixing configuration exerts a significant
influence on the size and composition of hetero-agglomerates. Specif-
ically, the ratio of hetero- to homo-contacts was found to be dependent
on the pipe diameter-dependent turbulent intensity, provided that the
surface energies of the hetero-materials in question exhibit significant
disparities. Moreover, the interplay between deposition and agglomer-
ation results in a local maximum of hetero-contact formation.

In the context of energy storage, hetero-agglomeration plays a crit-
ical role in the development of advanced battery materials, particularly
for all-solid-state batteries (ASSBs). Unlike conventional lithium-ion
batteries, which use a liquid electrolyte, ASSBs incorporate a solid
electrolyte, offering benefits such as improved safety and increased
energy density (Janek and Zeier, 2016; Jung et al., 2015; Kerman et al.,
2017). The cathode of an ASSB is a complex composite (Fig. 1) con-
sisting of cathode active material (CAM) particles, solid electrolyte (SE)
particles, and conductive additives such as carbon black (CB)
(Frankenberg et al., 2025; Kissel et al., 2026a). The distribution and
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interaction of these components through hetero-contacts significantly
influence the battery's electrochemical performance (Wang et al., 2012).
In this context, hetero-contacts should be interpreted as a structural
indicator for the formation of ion- and electron-conducting pathways
and thus an increase in electrochemically addressable CAM particles.
The CAM utilization describes this addressable fraction of CAM parti-
cles, i.e. connected to both an ionic and an electronic transport pathway.
In solid-state composite cathodes, achieving full CAM utilization is not
self-evident, since CAM particles may remain inactive if they are not
connected to percolating SE and conductive-additive networks (Ctinez
et al., 2025; Kissel et al., 2025). Consequently, a larger number of CAM-
SE and CAM-CB hetero-contacts can increase the probability that CAM
particles are incorporated into such transport networks. At the same
time, hetero-contacts are also directly correlated with the degree of
mixing and therefore provide information on the spatial distribution of
the individual cathode components.

Despite the promising potential of these materials, the relationship
between the structural arrangement of the hetero-agglomerates of which
the cathode material consists and the resulting battery performance
remains inadequately understood (Schnell et al., 2018). This reflects the
broader challenge that electrode performance is not determined by
material composition alone, but strongly by the particulate micro-
structure generated during processing, including particle dispersion,
contact formation, and the spatial arrangement of the individual phases.
Li (2025) emphasized that slurry preparation is central to achieving
uniform dispersion and intimate contact among battery electrode com-
ponents, and that particle size distribution, dispersion uniformity, and
binder adhesion need to be controlled to support ion and electron
transport. For solid-state battery systems, the same work highlights the
relevance of solid-electrolyte powder dispersion for avoiding heteroge-
neous phase distributions, poor interfacial contact, and non-uniform
lithium-ion transport. Additionally, Liu et al., (2023), demonstrated
with an experimentally validated three-dimensional electrochemical
model that manufacturing-dependent microstructural features, partic-
ularly the carbon-binder-domain distribution, the integrity of the elec-
tronic conductive network, and electrode/current-collector contact
resistance, influence active-material utilization and discharge behav-
iour. Recent studies on mechanically processed ASSB cathode compos-
ites further show that the mixing process and the resulting material
distribution affect CAM utilization, interfacial contact, and the forma-
tion of ionic and electronic transport pathways (Heo et al., 2025; Kissel
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Fig. 1. Schematic process route for dry ASSB cathode production from cathode active material, solid electrolyte, and carbon black aggregates, showing the gas phase

hetero-agglomeration process investigated in this work as a pre-conditioning step.
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et al., 2026a). Accordingly, the gas phase hetero-agglomeration process
investigated in the present work is not only analysed in terms of hetero-
contact formation, but also with respect to agglomerate composition,
contact-pair distribution, and material-specific mixing quality. These
quantities are interpreted as structural descriptors of the formed ag-
glomerates and as indicators of their potential relevance for subsequent
cathode processing, while their direct impact on electrochemical per-
formance remains to be assessed in future work.

The process investigated in the present work can be understood as a
dry mixing step within the broader processing chain of ASSB cathode
production (Frankenberg et al., 2025) (see Fig. 1). Mixing methods for
solid-state electrodes can generally be classified into wet and dry pro-
cesses, depending on whether liquids are used during mixing. This
choice directly affects the electrode properties, the process cost, and the
environmental sustainability of the final electrodes and cells
(Fernandez-Diaz et al., 2023). Dry processing is particularly attractive
for ASSB cathodes because it eliminates process solvents and the asso-
ciated drying and solvent-recovery steps, while improving compatibility
with solvent-sensitive solid electrolytes (Lu et al., 2022). In dry film
production routes, the composite powder is typically pre-conditioned,
subsequently mixed with a fibrillating binder such as polytetrafluoro-
ethylene (PTFE), and finally calendered to form a free-standing or
current-collector-supported cathode film (Frankenberg et al., 2025). The
gas phase hetero-agglomeration process could therefore replace or
complement the pre-conditioning step by generating mixed, process-
defined hetero-agglomerates from dispersed particle streams before
subsequent binder addition and film formation.

This positioning distinguishes the proposed process from established
mechanical dry mixing routes. Planetary ball milling can provide sub-
stantially higher mechanical stresses and is therefore well suited for
comminuting large solid-electrolyte particles, but excessive energy input
can lead to material degradation, such as strongly reduced crystallite
size of the solid electrolyte or increased strain in the active material
(Frankenberg et al., 2025). Mechanofusion and related high-intensity
dry particle coating approaches can generate intimate CAM-SE interfa-
cial contact and even defined core-shell or matrix-type building blocks
(Heo et al., 2025; Kissel et al., 2026a). However, if suitable conductive
additives are not present to provide electronic pathways, a sole SE
coating can also prevent electron transfer (Kissel et al., 2026a). In
comparison, the turbulent gas phase process is expected to impose lower
mechanical stresses and thus may be less effective for comminuting
coarse LIC particles, but it avoids milling media, allows the separate
dispersion and possible upstream classification of individual particle
streams, and offers a continuous route for generating hetero-
agglomerates. Coarse fractions removed during such an upstream clas-
sification step could be recycled or processed separately.

The composition, morphology and internal contact arrangement of
the agglomerates formed during the proposed mixing step determine the
initial state of the particulate cathode microstructure, which can be
modified during subsequent processing steps. In dry film production
Frankenberg et al. (2025) showed that the pre-conditioned composite
experiences only minor structural alteration during the fibrillation step,
whereas calendering introduces high shear stresses that can create new
hetero-contacts and increase CAM utilization. Consequently, it remains
an important question for future work whether process-dependent dif-
ferences generated during gas phase hetero-agglomeration are retained
after fibrillation and calendering, and how these differences translate
into effective ionic and electronic conductivities as well as electro-
chemical performance of the final dry film.

Therefore, the present study does not aim to predict the electro-
chemical performance of the final cathode directly. Instead, it aims to
evaluate the suitability of the gas phase hetero-agglomeration process as
a controllable dry mixing step for ASSB cathode materials, and to
investigate the effect of process parameters on the resulting agglomerate
structures. The work addresses the hetero-agglomeration of ASSB ma-
terials, with the overall aim of contributing to the development of a
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production method for all-solid-state cathode materials consisting of the
model material system lithium iron phosphate (LiFePO4 LFP) as active
material, lithium indium chloride (Li3gInClg, LIC) as solid electrolyte and
carbon black (CB) as conductive additive. LFP and LIC are present in the
form of particles and CB is present in the form of stable aggregates. The
size and morphology of these aggregates will be discussed in Section
2.2.1. A description of the considered solid electrolyte in the context
of potential all-solid-state battery materials is provided in Frankenberg
et al. (2024).

The methodology employed in Kolck et al. (2026) is particularly
well-suited to the context of ASSB cathode materials for which it was not
yet directly considered. This is due to the fact that the methodology,
which is comparatively less computationally intensive than time-
resolved modelling of collisions of individual particles in discrete
element method (DEM) simulations, enables a great number of very
small particles to be handled. Conversely, the approach is nevertheless
capable of representing the agglomerate structure, thereby offering an
effective compromise between computational efficiency and modelling
accuracy. The simulation approach presented in Kolck et al. (2026) is
used for modelling the agglomeration, dispersion and deposition of
ASSB cathode material particles in turbulent pipe flows as part of the
proposed gas phase hetero-agglomeration process. In this work, the
pipe-diameter dependence of deposition and agglomeration is analysed,
and a suitable reference diameter is selected for the subsequent com-
parison of parallel and sequential mixing configurations under a pre-
scribed maximum pipe length. The parallel and sequential mixing and
agglomeration of CAM, SE particles and CB aggregates in different
combinations are then analysed to identify the resulting differences in
structure, composition, size and amount of hetero-agglomerates formed.

The article is structured as follows. In Section 2, the methods utilized
are outlined. This encompasses the numerical methodologies employed
in the simulations, in addition to a detailed exposition of the charac-
terization of the initial materials. The latter encompasses the recon-
struction of the initial CB aggregates, the measurement of the particle
size distributions, and the determination of the surface energies of all
materials. This is followed by a description of the simulation setup,
including the simulation conditions and workflow for parameter varia-
tion and process analysis (Section 3). In Section 4, the results of all
simulation sets in this workflow are discussed individually. Conclusions
are finally drawn in Section 5.

2. Methods

The methodology is divided into two parts. Section 2.1 presents
simulation methods, including modeling particle and agglomerate mo-
tion, as well as agglomeration processes in turbulent flows. Section 2.2
describes the experimental and numerical methods used to characterize
the starting materials, such as carbon black aggregate reconstruction,
particle size distribution measurements, and surface energy
determination.

2.1. Modelling agglomeration in turbulent pipe flows

2.1.1. Particle motion

The methodology employed in this study for modelling dispersion
and agglomeration in turbulent pipe flows is described in detail in
previous work (Kolck et al., 2026). However, a concise summary is
provided here for the reader's convenience. In addition, certain modi-
fications have been made to the original model, and these are detailed
below. Following the Lagrangian particle tracking method, the motion
of a spherical particle or agglomerate is described by Newton’s equation
of motion, which is integrated over time and given as

2=
d*x,

—D —L —Br —
mpF:FP+FP+FP +mpg, (l)
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where the subscript p is used hereafter to indicate that the variable
describes a particle or agglomerate. In Eq. (1) the sum of all three-
dimensional forces acting on a particle can be expressed as the prod-
uct of the particle mass m, and the particle/agglomerate acceleration
d?x,/dt?, where X, is the three-dimensional particle/agglomerate
location and t is the time. The individual forces that are considered here

D L
are to be found on the right-hand side of Eq. (1). The forces Fp s ?p and

B
?pr are the fluid drag force, the lift force and the Brownian force,

respectively. The gravitational force is represented by m,, g, where g is
the three-dimensional gravitational acceleration vector.

It is important to note that the modelling framework utilizes the so-
called parcel concept, in which each computational particle (parcel)
represents a defined number NgeN of particles with the same properties
(Kolck et al., 2026; Sommerfeld and Stiibing, 2017). In the present work,
this concept is also followed for the initial CB aggregates (details given
later).

The drag force ?DD depends on the particle/agglomerate Reynolds
number and on the relative velocity between the particle/agglomerate
and the fluid. The Cunningham slip correction factor is also considered
in the calculation of this force, and the drag coefficient is given by the
expression of Schiller and Naumann (1933). The fluid velocities that are
needed to calculate the drag force are composed of a mean flow velocity
component and a turbulent fluctuation velocity component. Both the
mean flow velocity and the root-mean-square (RMS) values of the ve-
locity fluctuations are determined through curve-fits of DNS data from
El Khoury et al. (2013), as provided in Kolck et al. (2026). The resulting
continuous and wall-distance-dependent functions of the anisotropic
RMS velocity fluctuations are utilized to model the actual time-
dependent fluctuation velocities acting on a particle. This is achieved
through the implementation of an improved discrete random walk
model, as proposed by Mofakham and Ahmadi (2020), which extends
the conventional discrete random walk model (Gosman and loannides,
1983) by incorporating a drift velocity correction term. This modifica-
tion serves to prevent a spurious accumulation of very small particles in
regions of low turbulence (see (Mofakham and Ahmadi, 2020) for
further details). The model employs a stochastic representation of tur-
bulent eddies in a real flow, which act on the particles. Realizations of
Gaussian random vectors are drawn to model the fluctuation velocities,
which scale the RMS velocity fluctuations in each specific direction. The
realizations are drawn after a specified time interval to describe how
long a particle is affected by the same eddy. The time interval between
generating new random vectors for a single particle depends on the
turbulent length scale and the time it takes the particle to cross an eddy.

The lift force ?; acting normal to the wall, which is induced by the
strong flow shear in the turbulent boundary layer, is modelled using the
expression proposed by McLaughlin (1993) and a curve-fit given by Mei
(1992). This approach offers a relaxation of the restrictions of the
original expression given by Saffman (1968, 1965). The Brownian force

?Et is only relevant for fluid-tracer-like particles and is represented by a
Gaussian white noise random process (Li and Ahmadi, 1993), whereby a
Gaussian random number vector is generated at each time step in order
to model the magnitude scaling and direction of a particle and
temperature-dependent force.

2.1.2. Agglomeration

The previously discussed discrete random walk model effectively
captures the stochastic particle trajectories in turbulent pipe flows.
However, it is unable to account for the correlations that exist between
these trajectories. As a result, it is unable to predict the actual relative
positions and velocities of the particles, which are usually relevant for
modelling agglomeration. In order to address this issue, a stochastic
inter-particle collision model (Sommerfeld, 2001) within the framework
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of the Lagrangian agglomerate structure model introduced by
Sommerfeld and Stiibing (2017) is employed.

The initial step in the inter-particle collision model is to ascertain the
relative velocity between a given particle and another, fictitious parti-
cle, as well as the probability of their collision. The frequency of particle
collisions and the underlying mean particle relative velocity are
contingent on the ratio of the particle relaxation time 7z, (Kolck et al.,
2026) to the turbulent time scales. The ratio of the particle relaxation
time 7, to the Lagrangian integral time Ty, is expressed by the large-scale
Stokes number

Sty =2, )

As discussed below, for certain collision mechanisms the particle
relaxation time 7, is related to the Kolmogorov time scale Ty by:

Stk = Tp/Tk‘ (3)

The Kolmogorov time scale (Kolmogorov, 1991), defined as the char-
acteristic time scale of the smallest turbulent eddies, is given by

T, = \/% @

where ¢ is the kinematic viscosity of the fluid and ¢ is the turbulent
energy dissipation rate. Zaripov et al. (2019) measured the non-
dimensional turbulent energy dissipation rate ¢" over the non-
dimensional wall distance y* and the results have been curve-fitted in
order to estimate the dissipation profile, which is given by

£ = 0.2019exp( — 0.043y™) +0.0225. )

This approach is essentially congruent with the preceding procedure for
the determination of the RMS velocities. The curve-fit in comparison to
the experimental data from Zaripov et al. (2019) is illustrated in Fig. Al
in the Appendix. It should be noted that the symbol “+” is used to
indicate non-dimensional flow variables. For a detailed description of
the non-dimensional variables and their conversion to physical vari-
ables, please refer to Kolck et al. (2026). The collision rate of particles in
turbulent flows is governed by several effects throughout a wide range of
scales of fluid motion (Wang et al., 2000). The highest relative particle
velocities are observed for particle relaxation times that are similar to
the Lagrangian integral time scale Ty, (St, = %: 0(1)) (Williams and
Crane, 1983). These phenomena are induced by the large-scale ener-
getic eddies and result in elevated collision rates (turbulent transport
effect) (Zhou et al., 2001). For particles exhibiting a relaxation time that
is comparable to the Kolmogorov time scale (St; ~ 1), the accumulation
effect is most pronounced (Zhou et al., 2001). This effect is characterized
by the local non-uniform particle distribution and the preferential con-
centration of particles at the interface of dissipation-scale turbulent
eddies, which leads to an increased collision probability. The relative
velocities of small Stokes numbers are predominantly induced by dif-
ferences in the particle relaxation time (acceleration induced) or by
turbulent shear (Williams and Crane, 1983).

In the model outlined in Kolck et al. (2026), the inter-particle colli-
sion probability for a real particle colliding with another, fictitious
particle, was determined in accordance with the findings of Williams
and Crane (Williams and Crane, 1983), who provided a formulation for
the collision kernel and the collision velocities due to the collision
mechanisms of turbulent shear and particle acceleration. However, it
has been demonstrated that the inherent expression for the energy
spectrum is not applicable in the viscous subrange of turbulence (Kruis
and Kusters, 1997). This restriction is violated in the case of the small CB
aggregates (see Section 2.2.1) considered here, since their relaxation
times can be smaller than the Kolmogorov time scales (St < 1). Kruis
and Kusters (1997) reformulated the model, thereby removing the re-
striction that Stokes numbers must be greater than one. In their study of
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bidisperse particle collisions (Zhou et al., 2001), employed this refor-
mulation and calibrated the parameters to their DNS results, thereby
deriving a semi-empirical model that encompasses shear- and
acceleration-induced collision mechanisms in turbulence extending into
the viscous subrange. Moreover, the impact of the local particle pref-
erential concentration on the collision kernel is considered within the
framework of this theory.

Recall that the work presented here employs the parcel framework,
in which particles sharing identical composition and diameter d; are
assembled into a single parcel i € I, where I denotes the set of all possible
parcels. Furthermore, each parcel is assigned an associated multiplicity
NP representing the number of particles it comprises.

Generally, the collision probability Py : (0,00)—(0, ) of a particle
within a parcel i € I with another, fictitious particle of parcel j € I, and
radial relative velocity v; is given by

Py(vir) = Dy(vir)mp N} A, (6)

where n, =Y, ;NF is the particle number density within the local
computational cell of size [-;]. The simulation time step is denoted by At,
which in this work is set to At = 1.09 x 10~7s, and I'; : R—(0, o) ['"73] is
the collision kernel (Wang et al., 2000). For two particles of the parcels
i,j € I with relative radial velocity v;;,, the collision kernel is given by

/g
Ty(viir) = 5(di + &)* Vielgay = Tyo (Vo) %)

where I : R—(0, ) [’"73] is here referred to as the fundamental collision
kernel, the real number 1 > f; > 0 is the collision efficiency and g; is the
radial distribution function (RDF), describing the probability density of
finding a contacting particle pair with a collision radius of 1 (d; +d;) in
the actual spatial dispersion relative to the value expected for a uni-
formly distributed dispersion (Wang et al., 2000; Zhou et al., 2001).

In the present modelling approach, the particle velocities are not
correlated to each other and information about the actual relative ve-
locities is missing. Therefore, the approach described by Zhou et al.
(2001) is utilized. More precisely, it is assumed that the relative veloc-
ity between two particles of the parcels i,j € I can be described by a
Gaussian distributed random variable with zero mean and standard
deviation o}/ , given by

2 2
o5 =/ 0G0+ 050, ®)
where <vl.ajAr2> is the acceleration induced mean square radial relative

velocity and <V§:r2> is the turbulent shear induced mean square radial
relative velocity (Zhou et al., 2001), given by

> 1
Vi) = g 3D+ ©

The acceleration induced relative radial velocity depends on the large-
scale Stokes number St;, and the local fluid RMS velocity u%. It is given by

Vord = (1+0sem(— @17 o (10

where the square of the relative RMS velocity is calculated by

03 =ui Iy ((0i+%)

_ 40,0; 146, +6; 1
@+ \a+e)(1+6) J\Q+6)(1+9)

1
T +y01)<1 +yej)>’ v
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where 6 = 2.55t,k € I is a scaling of the Stokes number Sty ; and y =
a x 0.183w?/,/érs is an empirical modification function, where

a = maX(G,-/Hj, 6]/01) 12)

is the Stokes number ratio (Wang et al., 2000; Zhou et al., 2001).

Adopting this approach permits the assignment of a random relative
velocity between a real and a fictitious particle to each probable colli-
sion event and the fundamental collision kernel I';;o can be calculated.

As previously mentioned, the actual collision kernel ' in Eq. (7) can
be affected by further phenomena. The collision efficiency f; is a mea-
sure of the decrease in collision frequency due to the hydrodynamic
interaction of the particles. Particularly when small CB aggregates (see
Section 2.2) collide with a significantly larger particle designated as the
“collector”, they may follow the streamlines around the collector
without coming into direct contact with it. According to Slinn (1977),
the collision efficiency can be expressed as the sum of different mech-
anisms contributing to impingements of a small particle/aggregate onto
a larger one. The collision efficiency f; is given by

By =By + By + By 13)

and is composed of three contributions: the collision efficiency due to
inertial impaction 1 > ﬂgnp > 0, due to interception 1 > ﬂl@;‘t > 0 and due
to Brownian motion 1 > ﬂgr > 0. The subsequent discussion will address
each of these contributions in turn. Inertial impaction describes the ef-
fect of particles being unable to follow the streamlines around the larger
particle due to its inertia. This effect, which is dominant for larger
particles, has been considered in previous work (Kolck et al., 2026) by
employing the approach of Schuch and Loffler (1978). Here, the inertial
impaction collision efficiency is determined by the expression provided
by Slinn (1977) and is given by

3/2
e — (75“51 — St ) a4
v Strel — Sty +2/3/

where St is the critical relative Stokes number, at which inertial
impaction ceases to occur. The relative Stokes number, St,|, is a measure
of the ability of the impinging particle with a relative velocity v; to
follow the streamlines around the collector (indexed C) with radius rc. It
is defined as the ratio of the particle relaxation time to the passing time
and is given by

TpVij

Strel = (15)

rc

*

According to Slinn (1977), the critical relative Stokes number St is
expressed as

. 1.2+1/12In(1 + Rec)

St = 1 In(1 + Rec) (16)
where the collector Reynolds number Rec is defined as
Revi
Reg =~ an
123

int
i
effect of particles that follow the streamlines around the collector
without inertia effects. In such instances, collision is possible if the
closest distance of the streamline to the collector surface is smaller than

the particle radius r,. The interception collision efficiency ﬁ%}“ is

The interception collision efficiency g is a measure that assesses the

contingent on the collector Reynolds number, as well as the size ratio of
the small particle with a radius r;, to the collector with radius r¢ and is
given by
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It is important to note that the formulation in Eq. (18) has been derived
in Slinn (1977) for the limit of infinite viscosity ratios, i.e., viscosity of
the fluid to viscosity of the collector, thereby rendering the model
applicable to the case of solid collectors considered here.

In contrast to previous work (Kolck et al., 2026), which solely
accounted for the inertial collision efficiency by the model of Schuch and
Loffler (1978), it is imperative here to consider the collision efficiency
associated with Brownian motion ﬂgr . The present investigation con-
cerns small carbon black aggregates, which interact with air molecules
through random collisions. This random motion has been shown to in-
crease the collision efficiency of small aggregates/particles passing the
collector. Following (Slinn, 1977), the collision efficiency due to
Brownian motion ﬂgr is given by

Vi L(1+0.4\/Rec Scl’ 1+ 0.161/Rec Sc), (19)

i = RegSc

where the Schmidt number Sc of the smaller, approaching particle/
aggregate is
AL

Sc = ToTCe (20)

where kg = 1.38 x 10723J/K is the Boltzmann constant, y; is the dy-
namic viscosity of the fluid, Cy is the Cunningham slip correction factor
(Cunningham, 1910) and T[K] is the absolute temperature, which is set
to 293.15K in all simulations.

The collision kernel in Eq. (7) is further affected by the accumulation
effect, defined as the local preferential concentration between turbulent
eddies, which is quantified by the RDF g;. A formulation for g; is pro-
vided in Zhou et al. (2001), which is contingent on the Kolmogorov
Stokes number Sty and is also applicable to collisions of bidisperse
particles. The RDF g; of an actual turbulent bidisperse dispersion is
expressed in terms of the RDFs g; and gj; of the individual fractions and is
given by

& =1+9/(&—1)g —1) (2D

The two preferential concentration functions are correlated by a con-
centration correlation coefficient 9;, which can be expressed as a func-
tion of the Stokes number ratio, a (see Eq. (12)). The correlation
coefficient was fitted by Zhou et al. (2001) and is written as

95(a) = 2.6exp(—a) +0.1025exp( — 0.0206a) x (1 +tanh(a — 3) ).
(22)

The RDF at contact g; and gj; for monodisperse particles can be described
as a function of the Taylor microscale Reynolds number of the
flow, Re; = u’§\/15/(z/f €), and St. According to Wang et al. (2000), the
RDF for a particle i € I is given by

gi=1+yo[1 —23] +Rexz{y1[1 — z1] +y221 +¥3% |, (23)

where the curve-fitted functions yo,y1,y2 and y; were constructed for
different regions of the Kolmogorov Stokes number Sty ; of the particle i,
and the functions 2o, z; and 2, are smooth transition functions:

Yo (Stk7i) =18 Sti)i,

1 (Stis) = 0.365t§;?exp( - Stﬁf) ¥2(Sti;) = 0.24exp(—0.55t,)

1 .~ 0.
Ys(Ster) = 0.013exp( — 0.078t), 20(Ste:) = 5 <1 + tanh (%) )
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1 Sty; — 1.25
#(St) = 5 (1 +tanh (“0—1> ),zz(sn(i)

1 Stei — 6.5
_2<1 +tanh< 55 )) 24

As demonstrated in Eq. (23), it is evident that the accumulation effect is
significantly impacted by the Taylor microscale Reynolds number. For
flows with very large Re, and particles with Sty ~ 1, the collision
probability may be increased by several orders of magnitude when
compared to scenarios where the accumulation effect is disregarded.

For each pair of a real particle and a fictitious particle randomly
selected out of all particles in a cell (see (Sommerfeld, 2001)), the
collision velocity is determined by calculating its standard deviation
according to Eq. (8). For a given simulation time step and cell particle
concentration, the collision probability can then be calculated by Eq. (6)
and (7), which account for the accumulation effect and the collision
efficiency. In order to ascertain whether a collision occurs, a random
number is drawn from a uniform distribution in the interval [0, 1] and is
compared to the respective probability. If the collision probability ex-
ceeds the drawn random number, a collision is regarded as having
occurred. In the case of an impingement, the collision velocity is
compared to a critical collision velocity in order to ascertain whether the
particles can be assumed to be agglomerated or not (for details on the
procedure see (Kolck et al., 2026)). The critical velocity is computed
initially for each simulation, for every particle type combination,
through 1D-DEM simulations of straight collisions in the framework of a
Newton scheme.

In the case of a particle colliding with an agglomerate or CB aggre-
gate, this procedure is conducted for the impinging particle and the
inner-agglomerate particle that initially has contact with the other
(Sommerfeld and Stiibing, 2017). In the case of two agglomerates
colliding with each other, the effective collision energy is compared with
the energy needed for the loss of one particle, as well as for the complete
destruction of the agglomerates (Kolck et al., 2026). These calculations
are performed in accordance with the expressions provided by Dominik
and Tielens (1997). Within the present modelling framework, CB ag-
gregates are treated as mechanically rigid, sintered particle-structures
(further details on the morphology can be found in Section 2.2.1). Due
to their considerably smaller mass and length scale compared to LFP and
LIC particles, CB-CB contacts are not considered to govern fragmenta-
tion at the agglomerate scale. Therefore, they are excluded from the
calculation of the collision outcome and CB particles are considered not
to be detachable. In the specific case of two colliding LFP or LIC particles
that have already undergone agglomeration with CB, the collision
outcome is calculated based on the critical velocity of these particles.
This approach is reasonable, given that the masses of the carbon black
aggregates are two to three orders of magnitude smaller than those of
LFP and LIC.

In Kolck et al. (2026), the individual components of the modelling
framework were validated against available numerical and experi-
mental reference data. The predicted turbulent particle deposition ve-
locities were compared with experimental data, empirical correlations,
and previous numerical results, while particle collision frequencies and
agglomeration dynamics were assessed against corresponding numerical
investigations from the literature. Overall, good agreement was ob-
tained within the respective validation ranges, although the comparison
of agglomeration was primarily limited to monodisperse particle sys-
tems and larger Stokes numbers. Beyond this component-wise valida-
tion, direct experimental validation of gas phase hetero-agglomeration
involving sub-micrometre particles remains challenging, since conven-
tional particle sizing methods do not selectively resolve contacts be-
tween different materials. Recently, Ebertz et al. (2026), applied a laser-
optical pump-probe methodology to the same jet-based mixing process
and compared the spatial evolution of experimentally determined
hetero-agglomeration with results obtained using the Lagrangian
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agglomerate-structure model employed here. In that study, ZnO:Zn and
CB were investigated because the temperature-dependent luminescence
of the thermographic ZnO:Zn particles enables heat transfer from
selectively heated CB across direct hetero-contacts to be detected in situ.
The simulations reproduced the experimentally observed axial evolution
of the CB-ZnO:Zn mass ratio when physically appropriate mass- or
surface-weighted means were considered. Although this comparison
does not constitute a material-specific validation for the LFP-LIC-CB
system investigated in the present work, it provides experimental sup-
port for the underlying modelling approach and its application to gas
phase hetero-agglomeration in a comparable particle size regime.

2.2. Characterization of starting materials

This paper investigates a submicron particle system as a cathode
material for use in ASSBs. LFP serves as the active electrode material,
which is responsible for storing and releasing lithium ions. LFP is suit-
able for several reasons, in particular due to its high thermal and elec-
trochemical stability, long lifetime, comparatively high cycling stability,
good environmental compatibility, and low material costs (Wang et al.,
2012). The active material used in this work is a submicron LFP with a
primary particle size of 530nm (E-P2, Epsilon Cam GmbH, Germany).

CB (C45, Imerys, France) is added to the composite to increase its
electronic conductivity. CB forms a percolating network of electronic
pathways within the cathode, thereby compensating for the low elec-
tronic conductivity of LFP. The CB used is present in the form of stable
aggregates which promotes a high specific surface area and supports the
formation of an efficient conductive network structure (Spahr et al.,
2011).

The solid electrolyte LIC is used as the ionically conductive compo-
nent. LIC is characterized by high lithium ion conductivity of up to
2.04mS/cm at 25 °C, enabling the formation of stable and efficient ionic
transport paths within the cathode composite (Li et al., 2019b). In
addition, LIC exhibits increased chemical and electrochemical stability
against moisture and common cathode active materials. The LIC used is
self-synthesized and described in Frankenberg et al. (2024).

2.2.1. Carbon black aggregate reconstruction

Real carbon black (C45) exists in the form of stable primary aggre-
gates with sizes of 100-400nm (Weber and Friedlander, 1997), rather
than single primary particles (see Fig. 2 a)). The primary particles within
these aggregates are connected by rigid bonds. Assuming the CB to be in
the form of single primary particles in the simulations would lead to
spurious motion in the fluid, agglomeration, and agglomerate structure.
Therefore, the present simulation approach requires realistic, three-
dimensional (3D) virtual aggregate geometries as a starting material.
This ensures that the virtual primary CB aggregates have realistic Stokes
numbers and mimic the positions of the primary carbon black particles
within formed hetero-agglomerates.

Due to the small length scales of the aggregates, a direct recon-
struction from 3D experimental techniques such as nano-computed to-
mography is not feasible. This is mainly caused by excessive acquisition
times, high costs, and substantial sample preparation effort. To over-
come these limitations, 3D aggregates are not derived directly from
volumetric measurements. Instead, realizations of a stochastic 3D ge-
ometry model are employed as simulation input. By stereologically
calibrating this 3D stochastic model using two-dimensional (2D) image
data, computational feasibility is ensured while preserving statistically
realistic microstructural features derived from experimental data (Fuchs
et al., 2025a, (Fuchs et al., 2025b).

2.2.1.1. Stochastic aggregate model. The aggregate model considered in
this work is based on the concept of cluster-cluster aggregation. In this
framework, aggregates are formed through successive aggregation of
smaller particle clusters (Sorensen, 2011). More precisely, the stochastic
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Fig. 2. Projection data of an aggregate: a) Measured SEM image of a C45 CB
aggregate, b) segmentation of the aggregate from the background correspond-
ing to a), c) virtual aggregate and d) virtual projection corresponding to the
aggregate shown in c).

geometry model is based on the approach described in Fuchs et al.
(2024). The model allows for the generation of aggregates with
desired size and fractal dimension (Filippov et al., 2000; Mandelbrot,
1982), thereby controlling both the overall extent and the morphology
of the aggregates.

In Fuchs et al. (2024), the aggregation process consists of two stages.
First, small clusters are generated by particle-cluster aggregation.
Starting from a single particle, additional particles are iteratively added
to the cluster. For each new particle, a spatial position is sampled uni-
formly from the set of admissible positions. This admissible set is defined
by three constraints: the resulting aggregate must comprise contacting
particles which must not overlap each other, and the fractal dimension
of the cluster must match a desired one. Since the set of admissible
particle positions cannot be described analytically, in Fuchs et al.
(2024), uniform sampling from this set is realized using acceptance-
rejection sampling (Ripley, 1987). Candidate positions satisfying the
fractal dimension constraint are generated first and subsequently tested
for the other constraints. Positions violating these conditions are rejec-
ted and resampled.

In the second stage, larger aggregates are formed by aggregating the
previously generated clusters using the same acceptance-rejection
sampling method. In Fuchs et al. (2024), aggregates consisting of
approximately 50 particles were considered. However, in the present
work, aggregates containing up to 150 particles are desired. For such a
number of particles, the computational cost of pure acceptance-rejection
sampling becomes prohibitive. Therefore, the model is slightly modified
to ensure computational feasibility. Specifically, instead of rejecting
infeasible positions outright, a force-bias algorithm (Moscinski et al.,
1989) is applied to adapt sampled positions iteratively. If a sampled
position leads to particle overlap, repulsive forces proportional to the
overlap depth and directed along the separation vector are introduced. If
the position would result in a disconnected aggregate, an attractive force
proportional to the distance to the nearest particle in the aggregate is
applied. In each iteration, the mean force resulting from all active
constraints is computed and the candidate position is updated accord-
ingly. The force-bias algorithm terminates once no forces act on the
position, yielding a valid placement that satisfies connectivity and non-
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overlap. If convergence is not achieved after 1000 iterations, the pro-
cedure is terminated and a new initial position is drawn. If the force-bias
algorithm terminates successfully, it guarantees connectivity and non-
overlap but may violate the fractal dimension constraint. Since the
displacement relative to the initially sampled position is small and de-
creases in relative importance with increasing aggregate size, this de-
viation is considered negligible for the aggregates studied here.

In the SEM image data (see Fig. 2 a)) it is evident that the considered
aggregates consist of strongly sintered particles rather than particles that
merely touch at isolated contact points. To account for this effect, a
virtual sintering step is applied to aggregates generated by the procedure
described above. First, all primary particles are uniformly dilated by a
prescribed dilation radius (Schneider, 2013). This dilation introduces
controlled overlaps between neighboring particles. Subsequently, a
morphological closing operation is applied to the entire aggregate. This
operation compensates for the overlaps introduced by the dilation by
adding the volume of these overlaps at particle junctions, thereby
forming solid neck regions between adjacent particles, similar to those
observable in sintered aggregates (compare Fig. 2 a) and Fig. 3 a) and
b)). In total, the stochastic aggregation model contains five tunable
parameters: the initial cluster size used in particle cluster aggregation,
the total number of primary particles per aggregate, the target fractal
dimension, the particle radius and the dilation radius.

2.2.1.2. Aggregate model calibration. The calibration of the model pa-
rameters is based on 2D scanning electron microscopy image data. An
exemplary SEM image is shown in Fig. 2 a). Individual primary particles
are manually labeled and segmented to estimate the primary particle
size distribution. Based on this analysis, a monodisperse distribution
with primary particle diameter of 54 nm is determined as a model
parameter. In addition, the effective overlap of primary particles caused
by sintering is estimated manually from the SEM images. An average
overlap of 20% of the particle radius is estimated. The initial cluster size
of the aggregation model is set heuristically to be uniformly distributed
between 5 and 10. The remaining parameters, namely the number of
primary particles per aggregate and the fractal dimension, are estimated
using the 2D box counting method (Stanley and Ostrowsky, 1985). In
this approach, a binary image of an aggregate is recursively subdivided
into square boxes of decreasing size. For each box width, the number of
boxes intersecting the aggregate is counted. The total number of inter-
secting boxes (the ordinate in Fig. 4 a) and b)) provides a measure of the
necessary primary particle number, while the slope of the logarithm of
the number of intersecting boxes versus the logarithm of the box size
(see Fig. 4) yields an estimate of the fractal dimension. See (Stanley and
Ostrowsky, 1985) for further details.

Prior to box counting, the measured SEM images are binarized using
a non-local means filter (Buades et al., 2005; Russ, 2006) followed by
Otsu thresholding (Otsu, 1979). One result of this procedure is shown in
Fig. 2 b). For each realization of the stochastic aggregate model, a virtual
2D binarized projection is computed as well. Box counting is then
applied to both experimental and virtual images. This procedure was
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carried out for nine virtual aggregates, yielding fractal dimensions
ranging from 1.5 to 2.7, and desired aggregate particle numbers ranging
from 25 to 138, in order to obtain the closest match in box counting
statistics. The virtual aggregates feature diameters ranging from 201 to
411 nm, which directly result from the fractal dimension and particle
number. As these nine reconstructed aggregates cover a certain range of
fractal dimensions and aggregate sizes, they are expected to represent
the real occurrence of the CB to a certain extent rather than using single
CB primary particles as the initial material, as is done in conventional
simulation approaches (Sangros Giménez et al., 2020). However, the
limited number of aggregates cannot be expected to capture the com-
plete morphological variability of the experimental C45 population.
Therefore, they should be regarded as a plausible but necessarily
restricted representation of the CB aggregate morphology. The box
counting results for the measured aggregates are shown in Fig. 4 a),
while the corresponding results for virtual aggregates are shown in Fig. 4
b), and the two sets of results match well.

The procedure described above is designed to reproduce the
measured aggregates as closely as possible in a statistical sense. How-
ever, the subsequent simulations require aggregates consisting of strictly
non-overlapping spheres. Therefore, the morphological closing implied
by sintering is reversed and a second application of the force-bias al-
gorithm is used to resolve overlaps of the dilated spheres. The effect of
this procedure on the aggregate geometry is illustrated in Fig. 3 c).

2.2.2. Particle size distribution of LFP and LIC

The particle size distribution of the dispersed starting materials LFP
and LIC was determined using laser light diffraction (device: Helos Vario
KR, Sympatec). The measurement was performed directly behind the
outlet of the brush dispersers in order to determine the PSD of the ma-
terials immediately after dispersion in the free jet and to use it as an
input variable for the simulations carried out in this work. A detailed
description of the measurement setup and the measurement technology
used is provided in Witte et al. (2025). During the measurements, the
brush dispersers were operated at a feed rate of 500mm/h and an inlet
pressure of 2.5 bar. Six individual measurements were performed to
verify reproducibility. To ensure high measurement accuracy, a mini-
mum optical concentration of 5% was specified as a measurement
condition.

Fig. 5 shows the number-based and mass-based particle size distri-
butions of LFP and LIC determined using laser light diffraction, together
with the aggregate size distribution of CB resulting from the aggregate
reconstruction methodology. The number-based distributions indicate
that both LFP and LIC predominantly consist of particles in the sub-
micrometre range. A comparison of the number-based median values
shows that LIC, with dspo = 0.68 pm, contains slightly finer particles
than LFP, with dspp = 0.85 pm. In contrast, the mass-based distribution
reveals that a considerable fraction of the LIC mass is associated with
particles in the micrometre range. This is relevant from a process-design
perspective, since such large LIC particles are not intended to be trans-
ferred into the main mixing and agglomeration section. Large solid-

Fig. 3. Virtual 3D aggregate: a) Virtual aggregate consisting of 28 particles, b) virtual aggregate after reversing morphological closing and c) result of applying a
force-bias algorithm to resolve particle overlaps. This is used as input for the simulation and shows high similarity to the aggregates shown in a) and b).
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Fig. 5. Particle size distributions of the starting materials. a) Number-based cumulative particle size distribution Qo, b) number-based particle size density distri-
bution g, ¢) mass-based cumulative particle size distribution Qs, and d) mass-based particle size density distribution g3 of LFP, LIC, and reconstructed CB aggregates.
The grey shaded region in d) indicates the truncated part of the LIC particle size distribution (d, > 3pm), which is excluded from the simulations as part of the

assumed upstream particle classification.

electrolyte particles may locally reduce the structural homogeneity of
the composite and decrease the number of interfacial contacts per unit
mass. Therefore, the investigated process is intended to operate with a
size-classified LIC fraction that is dominated by smaller particles.

A particular advantage of the gas phase process considered here is
that the powder is dispersed before entering the main mixing and
agglomeration section. After dispersion by the rotating brush disperser,
the particles are present as an aerosolized particle stream, which enables
size classification of the dispersed material prior to mixing. In addition,
since the three materials are fed through separate dispersing units, such
conditioning can be applied material-specifically to the individual par-
ticle streams. For LIC, a classification or separation step can therefore be
integrated into the feeding line upstream of the main process. This
could, for example, be realized using a gas cyclone (Zhao and Su, 2018).
The relevance of such a separation step is further supported by the
estimated deposition behaviour during feeding. As shown in the

Appendix (Fig. A2), larger LIC particles exhibit a strongly increased
deposition probability during transport from the disperser outlet to the
main mixing section. Consequently, a substantial fraction of the largest
LIC particles would not be expected to reach the actual mixing region
even without an intentionally installed classifier. In a controlled process
implementation, however, such particle removal should not occur as
uncontrolled deposition in the feeding tube, but rather through a
defined separation step with discharge into a solid collection vessel. The
separated material could then be further processed, recycled, or treated
in a dedicated downstream step.

Accordingly, the LIC particle size distribution employed in the sim-
ulations is truncated for particle diameters larger than d, = 3pm as
indicated by the grey region in Fig. 5 ¢) and d). This truncation and
therefore the PSD employed in the simulations should therefore be un-
derstood as a process assumption rather than merely as a numerical
input parameter. More precisely, the simulated LIC PSD represents the
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particle size distribution that is assumed to enter the main mixing and
agglomeration section after upstream size classification and feeding-
related losses. While the removed mass fraction above 3 pm is consid-
erable due to the mass-based weighting of large particles, the corre-
sponding number-based fraction is very small. Only approximately
0.01% of the LIC particles are excluded by this truncation. Thus, the
experimentally measured number-based distribution, particularly in the
sub-micrometre range that dominates the particle number and collision
statistics, is retained, while large particles that are not desired for the
intended process are excluded from the main-process simulations.

In a real process implementation, the LIC feed rate upstream of the
classifier would need to be adjusted accordingly. The inlet mass flow of
LIC at the beginning of the main mixing and agglomeration section
should correspond to the desired post-classification mass flow, not to the
raw powder feed rate before separation. Therefore, the mass flows
specified in the simulation setup refer to the material stream entering
the main process after the assumed upstream conditioning step.

2.2.3. Surface energy

The surface energy of the materials y; was determined from contact
angle measurements using the Owens-Wendt-Rabel-Kaelble (OWRK)
method (Kaelble, 1970; Owens and Wendt, 1969; Rabel, 1971). For this,
contact angle measurements (see Fig. 6 a)) were performed using the
capillary rise method with a DCAT 25 tensiometer (DataPhysics In-
struments, Germany). For each measurement, 2.5 g of LFP, 2.5 g of LIC
or 0.35 g of CB were filled into the measurement cylinder to carry out
three to five measurements on each material with each test liquid
(hexane, acetone, propanol, glycerine, thiodiglycol). The mass m of the
test liquid drawn into the powder bed was recorded as a function of time
t, and the squared mass m? was plotted against time (see Fig. A3 in the
Appendix). Hexane was used to determine the capillary constant c
(assuming a contact angle of 0°) and the other contact angles were
derived from different test liquids by rearranging the equation

2

. . 2.
m* _ y,-cos(0)-p ¢ ©25)
t 2
which is based on the Lucas-Washburn equation (Kiihn et al., 2025;

Lucas, 1918; Washburn, 1921). Here, the material data of the test lig-
uids, such as the density p, viscosity # and surface energy y; were taken
from the manufacturer’s specifications at a temperature of 293.15 K.
From the different contact angles, the linearized OWRK plots were
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generated (see Fig. 6 b)). In accordance with the methodology outlined
in Kiithn et al. (2025), the OWRK plots were then used to determine the y-
axis intersection as well as the slope. The polar y? and disperse part y¢ of
the surface energy were then derived from

(1 + cos(6

where y{ and y correspond to the disperse and polar components of the
test liquid also taken from the manufacturer’s specifications. The
resulting surface energies y, calculated as y§’+yS were determined to be
19.15mJ/m? for LFP, 55.85mJ/m? for LIC, and 23.38mJ/m? for CB.
Two remarks should be made in this context. First, all measurements
were carried out under dry-room conditions with a dew point of 213.15
K. Since ambient humidity has a significant influence on adhesion
forces, the measured values should be interpreted with respect to the
controlled dry-room conditions applied in this work. Second, during the
contact angle measurements, only a very small mass increase over time
was observed for LFP and CB with water, and for LIC with thiodiglycol.
This indicates very limited wetting of the respective materials, which led
to the determination of a contact angle of approximately 90°. However,
in reality, the actual contact angle may be even higher, a limitation that
cannot be accurately captured using the Washburn method and should
be verified using complementary Atomic Force Microscopy (AFM)
measurements in the future (Kiihn et al., 2025). In addition, the surface
energy values obtained using the OWRK method should be interpreted
as condition-specific material parameters. This is particularly relevant
for LIC, since halide solid electrolytes are sensitive to exposure to
ambient moisture and their surface state may change depending on
storage, handling, and measurement conditions. Although all measure-
ments in the present work were conducted under controlled dry-room
conditions, deviations from the measured values cannot be excluded
for different environmental conditions. To assess the resulting influence
on the numerical predictions, an additional sensitivity study was per-
formed in which the surface energies of all particle materials were
varied by +20%. The corresponding results are presented in Fig. A4 in
the Appendix.

(26)

3. Simulation setup

The objective of this work is the analysis of the gas phase-based
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Fig. 6. Determination of the surface energy of the raw materials. a) Contact angle measurements and b) linear fit of the OWRK method for surface energy deter-

mination, where +/yd corresponds to the intersection with the ordinate and /7% corresponds to the slope of the graphs.
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formation of ASSB cathode hetero-agglomerates comprising LFP as
active material, LIC as solid electrolyte and CB as conductive additive.
The requisite material properties needed for the simulations are ob-
tained from the literature and characterized experimentally, as
described in Section 2.2. The necessary material properties, pertaining
to both the starting materials and the pipe wall, are tabulated in Table 1.

The proposed gas phase hetero-agglomeration process comprises
three principal stages: first, the deagglomeration of the three starting
materials; second, the subsequent mixing of the primary particles; and
third, a turbulent pipe flow where larger agglomerates have time to
form. The deagglomeration process entails the dispersion of the primary
particles / aggregates in the gas phase and the feeding units require a
specific amount of gas, which determines the gas volume flow rate in the
pipe flows. The main mass in the composites, represented by LFP and
LIC, is deagglomerated by feeding units, as presented in Witte et al.
(2023). The conductive additive CB present in primary aggregates rep-
resents only a very small amount of the composite mass and is therefore
dosed by a smaller unit, providing only ' of the gas volume flow that is
needed for each of the other materials. In considering a ternary system,
it becomes evident that the various combinations of sequential mixing as
well as direct mixing of the three materials may result in hetero-
agglomerates of differing structures and quantities. Hence, it is aimed
to analyse all potential combinations of mixing and agglomeration of the
starting materials in turbulent pipe flows. Previous studies have
demonstrated the significant impact of pipe diameter on hetero-
agglomeration (Kolck et al., 2026). Consequently, the ternary process
is aimed to be optimized concurrently with a view to facilitating the
formation of hetero-contacts and controlling the size and quantity of
formed agglomerates.

Four distinct simulation sets are utilized for the analysis of the
ternary hetero-agglomeration process (see Fig. 7), wherein the best re-
sults of the second set and the premixing outflow simulation data of the
third set are employed for the fourth set.

A preliminary simulation set (Set 1) is conducted to ascertain the
contributions to the collision kernel (i.e., the fundamental collision
kernel, the accumulation effect and the collision efficiency) in Eq. (7)
and the resulting collision frequency for each material combination of
primary particles and aggregates. The analysis of the collision frequency
between each material pair can subsequently be used to interpret the
results of the other simulation sets. In this set, the particles and aggre-
gates of all three materials are distributed uniformly across the pipe
cross-section, i.e. considered as perfectly mixed, and the evaluation is
conducted at the initial time step. In this set, two distinct pipe diameters
are considered (Dpipe = 9 and 12mm), which is regarded as sufficient for
illustrating all trends while still obtaining clear results in a similar order
of magnitude. The initial LFP and LIC particles are generated in

Table 1
Material properties. “~” indicates parameters not required in the present model.

Particle material Wall material

Property LFP LIC CB Aluminium (Al) (
Hornbogen et al.,
2019; Parker et al.,
2003)
Density p 3600 (Jeong 2680 ( 1860 ( —
[kg/mS] et al., 2015) Cheng et al., Spahr
2021) et al.,
2011)
Young's 47.3 ( 38 ( 80 (Jean 7.2
modulus Sedlatschek Molaiyan et al.,
Y [GPa] et al.,, 2022) et al.,, 2023) 2011)
Poisson 0.28 (Maxisch 0.27 (Cheng 0.3 (Jean 0.34
ratio v and Ceder, et al., 2021) etal.,
[-] 2006) 2011)
Surface 19.15 55.85 23.38 1940
energy y
[mJ/m?]
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accordance with the experimentally measured PSD (see Section 2.2.2)
and the CB is introduced in the form of reconstructed aggregates (see
Section 2.2.1). The total mass generated is determined by the solid mass
flow, the volume of the simulation domain, and the gas volume flow (see
Table 2).

A second set of simulations (Set 2) is performed for the evaluation of
the ternary mixing process of all three materials being mixed simulta-
neously, as opposed to employing a premixing process. The positions of
the materials are azimuthally shifted from each other, imitating the
merging of three particle-laden gas streams. As outlined in Kolck et al.
(2026), the particles are positioned at random radial locations, with
the radial position expressed as Trana = VRNO.9 x Dpipe /2, where RN is
drawn randomly from the interval [0 1], and the position angle is
determined by a random number drawn from a Gaussian distribution,
here with a variance of z/3 for all materials and a material-dependent
mean value of 27/3, 47/3 and 27. The second simulation set is
designed to analyse the pipe-diameter dependence of the general ternary
mixing process, in which all materials are mixed simultaneously at
100% gas volume flow. The parallel mixing process in Set 2 is evaluated
to select a suitable reference diameter for comparison with all premixing
configurations considered in Set 4. Since the gas volume flow and the
materials under consideration are identical in Sets 2 and 4, the selected
reference case can be applied consistently in this comparison. This se-
lection does not constitute a formal mathematical or electrochemical
optimization based on a single objective function. Instead, the pipe di-
ameters are compared with respect to the fractions of LFP, LIC, and CB
captured in non-deposited agglomerates, the axial distance at which the
maximum captured LFP and LIC fractions are reached, the resulting
agglomerate composition and size, and the ratio of LFP-LIC hetero-
contacts to the corresponding LFP-LFP and LIC-LIC homo-contacts.
These quantities reflect the diameter-dependent interplay between
agglomeration and deposition, which is primarily governed by the ma-
terials and the flow Reynolds number. The pipe diameter dependency of
the three-component mixing, hetero-agglomeration and deposition as
part of simulation Set 2 is evaluated by considering five different pipe
diameters (Dpipe = 9,12,15,18 and 21mm), which correspond to pipe
flow Reynolds numbers of 21196,15897,12718,10598 and 9084,
respectively. The maximal axial particle distance, i.e., the pipe length,
was set to 3.5m for all simulations. The selected case from Set 2 is
subsequently compared with the results of Set 4, which encompasses all
premixing combinations at the corresponding pipe diameter.

A third simulation set (Set 3) is conducted for the simulation of the
binary premixing of the three different starting materials in various
combinations (LFP with CB, LIC with CB and LFP with LIC). Here again,
the initial particles and aggregates are set within the inner 90% of the
pipe cross-section and with a lateral displacement that imitates the
particle distribution resulting from the merging of two particle-laden gas
flows. In this set, the mean azimuthal angle is set to z for one material
and O for the other (Kolck et al., 2026). The initial particles and ag-
gregates are generated in accordance with the procedure outlined for
simulation Set 2. Since the quality of the premixing is expected to
depend on the pipe diameter as well, each combination is simulated for
five different pipe diameters. The premixing combinations involving CB
are characterized by a reduced volume flow (one large and one small
feeding unit) and consequently necessitate the consideration of slightly
smaller pipe diameters (Dpipe = 6,9,12,15 and 18mm). In contrast, the
premixing of LFP and LIC is to be analysed for larger pipe diameters
corresponding to those of Set 2 (Dyjpe = 9,12,15,18 and 21mm), as it
proceeds with a larger volume flow resulting from the deagglomeration
in two large feeding units. The objective is to identify the optimal pre-
mixing result for each material combination in terms of the mixing, and
deposition. In contrast to the other sets, the simulations of Set 3 are
terminated when either the predefined global Lacey mixing index of Mg
= 0.98 (Kolck et al., 2026; Lacey, 1954) is attained, or when an axial
particle distance of 2m is reached. At this phase, the particle systems are
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Fig. 7. Simulation workflow for modelling hetero-agglomeration in different mixing combinations.

Table 2
Two-phase flow and sequential section model parameters for all simulations.

Simulation  Pipe Volume Particle/aggregate mass flow [g/h]
diameter flow [m3/
[mm] h]
LFP LIC CB Sum
1-2 9,12 7.875 145 95 10 250
3-7 9,12, 15, 7.875 145 95 10 250
18, 21
8-12 6,9,12,15, 4.375 145 / 10 155
18
13-17 6,9,12,15, 4.375 / 95 10 105
18
18-22 9,12, 15, 7.000 145 95 / 240
18, 21
23 Opt. Sim. 3-  7.875 Opt. 95 Opt. /
7 Sim. 8- Sim. 8-
12 12
24 Opt. Sim. 3-  7.875 145 Opt. Opt. /
7 Sim. Sim.
13-17 13-17
25 Opt. Sim. 3-  7.875 Opt. Opt. 10 /
7 Sim. Sim
18-22 18-22

considered sufficiently mixed. For each premixing combination, the
outflow particles and agglomerates from the simulation results deemed
most optimal are then transferred as input data to Set 4.

In the fourth simulation set (Set 4), particles and agglomerates
originating from the optimum premixing simulation results are initially
set laterally shifted to the newly generated missing material particles
and aggregates. These were generated and placed in accordance with the
initialization methodology employed in all simulations of Set 3. The
incorporation of the missing material at the initiation of the simulation
in Set 4 occurs at the pipe distance at which the respective premixing
simulation was terminated. In contrast to the simulations conducted in
the framework of the third set, these simulations do not terminate upon
reaching a desired state of mixing, but at a fixed pipe length of Lpipe =

12

3.5m. The fourth simulation set aims to model the main hetero-
agglomeration process for all premixing combinations in order to
compare it with the simultaneous mixing of Set 2.

All simulations are conducted with gas volume flows and solid mass
flows that originate from practical conditions (see Table 2). The gas
volume flow is selected based on the ideal gas volume flow used for
dispersing in the feeding units. Previous studies have demonstrated that
the optimum flow rate for one large feeding unit used for the dispersion
of LFP and LIC is 3.5m®/h (Witte et al., 2023). This value represents an
optimal balance between effective agglomerate breakup of the starting
materials and sufficient particle concentration to facilitate effective
hetero-agglomeration. The gas volume flow of 7.875m®/h (denoted as
100 % in Fig. 7) applied in Sets 1,2 and 4 is derived from the dispersing
gas volume flow of two large feeding units for the respective deag-
glomeration of LFP and LIC, as well as from that of the smaller feeding
unit, which is only % of the larger volume flow and is used for the
deagglomeration of CB. Following this principle, the volume flow of
simulations 8-17 is derived from one large and one small feeder
(55.56%) and that of simulations 18-22 is derived from two large feeders
(88.9%). The mass flow tabulated in Table 2 is derived from a desired
material ratio of 4% CB, 38% LIC and 58% LFP (Frankenberg et al.,
2024) with a total solid mass flow of 250g/h, which was found to
allow for reasonable deagglomeration of the starting materials.

The experimentally determined particle size distributions truncated
for particle diameters larger than d, = 3 pm were discretized into 11 LFP
and 14 LIC particle size classes. The CB was represented by the nine
reconstructed virtual aggregates described in Section 2.2.1. For the
complete three-component initialization, approximately 49x10° LFP
parcels and approximately 42x 10> LIC parcels were generated, resulting
in a total of approximately 91x10° LFP and LIC parcels. Each parcel
represented two physical particles, corresponding to approximately
181x10% LFP and LIC particles. The comparatively low parcel multi-
plicity was selected to avoid excessively large collision probabilities for
the applied time step, in particular values approaching or exceeding
unity, and to provide a sufficiently detailed statistical representation of
the initial particle distributions. The CB fraction was represented by
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34x10° parcels, each comprising 40 aggregates, thus yielding a total of
1.36x10° physical CB aggregates. Although the fluid properties are
provided by continuous, wall-distance-dependent functions, which do
not require a computational flow mesh, local contact cells are used to
determine particle concentrations and to sample fictitious collision
partners. The pipe cross-section was divided in the radial and azimuthal
directions (see Fig. A5 a) in the Appendix). In the radial direction, 40
cells with progressive refinement towards the wall were employed to
resolve the strong near-wall gradients in particle concentration. The
azimuthal resolution was likewise adapted to the radial coordinate,
increasing from 10 cells near the pipe centre to 25 cells close to the wall.
This arrangement limits the number of unnecessarily small cells near the
pipe axis, while providing a finer spatial resolution in the outer pipe
region. The independence of the predicted maximum agglomerated LFP
and LIC fraction from the radial and azimuthal contact cell resolutions
was assessed in a mesh-convergence analysis, the results of which are
presented in Fig. A5 b) in the Appendix.

Each simulation case was conducted as a single stochastic realization
using the default initial random-number-generator state of MATLAB
R2024a. Consequently, no case-specific standard deviations or error
bars were obtained. Repeated simulations with different random seeds
performed for the wunderlying modelling framework in the
Supplementary Material of Kolck et al. (2026) showed negligible de-
viations in regions characterized by a smooth axial evolution. This
condition is approximately fulfilled in the present simulations up to the
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axial position at which the maximum agglomerated LFP and LIC frac-
tions are reached, which constitutes the principal evaluation point for
the comparison of the different cases. Beyond this point, the decreasing
number of remaining particles and agglomerates leads to increasingly
pronounced stochastic fluctuations, resulting in a less smooth axial
evolution.

4. Results
4.1. Simulation set 1: Inter-material collision analysis

Prior to the analysis of the overall hetero-agglomeration process of
all materials, it is essential to comprehend the collision mechanisms
between particles of the same and different materials. As discussed in
Section 2.1.2, the collision rate is determined by the collision kernel
given by Eq. (7). The collision kernel of two particles I'; is the product of
the fundamental, spherical collision kernel I';o, the RDF g; and the
collision efficiency f;;, the meaning of which has been discussed earlier.
Each of these factors is unique to each particle collision combination,
thereby resulting in different agglomeration rates. Hence, it is aimed to
ascertain the manner in which these factors contribute to the collision
rate for each material pair combination and how these factors change
when the pipe diameter is varied (for example, when Djpe is set to 9mm
and 12mm). Consequently, the collision kernel and all contributors be-
tween each real and its fictitious particle/aggregate have been evaluated

—LFP - LFP (Dpipe =9mm) = — LFP-LFP (Dpipe = 12mm) —LFF" - S}B (Dpipe =9mm) = = LFP-CB (Dpipe = 12mm)
—LIC - LIC (Dpipe =9mm) = = LIC-LIC (Dpipe =12mm) ———LIC - CB (Dpipe =9mm) - - LIC-CB (Dpipe = 12mm)
—LFP - LIC (Dpipe =9mm) = = LFP - LIC (Dpipe = 12mm)
12 - 7 i
0.95 + b
nla) )
a 0.9+
sl 0.85 F
0.8 F
. . 1
— 6+ — 0.75
1> jo
0.7+
4tk
0.65+,
7
9l g /] 0.6 -
- Z
T e e e e e e e e e = T 0.55
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Fig. 8. Mean material-pair collision kernel contributions and resulting collision frequency. The plots show a) the mean radial distribution function, b) the mean
collision efficiency, ¢) the mean fundamental collision kernel and d) the collision frequency as a function of the normalized pipe radius 7. The data is presented for a

pipe diameter of Dp,e = 9mm (solid line -) and Dp;,e = 12mm (dashed line - -).
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in the initial simulation step. The values have been organized according
to the material combination (LFP-LFP, LIC-LIC, LFP-LIC, LFP-CB and
LIC-CB) and averaged. It should be noted that CB-CB collisions are not
considered in this analysis due to their negligibly small kernels and
radial distribution functions. The results are presented in Fig. 8 as a
function of the normalized pipe radius 7.

The material-combination dependent mean RDF g shown in Fig. 8 a)
describes the accumulation effect for particles with a Kolmogorov Stokes
number close to one. It can be observed that the accumulation effect is
very strong for LFP particles in the case of smaller pipe diameters. This
phenomenon can be attributed to the larger response time of these
particles, which is associated with their greater density and larger me-
dian particle size. Close to the wall, where eddies are small (i.e., small
Kolmogorov time scales), turbulent fluctuations are large and the tur-
bulent Reynolds number is high, the radial distribution function exhibits
a peak for all material combinations. For the more inert LFP, the mean
collision kernel can be increased by up to a factor of 11 through the
accumulation effect. The LIC particles are less inert and have smaller
Kolmogorov Stokes numbers. However, for smaller pipe diameters, the
mean values of the RDF still reach values of up to 5. The radial distri-
bution function of LFP and LIC particles is similar to that of LIC particles
colliding with each other, but shifted slightly to larger values. This
demonstrates that the accumulation effect primarily influences the
collision rate between two particle classes through the radial distribu-
tion function of the lower accumulating class. The accumulation effect
for collisions involving carbon black is negligible, due to the very large
responsive behaviour of these particles, which results in no local pref-
erential concentration. When the pipe diameter is increased, the accu-
mulation effect of all material pairs is strongly reduced. This is due to the
larger Kolmogorov time scales and consequently smaller Kolmogor-
ov-Stokes numbers observed in larger pipes. However, the accumulation
effect is still significant, particularly when considering LFP-LFP colli-
sions, and can increase the fundamental collision kernel by more than a
factor of three.

The material-combination dependent mean collision efficiency S
between each material pair is presented in Fig. 8 b). In the majority of
cases, collisions between and among the LFP and LIC particles result in
impingement. Furthermore, the influence is not significant even in the
case of a larger pipe radius. This is because of the comparatively similar
size ratio of the collision partners. From Eq. (18), it can be deduced that
the collision efficiency due to interception is one in the limit of zero
collector Reynolds number, provided that the diameter of the impinging
particle is larger than half of that of the collector particle. It is notable
that this critical ratio decreases further when finite collector Reynolds
numbers are taken into consideration. Furthermore, the inertial collision
efficiency also plays a significant role in many collisions. Conversely,
collisions between the carbon black aggregates and the larger LFP and
LIC particles frequently do not result in impingement, as evidenced by
lower collision efficiencies. In such cases, the interception mechanism
remains the most significant contributor, with the effect of Brownian
motion providing a marginal support of approximately 10%. Due to the
fact that the carbon black aggregates exhibit minimal response times,
the collision efficiency resulting from inertial impaction is generally
negligible. The disparity in collision efficiency between LFP-CB and LIC-
CB collisions can be attributed to the smaller size of the LIC particles,
resulting in larger size ratios and, consequently, an increased intercep-
tion collision efficiency. Increasing the pipe diameter slightly reduces
the collision efficiency of LFP-CB and LIC-CB collisions, which is due to
the smaller collector Reynolds numbers resulting from lower collision
velocities.

The mean fundamental inter-particle collision kernel I’y for different
material combinations is shown in Fig. 8 c¢) as a function of the
normalized radius. A peak close to the wall is evident for all combina-
tions, which is attributed to the larger Stokes numbers in this region. The
collision kernels of LIC-LIC, LFP-LIC and LFP-CB are very similar at
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almost every radial pipe position. In contrast, the LFP-LFP collision
kernel is smaller in most regions, only exhibiting similar values at the
near-wall peak. This can be attributed to the narrower particle size
distribution of LFP (see Fig. 5), which leads to smaller differences in
Stokes numbers. Consequently, the accelerative collision mechanism is
reduced due to distinct response times. In contrast, LIC particles exhibit
a broader size distribution and consequently a broader inertial response.
This large difference in inertial response also explains the large collision
kernel observed between LFP and CB, as well as between LIC and CB. As
the mean LFP particle is heavier due to its size and density, the differ-
ence in Stokes number between it and the CB aggregates is greater. This
results in a larger collision kernel than collisions involving LIC and CB.

Furthermore, it has been demonstrated that an increase in pipe
radius results in a significant shift of the mean collision kernel towards
lower values. This phenomenon can be attributed to the reduction in
turbulent fluctuations. At this point, it is essential to emphasize that the
collision rate provides information regarding the number of collisions
that occur in a specified time interval. In the context of pipe flow, it is
imperative to acknowledge that an increase in pipe radius invariably
results in a corresponding increase in residence time. This indicates that
the variation in collisions per pipe length interval is less pronounced
than the variation in collision rate. Furthermore, it is noteworthy that
the augmented peak of LFP-LFP collisions, which has been observed for
Dpipe = 9mm, is not evident for Dpjpe = 12mm. This finding suggests
that the augmented LFP-LFP peak can be attributed to inertial collisions
for particles with larger Stokes numbers, while other collisions are
predominantly driven by variations in Stokes numbers. However, in the
case of larger pipe radii, this effect is no longer observable due to the
reduced turbulence and the presence of very small Stokes numbers for
all particles. It can thus be concluded that all collisions are primarily
driven by the accelerative mechanism. As a consequence, the LFP-LFP
collision kernel is smaller than the LFP-LIC and LIC-LIC collision
kernel over the entire pipe radius.

It is evident that the actual collision probability P; is not solely
determined by the collision kernel, but also by the number of particles
(see Eq. (6)). It is therefore imperative to consider the collision fre-
quency between materials A and B, given the disparity in the number of
particles and aggregates for each material:

fag = VL erij.ogijﬂip

PIPe ey, jelp

(27)

where Vpipe is the volume of the considered pipe section and I, and I are
the sets of all parcels of material A and B, respectively. The collision
frequency is evaluated at each radial pipe position, with the results
shown in Fig. 8 d). The collision frequency of LFP with CB is observed to
be the highest over the entire radius of the pipe. This phenomenon can
be attributed to the large collision kernel and the high number of CB
aggregates and LFP particles present. The collision frequency between
LFP particles is generally lower, as there are far fewer LFP particles than
CB aggregates. However, the LFP-LFP collision frequency exhibits
similar values near the wall, primarily due to the large value of g in that
region. Despite the substantial magnitude of the fundamental collision
kernel for LIC-LIC and LFP-LIC collisions over the entire pipe radius (see
Fig. 8 ¢)), the corresponding collision frequencies are considerably
smaller. This is due to the smaller number of collision partners when
compared to collisions involving CB, as well as the smaller accumulation
effect of LIC particles. Furthermore, the number of LIC particles is much
smaller than that of LFP particles, thereby also reducing the collision
rate involving LIC particles.

While the collision rate of LFP particles is similar to that of CB par-
ticles for Dpipe = 9mm, this is not evident for Dpjpe = 12mm because the
accumulation effect is small for every material in that case. In contrast to
the smaller pipe radius, the hetero-collision rate is similar to the LFP
collision rate. It can therefore be deduced that, for pipes with smaller
diameters, collisions between and among LFP and LIC particles play a
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more significant role than in the case of larger diameters, where the
agglomeration of LFP or LIC particles with CB aggregates is predomi-
nant.

4.2. Simulation set 2: Parallel mixing and selection of a reference
diameter

As demonstrated in Section 4.1, the collision rates of all materials
exhibit a substantial decrease with an increase in pipe diameter. How-
ever, collision frequency alone is insufficient for selecting a suitable pipe
diameter, since rebound and adhesion, agglomerate growth, residence
time, and deposition exhibit different diameter dependencies. The cases
considered in Set 2 are therefore compared with respect to the fractions
of LFP, LIC, and CB captured in non-deposited agglomerates, the axial
distance required to reach the maximum captured LFP and LIC fractions,
the mean and agglomerate-mass-weighted material numbers per
agglomerate, and the ratio of hetero-contacts to homo-contacts. Based
on these quantities, a reference diameter is selected for the subsequent
comparison with the premixing configurations in Set 4.

Fig. 9 shows the axial evolution of the LFP/LIC particle and CB
aggregate fraction being captured in non-deposited agglomerates for all
pipe diameters under consideration. It is important to note that CB-CB
clusters which do not contain an LFP or an LIC particle are not consid-
ered agglomerates in this study for reasons of clarity. It is evident that,
due to the large number of CB aggregates, even in the event of a negli-
gible proportion of CB aggregates agglomerating with one another, there
will be a substantial augmentation in the number of agglomerates,
whilst concomitantly providing no information about the desired large-
scale, multi-component agglomerates.

Fig. 9 demonstrates that the initial agglomeration rate, indicated by
the slope of the graphs, decreases with increasing pipe diameter. This
finding aligns with the observations presented in Section 4.1. However,
these slopes do not decrease as strongly as the collision frequency in
Fig. 8 d) with increasing pipe diameter. This is because particles in larger
pipes have longer residence times, thereby increasing the number of
collision events in a specific pipe interval. Moreover, in the case of the
smallest pipe diameter, most collisions between and among LFP and LIC
particles do not result in agglomeration due to rebounding. Conversely,
in the simulation of the broadest pipe, each collision results in
agglomeration. However, the agglomeration of LFP and LIC particles is
not initially dominant with respect to the fraction being captured in
agglomerates. As was discussed in Section 4.1, the majority of collisions
occur between the large primary particles and the CB aggregates (see
Fig. 8 d)).

Although smaller pipes lead to stronger agglomeration of all mate-
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rials, pipes with a larger diameter generally have the potential to capture
larger fractions of all materials in agglomerates. As the pipe diameter
increases, deposition decreases, increasing the length of the pipe at
which the maximum number of LFP and LIC particles are captured in
non-deposited agglomerates (indicated by the dashed lines in Fig. 9).
This increases the residence time and the corresponding overall collision
number. For the largest pipe diameter, the maximum is reached
immediately prior to the termination of the pipe, whereas for the
smallest diameter, the maximum is found at a very low axial distance
(Xpipe = 0.4,0.86,1.45,2.73 and 3.45m for Dpype — 9,12,15,18 and
21mm, respectively). The number of free agglomerates and the bounded
particles therein decreases rapidly. Due to their large inertia and the
strong fluctuation velocities, larger agglomerates, which contain more
primary particles, are deposited particularly frequently. Conversely, due
to the smaller RMS velocities, larger agglomerates are more effectively
retained in the main flow with larger pipe diameters.

This observation is underlined by Fig. 10 a), which illustrates the
mean and mass-weighted mean LFP/LIC particle and CB aggregate
number per agglomerate. From an engineering perspective, the mass-
weighted mean number provides a more informative metric, as it re-
flects the distribution of the composite mass. The mass-weighted mean
particle/aggregate number per agglomerate has been shown to increase
with increasing pipe diameter, reaching a maximum at a pipe diameter
of Dpipe = 18mm. In the case of Dpj,e = 21mm, the residence time is
inadequate for achieving comparable values, at least in the case of a
limited pipe length. The phenomenon of larger and heavier agglomer-
ates being observed in larger pipes can again be explained by the
decreased large-agglomerate deposition in such instances. Furthermore,
particle and agglomerate breakup can be observed in the case of very
small pipe diameters, which is caused by the higher collision velocities
(in particular for larger agglomerates). Consequently, agglomerate
growth is attenuated in this case.

In addition to the large, massive agglomerates, there are numerous
small agglomerates, some of which consist solely of an LFP/LIC particle
and a few CB aggregates. Hence, the mean values presented in Fig. 10 a)
are considerably smaller in comparison to the mass-weighted mean. It is
evident that a considerable number of agglomerates are devoid of LIC
particles, thereby resulting in a mean LIC number per agglomerate that
is less than one for all cases. Local maxima in mean values of all LFP and
LIC can be found for Dpjpe = 9mm and a maximum mean CB number is
observed for Dpjpe = 21mm. This finding suggests that, in the case of the
smallest pipe diameter, smaller agglomerates consist of more particles,
while very large agglomerates are less common. This underlines the
large-agglomerate deposition and agglomerate breakup, causing mass
loss and poorer agglomerate growth, respectively. It can be observed
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_Dpipc = 15 mm
_Dpipc = 18 mm
_Dpipo =21 mm

Agglomerated particle fraction [%]

0 1 2 3

Axial distance [m]

Axial distance [m]

0 1 2
Axial distance [m]

2 3 3

Fig. 9. Fraction of a) LFP, b) LIC and c) CB particles being captured in non-deposited agglomerates over the axial particle distance for different pipe diameters. The
dashed lines indicate the distances at which the maximum values of LFP and LIC particles captured are observed in the respective pipe.
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contacts to homo-contacts (RHH) shown for different pipe diameters at the respective axial particle distances, at which the maximum number of LFP and LIC particles

are captured in non-deposited agglomerates.

that the mean CB aggregate number is significantly higher than the
mean number of LFP or LIC particles. This observation can be attributed
to the fact that, despite the CB mass fraction being a mere 4%, there are
more than 17 and 13 CB aggregates in the system for every LIC and LFP
particle, respectively.

As outlined in Kolck et al. (2026), the ratio of hetero-contacts to
homo-contacts (RHH) in a system is contingent on the pipe diameter,
given that the critical collision velocities and the underlying surface
energies of the materials differ significantly from one another. This
dependency can be attributed to the variation in collision velocity when
varying the pipe radius. Fig. 10 b) shows the ratio of LFP-LIC contacts to
LIC-LIC and LFP-LFP contacts at the point of maximum LFP and LIC
capturing for all pipe diameters under consideration. In the case of
smaller pipe diameters, most of the hetero collisions do not result in
agglomeration, since the prevalent collision velocities are larger than
the critical collision velocities. However, a greater proportion of LFP-
LFP collisions result in agglomeration, thereby leading to a reduced
RHH. Increasing the pipe diameter reduces collision velocities, allowing
more hetero-collisions to result in agglomeration. In addition, differ-
ences in mixing can enhance this phenomenon, as poor mixing leads to
an increased number of homo-collisions in a poorly mixed state. The
dependence of mixing on pipe diameter will be discussed in Section 4.3.

It can be concluded from the consideration of the maximum number
of particles captured in non-deposited agglomerates, the mean particle
numbers and the associated agglomerate growth, as well as from the
RHH, that larger pipe diameters are generally more suitable for the
considered process and the given materials. In the selection of pipes with
reduced diameter, it is imperative that the pipe length is sufficiently
short in order to prevent substantial mass loss due to deposition.
Conversely, the utilization of broader pipes necessitates sufficient length
to augment the residence time required for optimal agglomerate growth.
The simulation with Dpj,e = 18mm is selected for comparison against
other mixing configurations as part of simulation set 4, where this
diameter will also be applied. It should be noted that the mixing index
and the distribution of contacts within the agglomerates resulting from
this case will be analysed in Section 4.4. This will allow for a comparison
of the results with those obtained from different mixing configurations.
As demonstrated in Fig. 9, the maximum number of captured particles is
marginally smaller than that resulting from the largest diameter.
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However, the formed agglomerates are substantially larger, exhibiting a
comparable ratio of hetero-contacts to homo-contacts. In the case of
Dpipe = 21mm, it is evident that the pipe would necessitate a greater
length to yield larger agglomerates while maintaining a comparable
fraction of agglomerated particles. Should experimental implementation
permit significantly longer pipe lengths, this should be given consider-
ation, as should the implementation of even larger pipe diameters. The
robustness of the predicted agglomeration behaviour with respect to
uncertainty in the experimentally determined surface energies was
additionally assessed by varying all surface-energy values by +20% for
Dpipe = 9mm and Dpipe = 18mm (see Fig. A4 in the Appendix). The
resulting differences in the axial evolution of the agglomerated particle
fraction are small for both pipe diameters and decrease further for the
larger pipe diameter. This can be attributed to the lower collision ve-
locities in the larger pipe, for which most particle collisions remain
below the sticking-rebound threshold even when the surface energies
are reduced. The surface-energy variation therefore does not alter the
qualitative agglomeration behaviour predicted for the investigated pipe
diameters and indicates that the results obtained for Dy, = 18mm are
comparatively insensitive to moderate deviations in the surface-energy
input. It should further be noted that the present surface-energy varia-
tion complements the general model sensitivity study reported in the
Supplementary Material of Kolck et al. (2026), where additional un-
certainties associated with the drag coefficient and impact efficiency
were investigated. In contrast to the previous study, the surface-energy
variation presented here is not only intended as a general model sensi-
tivity analysis but specifically addresses the uncertainty associated with
an experimentally determined material parameter.

4.3. Simulation set 3: Premixing of two materials

The premixing of LFP with CB, LIC with CB, and LFP with LIC is
considered for pipe flows with five different diameters, in order to
identify the conditions at which a mixed state is reached while pre-
venting deposition. In Fig. 11 a), the axial mixing length, defined as the
length of pipe required for nearly complete mixing (Mg = 0.98), is
presented as a function of pipe diameter for a limited pipe length of 2m.
When considering the mixing of LFP with CB and LIC with CB, a pro-
portionality between mixing length and pipe diameter is evident for
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Fig. 11. a) Axial particle/agglomerate position at which a mixing state (Mg = 0.98) is reached and b) deposited mass at mixing state for different pipe diameters
Dypipe and different premixing combinations. Note that the variation in pipe diameter in the case of LFP-LIC premixing differs from that in the other cases.

Dpipe > 9mm. Increases in pipe diameter result in decreases in turbulent
fluctuations and increases in radial and azimuthal mixing distances.
Consequently, there is an observed decrease in mixing per axial distance.
However, this effect is counteracted, at least in part, by an increase in
residence time due to a decrease in mean flow velocity. It is noteworthy
that this is not the case for Dyj,e = 6 mm in both instances, where larger
axial mixing distances are observed, although the pipe diameter is
smaller. This is due to the fact that, in these cases, turbophoresis, the
effect of particles migrating from regions of strong turbulence to regions
of weak turbulence (Caporaloni et al., 1975; Reeks, 1983), becomes
dominant. This phenomenon results in the capture of inertial (LFP or
LIC) particles within the viscous sublayer, effectively segregating them
from the CB particles, which do not undergo this effect due to their
significantly smaller inertia. Consequently, a poor mixing state is sus-
tained for a greater duration until the particles captured in the sublayer
are deposited.

The deposition is illustrated in Fig. 11 b), where a deposition of 80 %
and almost 60 % can be observed at the mixed state for LFP-CB and LIC-
CB premixing, respectively. As the mean LFP particle mass is higher (i.e.,
they have larger Stokes numbers), the effect of turbophoresis and the
resulting segregation is stronger in the case of LFP-CB premixing,
resulting in a mixing length that is more than double that in the case of
Dpipe = 9mm. In this instance, the minimum mixing length can be
identified for both mixing cases. The mixing length of LIC with CB is
comparable to that of LFP with CB; however, slightly smaller distances
are required to reach a mixed state. This phenomenon can be attributed
to the higher diffusivity of the LIC particles within the region of ho-
mogeneous turbulence, which also results in a faster onset of the
deposition process. Although the deposition velocity of LFP is larger in
the “diffusion-impaction” regime (Kolck et al., 2026; Sippola and Naz-
aroff, 2002), the higher diffusivity of LIC leads to deposition beginning
at an earlier stage. This leads to an increased deposited mass at a mixed
state (see Fig. 11 b), which is assisted by a higher LIC mass fraction
deposition, attributable to a wider particle size distribution. In the case
of LFP-CB premixing, minimal deposition is observed at the mixed state
when Dpjpe = 12mm. As this particular simulation case also permits
rapid mixing, it has been selected for use in obtaining the premixing data
required for Simulation 23. In the case of LIC-CB premixing, a mixing
state with negligible deposition is reached for Dyj,e = 15mm, which is
therefore selected as the relevant premixing diameter for Simulation 24.

The premixing of LFP and LIC generally necessitates larger pipe
distances, which is attributable to a reduced diffusivity when compared
to the premixing simulations involving small CB aggregates. Further-
more, the occurrence of longer mixing distances can be attributed to the
dispersion of both materials into the viscous sublayer at opposite pipe
sides, a phenomenon that is particularly evident in cases where the pipe
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diameter is reduced. In the case of Dpi,e = 9mm, the effect is so pro-
nounced that the mixed state attains a plateau at approximately Mg =
0.95 at the terminal point of the pipe. At this stage, more than 70% of the
initial mass is deposited. Turbophoresis has been observed to be less
dominant for larger pipe diameters. Furthermore, the axial mixing
length has been shown to reach a minimum for Dpj,e = 12mm. How-
ever, 37% of the mass is deposited in this case. In order to ensure con-
sistency with regard to the requirement of deposition avoidance, the
simulation with Djjpe = 21 mm is selected for the purpose of obtaining
the premixing simulation data for Simulation 25. In comparison with the
simulation yielding the minimum mixing length, this mixing length is
only approximately 4% longer, while avoiding 37% mass loss.

4.4. Simulation set 4: Three-component hetero-agglomeration with
various premixing combinations

4.4.1. Pipe flow agglomeration and deposition

The three different sequential mixing configurations simulated in Set
4 are compared with the parallel mixing configuration (Simulation 6) by
considering, once again, the axial evolution of the LFP/LIC particle and
CB aggregate fraction being captured in non-deposited agglomerates
(see Fig. 12). For the purpose of comparison, the results from Set 2 are
also illustrated as shaded lines, ending at the mixed state distance, from
which the subsequent simulation of Set 4 is initiated. In the case of
premixing LFP with CB (Simulations 10 and 23), a significantly stronger
LFP agglomeration can be observed for premixing and a smooth tran-
sition between the premixing and the subsequent mixing step is evident.
This phenomenon can be attributed to two observations. Firstly, the
carbon black concentration is considerably higher in the LFP-CB pre-
mixing configuration than in the parallel mixing configuration, which is
due to a reduced gas volume flow (55.56%). Secondly, the agglomera-
tion of LFP is primarily driven by LFP-CB collisions, as can be deduced
from the collision frequencies shown in Fig. 8 d). In return, this phe-
nomenon results in an augmentation of the agglomerated CB fraction, as
demonstrated in Fig. 12 c), when compared to the paralle]l mixing
configuration. It is evident that the agglomerated LIC particle fraction
remains at a constant level of zero until the initiation of the second
mixing step. At this juncture, the process of LIC agglomeration starts,
resulting in a graph that is analogous to the initial stage of the parallel
mixing configuration, although exhibiting a marginally diminished
slope. This observation can be attributed to the 13% CB that has already
agglomerated on LFP particles at this stage. It is noteworthy that the
axial distance, at which the number of LFP and LIC particles being
captured in non-deposited agglomerates reaches a maximum, 2.45m, is
less than that of the parallel mixing simulation. At this stage, the number
fraction of LFP being captured in free agglomerates is almost equal to
that resulting from the parallel mixing simulations. In contrast, a
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Fig. 12. Fraction of a) LFP, b) LIC and c) CB particles being captured in non-deposited agglomerates over the axial particle distance for different mixing combi-
nations. The dashed lines indicate the distances at which the maximum values of LFP and LIC particles captured are observed in the respective configuration and the

shaded lines indicate the results from the premixing simulation.

significantly smaller proportion (only approximately 59%) of LIC is
captured in non-deposited agglomerates. This phenomenon can be
attributed to the fact that, in the case of LFP-CB premixing, a significant
proportion (approximately 40%) of LIC particles remains free-moving
and not yet agglomerated (see Fig. 13 b)), while LIC deposition re-
mains minimal (see Fig. 13 a)). Conversely, at this stage, a substantial
LFP fraction has already been deposited, with only approximately 3% of
the LFP particles remaining as non-deposited primary particles. The
elevated LFP deposition fraction is attributable to the presence of large
agglomerates comprising LFP, which exhibit accelerated deposition
velocities. In contrast, individual, non-agglomerated particles remain
within the flow. In the case of parallel mixing, a comparable proportion
of LIC and LFP has been deposited at this stage, as both materials are
introduced concurrently and are captured into agglomerates that sub-
sequently deposit.

A similar, yet opposing behaviour can be observed in the case of LIC
being premixed with CB. In this instance, the premixing LIC agglomer-

ation demonstrates an increase in comparison to the parallel mixing
case. However, this increase is not as significant as the LFP agglomer-
ation increase of the LFP-CB premixing configuration that was discussed
earlier. This phenomenon can be attributed to the observation that the
presence of LFP plays a more significant role in the agglomeration of LIC
than the other way around. This observation becomes evident when
considering Fig. 8 d). The collision frequency of LFP-CB collisions is
found to be significantly higher than the LFP-LIC collision frequency,
while the graph of LIC-CB collisions exhibits a substantially smaller
offset. This indicates that collisions with CB are predominant for both
LFP and LIC. However, the ratio of LIC-LFP to LIC-CB collisions is
significantly higher than the ratio of LFP-LIC to LFP-CB collisions. This
observation is also reflected by the discontinuity in LIC agglomeration
when LFP is introduced at the initial stage of the subsequent mixing
stage, because the LFP plays a significant role in LIC agglomeration. The
lower LIC-CB collision frequencies in comparison to the LFP-CB collision
frequencies explain the differences in agglomerated CB fraction at the
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Fig. 13. a) Number fraction of deposited particles and b) number fraction of non-agglomerated and non-deposited particles for various mixing configurations at the
respective axial particle distances, at which the maximum values of LFP and LIC particles captured in non-deposited agglomerates are observed.
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stage where the second mixing step is initiated. In the LIC-CB premixing
case, a significantly lower amount of CB is collected by the LIC particles.
It is evident that the addition of LFP results in a more pronounced in-
crease in the fraction of collected CB aggregates, which approaches a
comparable value at the end of the pipe as observed in the parallel
mixing configuration. In the present simulation case, the maximum
number of captured LFP and LIC particles in free agglomerates is found
at an axial particle distance of 2.94m. This is larger than the values
found in the parallel and LFP-CB premixing simulations. At this stage, a
significantly larger proportion of LIC has been deposited in comparison
to the parallel mixing and LFP-CB premixing combination (see Fig. 13
a)). This is due to the fact that the LIC commences the process of
agglomeration earlier, and the agglomerates that are formed subse-
quently exhibit increased deposition velocities. However, in this
particular mixing combination, approximately 75% of the LIC particles
are found within non-deposited agglomerates at this stage, with only
16% present as free-moving primary particles (see Fig. 13 b)).

The results of the LFP-LIC premixing simulation demonstrate that the
relative agglomeration of LFP is very similar to that of LIC during pre-
mixing, as illustrated by the analogous graphs in Fig. 12. However, at the
final stage of premixing, a slightly larger fraction of LIC particles has
agglomerated, which can be attributed to the larger LIC-LIC collision
kernel (see Fig. 8 c)), caused by the wider particle size distribution of
this material. When the CB is introduced as part of the subsequent
mixing step, a strong discontinuity in the fraction of LFP and LIC being
agglomerated is evident. As previously discussed, collisions involving
LFP/LIC and CB are the most dominant, and the agglomeration rate
therefore experiences an augmentation when CB is introduced. Once
more, the effect of a larger LFP-CB than LIC-CB collision kernel is re-
flected by a larger slope of the graph showing the subsequent mixing LFP
agglomeration when compared to that showing the LIC agglomeration.
Since the carbon black has been introduced at a downstream axial dis-
tance of approximately 1.72m, a significantly smaller fraction of CB has
been agglomerated at the end of the pipe, where the maximum fraction
of agglomerated LIC and LFP particles can also be found. At the stage of
maximum agglomeration, it was found that only approximately 17% of
carbon black is a constituent of non-deposited agglomerates containing
LFP or LIC particles, while this value is approximately 30% in the case of
LFP-CB premixing and approximately 27% in the case of LIC-CB pre-
mixing and parallel mixing.
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Fig. 14 a) shows the mass-related particle/agglomerate size distri-
bution (PSD) at the pipe position with the maximum LFP and LIC capture
for all mixing configurations. It can be observed that, in all cases, the
PSD is significantly shifted towards larger agglomerates when compared
to the initial particle/aggregate size distribution indicated by the grey
dashed line. In the range of medium agglomerate sizes
(1.5pm < d < 10pm), the PSDs resulting from the different mixing
configurations are very similar. However, the premixing of LFP with CB
results in a modest shift towards larger agglomerates within this range,
as evidenced by a marginally elevated mass-related median size (see
Fig. 14 a)). In the range of large agglomerates (10pm < d < 50pm),
disparities in size distribution can be observed between the various
mixing configurations. The largest agglomerate is observed in the par-
allel mixing case, while the 90" percentile diameter is the highest in the
case of premixing LIC with CB (dgp3 = 27.53pm) and the smallest in the
case of LFP-LIC premixing (dgo3 = 16.69pm).

A more profound comprehension of the resulting agglomerate sizes is
facilitated by an examination of the mass-weighted mean particle
numbers within the agglomerates. This is due to the fact that these
numbers also reflect the composition of the individual materials. These
are demonstrated in Fig. 14 b) for each mixing configuration at the stage
at which the maximum values of LFP and LIC particles captured in non-
deposited agglomerates are observed. The mass-weighted number of CB
aggregates in the agglomerates is almost identical when comparing
parallel mixing and LIC-CB premixing, and is marginally lower in the
case of LFP-CB premixing. This observation can be attributed to the
faster deposition of LFP when compared to the deposition of LIC. In the
case of LFP-CB premixing, large agglomerates containing already many
CB aggregates are deposited more quickly. In the case of LFP-CB pre-
mixing, the heavy agglomerates consist predominantly of LFP, while in
the parallel mixing configuration, the overrepresentation of LFP is
smaller. In the case of LIC-CB premixing, heavy agglomerates contain a
greater number of LIC particles than LFP particles. It can be hypothe-
sized that large agglomerates formed from the LIC-CB premixing case
are lighter than those formed from other mixing configurations. This
phenomenon can be attributed to the reduced average diameter of LIC
particles and their comparatively lower density. Consequently, reduced
deposition of large particles results in elevated 90t percentile diameters
in the case of LIC-CB premixing.

In the mixing configuration where LFP is premixed with LIC, a

I CB
B LFP
LIC
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Fig. 14. a) Mass-related particle and agglomerate size distribution sum and b) mass-weighted mean CB aggregate and LFP/LIC particle number per agglomerate for
different mixing configurations at the respective axial particle distances, at which the maximum values of LFP and LIC particles captured in non-deposited ag-
glomerates are observed. For the purpose of comparison, the size distribution initial to the simulation is shown in a) as a grey dashed line. The respective mass-related
median agglomerate/particle diameters dso 3 and 9oth percentile dgg 3 are shown for each mixing configuration in the respective colours.
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reduced mass-weighted mean number of particles/aggregates per
agglomerate can be observed for all materials. As anticipated, the
decrease in CB aggregate number is most pronounced. The reduced
mean LFP and LIC numbers per agglomerate can be explained by the fact
that the maximum number of agglomerated LFP and LIC particles would
be reached for axial pipe distances greater than the pipe length itself. It
is evident that the mass-weighted mean particle number per agglom-
erate would increase significantly if large agglomerates had more time
to further agglomerate with one another. This phenomenon is further
elucidated by the comparatively low 90" percentile diameter observed
in the case of LFP-LIC premixing.

4.4.2. Composition and mixing of hetero-agglomerates

The composition of the agglomerates formed under different mixing
configurations is analysed by considering the degree of mixing.
Following the procedure for evaluating the mixing quality of hetero-
agglomerates presented in Buchheiser et al. (2026), three quantities
are considered individually before being combined into a single mixing
quality measure: the inter-agglomerate mixing index; the intra-
agglomerate mixing index; and the homogeneity of the latter. The inter-
agglomerate mixing index describes the distribution of materials across
all agglomerates, while the intra-agglomerate mixing index depicts the
mixing quality within an agglomerate. For instance, an agglomerate
composed of all materials with a favourable material fraction but having
only a few hetero-contacts due to local clustering of individual materials
would lead to a small intra-agglomerate mixing index. The third quan-
tity is the homogeneity of the intra-agglomerate mixing index. This in-
creases when the intra-agglomerate mixing index only varies very little
from agglomerate to agglomerate.

Here, the degree of mixing is quantified by the Lacey mixing index,
evaluated separately for each material k € {LFP, LIC, CB}. For a given
material k the general Lacey mixing index is defined as

0%, —o?

My = 25—, (28)
0ok — Ork

where

ok = Pe(1—px) 29

denotes the variance of a fully segregated state, and the possible mini-
mum variance, which is set to zero in this work in order to compare the
mixing to a reference state of perfect order, is denoted by oik. The
quantity px denotes the relevant mean fraction of material k in the
chosen sampling scheme and of is the observed variance for that
scheme. In all evaluations, the mixing index is constrained to the in-
terval [0,1] in order to avoid small numerical deviations outside the
theoretical bounds.

For the inter-agglomerate index, each agglomerate a (total of Nj
agglomerates) is treated as a sample. The local fraction of material k in
agglomerate a is defined as

(30)

Xak =
Npa

where ng,; denotes the number of particles of material k in agglomerate a
and n,, , denotes the number of counting units in that agglomerate (in the
case of CB, the primary CB aggregate is counted as one single unit). The
material fractions of all individual agglomerates are illustrated in Fig. 16
as a barycentric representation of the agglomerate composition, result-
ing from different mixing configurations, and will be discussed in more
detail later. The overall fraction is computed as the particle-weighted
mean

1
= N_PZNA (np aXa, k

Dk (31)
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where Np = >~ npq is the total number of particles/aggregates in all Ny
agglomerates. The overall inter-agglomerate variance is evaluated as
follows

1
ITPZ;V:] Npa (xa.k - pk) 2 .

It should be noted that this formulation describes a number-weighted
variance, thereby accounting for differences in agglomerate size. The
inter-agglomerate Lacey index Mi™* € (0,1) is then obtained by

(32)

2
O =

inserting py and 67 into the general expression of the Lacey mixing index
(see Eq. (28)).

The intra-agglomerate mixing index quantifies the degree of mixing
within an individual agglomerate a. To that end, each agglomerate is
discretized by cubic cells that cover at least the entire volume occupied
by an agglomerate. The cell size is selected to be two times the number-
related 95 percentile diameter in the system (ds. =2 x dgso = 2.4pm).
It is imperative to acknowledge the necessity of maintaining a constant
cell size in order to facilitate a meaningful comparison. Consequently,
agglomerates with a radius of gyration that is less than the cell size are
not taken into consideration. It is evident that the evaluation of the
mixing quality of agglomerates of this size becomes invalid due to the
presence of a minimal number of particles. For each cell i containing n; x
particles of material k and a total of n,; particles, the cell’s local material
number fraction is given by:

(33)

For each agglomerate a comprising Ngl) particles being discretized by

N cells containing at least one particle, the mean and variance of the
cells are computed as follows:

1
Plia) = WZi:l M iXiks 7
Np
and
2
7= om0t -~

respectively. The intra- agglomerate Lacey index M ) of an agglomerate

a is obtained by inserting pk
Lacey mixing Index (see Eq. (28)).

Following the determination of the individual intra-agglomerate
mixing indices, a material dependent particle number-weighted mean
index across agglomerates is formed as

S ().

) and ak ) into the general expression of the

— 1

Me = s (36)

(a)

where N b i is the number of particles of material k in agglomerate a. The

homogeneity of the intra-agglomerate mixing index is given by

2
GMk

S P S—
M (1 - M)

Y, 37)

where the particle number-weighted variance of the intra-agglomerate
mixing index is
5 1

No @) (r@ _ 37 \?
oM = S N Z Nilk <Mk Mk) . (38)
As proposed by Buchheiser et al. (2026), the overall mixing quality can

be evaluated using a combined mixing quality measure
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In the present analysis, no weighting is conducted (6 = ¢ = o = 1).

Fig. 15 shows all three mixing quality measures a) I\/I‘}fter, b) My and c)
Wy, as well as the resulting combined mixing quality measure d) wi"‘“b
(uniform weighting) for all materials and different mixing configura-
tions. Furthermore, the mean value of all materials is shown for each
quality measure.

In all mixing configurations, the inter-agglomerate mixing index (see
Fig. 15 a)) is shown to be lower for LIC than for LFP, which is attrib-
utable to the lower collision rates of LIC. As demonstrated in Fig. 13, in
instances of parallel mixing, a proportion of LIC particles greater than
20% remain non-agglomerated at the stage in consideration. In the case
of premixing LFP with CB, this value is even 40%. This finding aligns
with the observations presented in Fig. 14 b), which demonstrate a
lower mass-weighted mean number of LIC than LFP particles in the
agglomerates for both configurations. Notably, the discrepancy is more
pronounced in the case of LFP-CB premixing. This is also evident when
considering the agglomerate composition in Fig. 16, where particularly
the heavier agglomerates contain fewer LIC particles.

In terms of the mixing index, slower or later agglomeration of a
material leads to poorer inter-agglomerate mixing (see Fig. 15 a)). This
is because further agglomerate growth increases the number-weighted
inter-agglomerate mixing index, provided a mixing state is reached at
the flow level. To illustrate this, one might consider two separated pure
homo-agglomerates containing all particles in the system. It can be
posited that these would exhibit a mixing index of Mi™®" = 0 and Mij**r =

Inter-agglomerate mixing index
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0 prior to an agglomeration event (1+2 — 3) and a mixing index of
Mirter = 1 in the aftermath.

This observation is reinforced by the fact that in the case of parallel
mixing, the difference between the LFP and LIC inter-agglomerate
mixing index is smaller than for the LFP-CB premixing, where the
agglomeration of LIC starts much later. Conversely, the premixing of LIC
with CB results in a substantial augmentation of LIC and a reduction in
the LFP inter-agglomerate mixing index (see Fig. 15 a)), thereby
ensuring that both values approach equivalence in this configuration. In
this instance, the heaviest agglomerates contain more LIC than LFP
particles (see again Fig. 16). However, most of the large agglomerates
have a comparatively equal number composition.

The inter-agglomerate mixing indices of all materials in the case of
premixing LFP and LIC are smaller than those resulting from the parallel
mixing configuration (see Fig. 15 a)). The poorer CB mixing index is due
to the previously observed effect of a later onset of agglomeration, which
in turn causes poorer inter-agglomerate mixing indices. The disparity in
LFP and LIC mixing can be attributed to the higher number of LFP/LIC
particles not being agglomerated with CB (see Fig. 13 b)), when
compared to the parallel mixing configuration. The CB inter-
agglomerate mixing index in the case of LIC-CB premixing is found to
be almost identical to that resulting from parallel mixing. The value is
marginally diminished in the instance of premixing LFP with CB, a
phenomenon attributable to CB's propensity to agglomerate on LFP. This
tendency is further substantiated by the initial exclusion of LIC-laden gas
during the premixing process. Despite the fact that the individual ma-
terials exhibit different mixing indices, depending on the configuration
under consideration, the mean values of the inter-agglomerate mixing

Intra-agglomerate mixing index
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index are identical when comparing parallel mixing with LIC-CB pre-
mixing and when comparing LFP-CB premixing with LFP-LIC premixing.

The intra-agglomerate mixing index demonstrates analogous trends
(see Fig. 15 b)). The mixing index of LFP is higher than that of LIC (with
the exception of premixing LIC with CB) and the mixing index of a
specific material is increased by premixing it with CB. This phenomenon
can be attributed to the predominance of CB-to-LFP or LIC contacts
within the agglomerates, as illustrated in Fig. 17. The CB functions as a
separator between the individual LFP or LIC particles, thereby
increasing their intra-agglomerate mixing index. Nevertheless, it should
be noted that inadequate mixing may also occur in the absence of homo-
contacts, i.e., perfect separation of LFP or LIC particles by CB aggregates.
This is applicable in instances where one material constitutes fragments
of the agglomerate, and the other material comprises the remaining
fragments, but all particles are separated by carbon black. However, in
the case of LFP-CB premixing, the anticipated fraction of LIC per eval-
uation cell is considerably lower than in the other cases, which can be
attributed to the reduced LIC particle number per agglomerate (see
Fig. 14 b)). As a consequence, a considerable increase in the mixing
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index of LFP and CB is evident in this mixing configuration in compar-
ison to the parallel mixing case. In contrast, a reduced mixing index of
LIC can be observed. Similar, but opposite behaviour can be observed in
the case of LIC being premixed with CB. Here, the intra-agglomerate
mixing index of LIC is higher than that of LFP. One potential explana-
tion for this phenomenon is the increased proportion of LIC within the
agglomerates, as illustrated in Fig. 14 b)). Another related reason is the
higher number of LIC-CB contacts. In the case of parallel mixing, 32.2%
of the detected contacts are between LIC and CB. This number is reduced
to 20.9% in the case of LFP-CB premixing and increased to 41.5% in the
case of LIC-CB premixing (see Fig. 17). The mixing indices of all mate-
rials in the LFP-LIC premixing configuration are significantly lower and
exhibit a comparable trend to the parallel mixing case, which can be
attributed to the lower CB content. It is noteworthy that in this config-
uration, 10.2% of contacts are LFP-LIC, whereas LFP/LIC homo-contacts
account for a mere 9.8% of contacts. This ratio is higher than in every
other mixing configuration. The mean intra-agglomerate mixing index
in the case of LIC-CB premixing is only marginally smaller than that
resulting from parallel mixing. In contrast, the corresponding value is
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Fig. 17. Contact matrix showing the contact fractions of LFP and LIC with any other material type in different mixing configurations. The results are shown for
agglomerates at the axial pipe position at which the maximum values of LFP and LIC particles captured in non-deposited agglomerates are observed. The symbol “+”

indicates parallel and sequential mixing, whereas “&” indicates premixing.
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larger in the case of LFP-CB premixing, which is attributable to the
increased CB intra-agglomerate mixing index.

The number-weighted homogeneity of the intra-agglomerate mixing
index is greater than 0.95 for each material in each mixing configuration
(see Fig. 15 ¢)). This finding suggests that the individual agglomerates
possess mixing qualities that are highly similar. The disparities in the
values obtained from the various mixing configurations are negligible
for each material, and the mean values derived from these configura-
tions are almost identical. Consequently, the homogeneity appears to
augment the combined mixing quality measure of all materials in all
configurations, without significantly influencing the differentiation be-
tween them. It is therefore evident that the combined mixing quality
measure (see Fig. 15 d)) demonstrates a similar pattern to the inter- and
intra-agglomerate mixing index. While the disparities in mixing quality
between the LFP and the LIC are at their most pronounced in the case of
LFP-CB premixing, these disparities are least pronounced in the case of
premixing of LIC and CB. It is a noteworthy observation that, despite the
evident disparities, the mean mixing quality is equivalent for the parallel
mixing, LFP-CB premixing and LIC-CB premixing configurations.

However, the current state of knowledge does not yet allow for a
definitive conclusion as to which mixing quantity of which material
exerts the greatest influence on the electrical and ionic conductivity of
the formed material and the resulting capacity of the cell. It can be
hypothesized that either the intra- or the inter-agglomerate mixing
index holds greater significance than the other, i.e., § # w. Furthermore,
good mixing of one of the materials could be more important for the
resulting electrochemical properties than good mixing of the other
material. It is also conceivable that it would be beneficial if the mixing
quality of all materials exhibited similar values, which could be quan-
tified by introducing another homogeneity index similar to that pre-
sented in Eq. (37). Future work could identify the influence of different
mixing quantities by simulating the electrical and ionic conductivity of
numerically formed agglomerates or representative matrices, using
either a resistor-network approach (Roussel et al., 2015; Sangros
Giménez et al., 2025) or a voxel-based approach (Laue et al., 2020;
Roussel et al., 2015). Moreover, the influence of differences in the
contact matrices illustrated in Fig. 17 could be identified therein. For
instance, an increased number of LIC-LIC homo-contacts in the case of
LIC-CB premixing (see Fig. 17) must not necessarily be associated with
worse electrochemical properties, as continuous ion transport pathways
are desirable and require LIC-LIC homo-contacts (Alsac et al., 2025).
This could also be an indication that a higher LFP mixing index and a
smaller LIC mixing index are favourable. However, this must be
numerically evaluated in future work. A further method of estimating
the resulting electrochemical performance is to examine CAM utiliza-
tion, which describes the proportion of the active material (LFP) that is
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in contact with at least one electrolyte particle (LIC) and one CB particle
(Kissel et al., 2026b). The analysis of all three-component agglomerates
indicates that the parallel mixture results in a CAM utilization of 36%.
The values for the premixing of LFP with CB, LIC with CB, and LFP with
LIC are 18%, 31%, and 38%, respectively. From this standpoint, the LFP-
LIC premixing scenario appears to be the most promising. However, all
values are comparatively low, which is due to the absence of LFP-LIC
contacts rather than the absence of LFP-CB contacts. Within the pre-
sent agglomerates, the LFP and LIC contacts are often separated by CB
aggregates. Consequently, it is imperative to undertake a compaction or
calendering step prior to conducting a meaningful evaluation of CAM
utilization.

It is evident that the electrochemical performance of the composite is
not solely dependent on its inherent structure, but is also contingent on
the mass composition of all materials. However, it should be noted that
the mass fractions of the materials within the formed hetero-
agglomerates may differ from that resulting from the particle feed.
Fig. 18 illustrates the normalized overall mass fractions of all materials,
relative to their respective ideal (feed) mass fractions, for all configu-
rations. Note that only three-component hetero-agglomerates are
considered here. The parallel mixing case and the premixing of LFP with
CB result in mass compositions that are very similar, with LFP being
approximately at the desired value and LIC being slightly over-
represented. It is evident that CB is significantly underrepresented in all
cases, particularly in the case of premixing LFP with LIC. This aligns with
the poor CB-capturing observed in Fig. 12 ¢). This finding indicates that
a substantially higher CB mass flow may be advantageous in the context
of hetero-agglomerates being sampled separately from single CB ag-
gregates. In the case of premixing LIC with CB and LFP with LIC, the
deviation of the LFP and LIC mass fractions to the ideal value is greater
than in the other instances. This phenomenon can be primarily
explained by the high number of LFP-CB agglomerates not being part of
three-component hetero-agglomerates. Moreover, it is imperative to
acknowledge that in the context of optimal composition (LFP & CB +
LIC), approximately 40% of the LIC particles remain non-agglomerated
at this stage. Consequently, it is only appropriate to draw conclusions
from this consideration for a practical application when hetero-
agglomerates are separated from primary particles and CB-aggregates,
for example by adding an electrostatic separation process down-
stream. As previously stated, it is recommended that CB feeding be
augmented in such cases.

5. Conclusions

The present study has analysed the mixing and hetero-agglomeration
of LFP, LIC and CB in turbulent pipe flows. The aim of this analysis was
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Fig. 18. Overall CB, LFP and LIC mass fractions in all agglomerates containing all materials normalized by the ideal mass ratio resulting from the mass flow (see
Table 2). The results are shown for all mixing configurations at the respective axial particle distances, at which the maximum values of LFP and LIC particles captured
in non-deposited agglomerates are observed. The dashed line indicates the unit value, which is achieved in the case of attaining the desired feed mass ratio. The
symbol “+” indicates parallel and sequential mixing, whereas “&” indicates premixing.
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to identify suitable pipe dimensions for the given process conditions and
to evaluate the differences in agglomerate size, composition and struc-
ture that arise from different mixing configurations (parallel mixing and
premixing of LFP with CB, LIC with CB and LFP with LIC). This objective
was realized through the performance of four distinct simulation sets,
incorporating Lagrangian agglomerate structure simulations.

In the initial set, the various collision mechanisms between the
materials under investigation were evaluated for uniformly distributed
particles in different pipes (Dyipe = 9 and 12mm). It has been demon-
strated that the accumulation effect is pronounced at a pipe diameter of
9mm and its significance diminishes with an increase in pipe diameter.
Considering collision efficiency proved to be imperative for collisions
involving LFP and CB, as well as LIC and CB, because it significantly
reduces their collision kernel. However, particularly for larger pipe di-
ameters, it was shown that the resulting collision frequency of these
collision partners is much higher than that of other combinations of
materials.

The second simulation set aimed to model the hetero-agglomeration
in the parallel mixing configurations in pipes of various diameters
(Dpipe = 9,12,15,18 and 21mm) with a fixed pipe length of Lyppe =
3.5m. It was found that an 18mm pipe diameter is suitable for the given
process conditions (i.e., gas volume flow, particle mass flows and par-
ticle size distributions) in the case of parallel mixing. At this diameter, a
high fraction of the primary particles is captured in non-deposited ag-
glomerates, with the corresponding maximum being reached at xpipe =
2.73m. Compared with Dpjpe = 21mm, the maximum captured particle
fractions are only slightly lower, while larger agglomerates are formed
and a comparable ratio of LFP-LIC hetero-contacts to the corresponding
homo-contacts is obtained. Larger pipe diameters may nevertheless be
suitable if the experimental implementation permits longer pipes, since
longer axial distances are required to obtain comparable agglomerate
growth under these conditions. Conversely, smaller pipe diameters lead
to increased deposition and therefore require shorter pipes to limit the
associated mass loss. The selected diameter is consequently specific to
the investigated process conditions and maximum pipe length and
should not be interpreted as a unique multi-objective or electrochemical
optimum.

In the third simulation set, a pipe diameter variation was conducted
in the simulation framework with the objective of identifying a suitable
pipe diameter for the premixing process in every combination (LFP with
CB, LIC with CB and LFP with LIC). The simulations were terminated
when a state of mixing, defined as the Lacey index being greater than
0.98, was reached. The objective of this simulation set was to ascertain
the pipe diameter that would yield the shortest axial mixing distance,
while also minimizing deposition. Premixing LFP with CB was found to
be optimal with a pipe diameter of Dpjpe = 12mm, resulting in a mixing
length of 0.63m. Sufficient mixing of LIC with CB was achieved at an
axial pipe position of 0.65 m with a pipe diameter of Dyj,e = 15mm. For
premixing LFP with LIC, the optimum pipe diameter was found to be
Dpipe = 21mm, resulting in a mixing length of 1.72m.

The particle and agglomerate data resulting from the premixing
simulations have been utilized in the respective simulations of the
subsequent mixing step, where the pipe diameter was fixed at 18mm,
allowing for a comparison with the parallel mixing configuration. The
subsequent mixing step was initiated at the pipe distance at which the
respective premixing simulation was terminated and terminated at a
fixed pipe length of Lyj,e = 3.5m. The maximum fraction of captured LFP
and LIC particles was found at a pipe length of x,jpe = 2.45m in the case
of LFP-CB premixing, at a pipe length of xpi,e = 2.94m in the case of LIC-
CB premixing, and at the pipe termination (Xpipe = Lpipe= 3.5m) in the
case of LFP-LIC premixing. The latter suggests that increased pipe length
may be advantageous in achieving the desired outcomes of this config-
uration. The simulations revealed that the configuration of LFP-LIC
premixing resulted in smaller agglomerates, an inadequate CB content,
and inferior mixing quality when compared to the other configurations.
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The findings of this simulation set demonstrate that the agglomerate
composition, particularly that of the large agglomerates, is significantly
influenced by different mixing configurations.

The configurations of parallel mixing and premixing LIC with carbon
black both result in larger agglomerates (see Fig. 14 a) and b)) and fewer
non-agglomerated primary particles (see Fig. 13 b)) when compared to
the other configurations. However, the slower agglomerate growth in
the case of premixing LFP with CB leads to less deposition (see Fig. 13 a))
in this case. The parallel mixing configuration, as well as the LFP-CB
premixing, both result in a similar mass composition within three-
component hetero-agglomerates, which is superior to that observed in
the case of LIC-CB premixing. In all cases, the mass fraction of CB is
found to be significantly lower than the desired value. In potential future
processes where large agglomerates are separated from the CB aggre-
gates, this issue should be addressed by increasing the CB mass flow rate.
From the perspective of these quantities, the parallel mixing configu-
ration is recommended, as it leads to both the formation of larger ag-
glomerates and a satisfactory mass composition, at least with respect to
LIC and LFP particles.

However, with regard to the objective of achieving optimal electro-
chemical performance, other variables, including the number of various
contact combinations and the mixing index, may also be instrumental in
determining the selection of an appropriate mixing configuration. The
diverse mixing configurations exhibited a significant impact on the
contact matrices of the three materials, in addition to their inter- and
intra-agglomerate mixing quality. A comparison to the parallel mixing
configuration reveals that premixing of LFP results in elevated LFP
mixing indices and diminished LIC mixing indices. Conversely, the
premixing of LIC results in more homogeneous mixing indices for the
various materials. The mean combined mixing quality was similar for
parallel mixing, LFP-CB premixing, and LIC-CB premixing, whereas
LFP-LIC premixing resulted in a lower value. An increased number of
LIC-LIC contacts in the case of LIC-CB premixing (see Fig. 17) in com-
bination with a good mixing performance could indicate, for example,
that this configuration is advantageous in terms of ionic conductivity.
Future work could use resistor-network simulations, for instance, to
establish a correlation between the various mixing indices and the
resulting electrochemical properties of the composite, thereby identi-
fying hetero-agglomerate structures (resulting from different mixing
configurations) that show good electrochemical performance.
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