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Abstract  16 

Hetero-agglomeration of micron- and submicron-sized particles enables the formation of all-17 

solid-state battery cathode materials with enhanced safety and energy density. This study 18 

investigates a turbulent pipe flow process for mixing lithium iron phosphate (LiFePO4, LFP), 19 

lithium indium chloride (Li₃InCl₆, LIC), and carbon black (CB) to form three-component hetero-20 

agglomerates. The analysis aims to identify suitable pipe dimensions and evaluate how 21 

different mixing configurations affect agglomerate size, composition, and structure. The 22 

investigation employs a dedicated simulation framework utilizing a mesh-free representation 23 

of turbulent flow fields derived from direct numerical simulation datasets. Lagrangian particle 24 

tracking incorporates an improved discrete random walk model, while stochastic agglomerate 25 

structure simulations account for various turbulent collision mechanisms, hydrodynamic 26 

interactions, and breakup events. Prior to simulations, virtual CB aggregates were 27 

stereologically reconstructed from scanning electron microscopy images, the particle size 28 

distributions were determined using laser light diffraction, and the surface energies of all 29 

materials were determined from contact angle measurements using the Owens-Wendt-Rabel-30 

Kaelble method. Simulations examined parallel mixing and sequential premixing configurations 31 

(LFP-CB, LIC-CB, and LFP-LIC) across various pipe diameters. For parallel mixing under 32 

experimental process conditions, an 18 mm pipe diameter proves optimal, maximizing particle 33 

capture in agglomerates at 2.73 m. Each premixing combination exhibits a distinct optimal 34 

diameter, minimizing deposition while enabling short mixing lengths. The mixing configuration 35 

significantly influenced the agglomerate composition, the material-specific mixing quality 36 

measures and the contact-pair distribution. The findings provide concrete recommendations 37 

for experimental process design regarding pipe dimensions and mixing strategies, while the 38 

influence on electrochemical properties requires further investigation. 39 

 40 

Keywords: Hetero-agglomeration; Turbulent pipe flow; Agglomerate structure; Particle 41 
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3 
 

1 Introduction 43 

The mixing of particulate systems represents a fundamental unit operation in process 44 

engineering, with applications across diverse industries such as pharmaceuticals, chemicals, 45 

and materials science (Jin and Shen, 2024). Hetero-agglomeration, the specific combination 46 

of particles of different materials, can result in unique and enhanced properties of the 47 

composite due to the formation of hetero-contacts at the interfaces of the particles (Kolck et 48 

al., 2026, 2023a; Witte et al., 2023). These hetero-contacts facilitate interactions such as 49 

charge, heat, or mass transfer without necessitating chemical reactions between the 50 

components. The structural arrangement of the particles within these hetero-agglomerates is 51 

of paramount importance, as it determines the quantity of resulting hetero-contacts and 52 

influences the characteristics of the resultant material. 53 

In the context of energy storage, hetero-agglomeration plays a critical role in the development 54 

of advanced battery materials, particularly for all-solid-state batteries (ASSBs). Unlike 55 

conventional lithium-ion batteries, which use a liquid electrolyte, ASSBs incorporate a solid 56 

electrolyte, offering benefits such as improved safety and increased energy density (Janek and 57 

Zeier, 2016; Jung et al., 2015; Kerman et al., 2017). The cathode of an ASSB is a complex 58 

composite consisting of cathode active material (CAM, Fig. 1 a)) particles, solid electrolyte (SE, 59 

Fig. 1 b)) particles, and conductive additives such as carbon black (CB, Fig. 1 c)) (Frankenberg 60 

et al., 2025; Kissel et al., 2026a). The distribution and interaction of these components through 61 

hetero-contacts significantly influence the battery's electrochemical performance (Wang et al., 62 

2012). Despite the promising potential of these materials, the relationship between the 63 

structural arrangement of the hetero-agglomerates, the cathode material consist of, and the 64 

resulting battery performance remains inadequately understood (Schnell et al., 2018). Earlier 65 

research (Kolck et al., 2026, 2023b, 2023a; Witte et al., 2023) concentrated on the gas phase 66 

hetero-agglomeration process itself using exemplary materials. This work directly addresses 67 

the hetero-agglomeration of ASSB materials with the objective of contributing to the 68 

development of a production method for all-solid-state cathode materials consisting of lithium 69 

iron phosphate (LiFePO4 , LFP) as active material, lithium indium chloride (Li3InCl6, LIC) as 70 
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solid electrolyte and carbon black (CB) as conductive additive. LFP and LIC are present in the 71 

form of particles and CB is present in the form of stable aggregates. The size and morphology 72 

of these aggregates will be discussed in Section 2.2.1. A description of the considered solid 73 

electrolyte in the context of potential all-solid-state battery materials is provided in 74 

(Frankenberg et al., 2024). 75 

 

Fig. 1 a) Cathode active material, b) solid electrolyte and c) carbon black aggregates, forming a 
solid-state battery cathode hetero-agglomerate d). 

Hetero-agglomerates can form through three distinct processes: first, in the liquid phase 76 

(Gunlazuardi et al., 2021; Q. Li et al., 2019; Liu et al., 2022); second, through mechanical 77 

mixing (Poux et al., 1991); or third, in the gas phase (Buchheiser et al., 2023; Gerken et al., 78 

2023; Witte et al., 2023). The advantages and limitations of these methods are discussed in 79 

(Kolck et al., 2023a). Recently, a jet-based direct mixing gas-phase hetero-agglomeration 80 

process was introduced and analysed both numerically (Kolck et al., 2023a) and 81 

experimentally (Witte et al., 2025, 2023). This process involves deagglomerating particles to 82 

the primary particle level using a rotating brush disperser, followed by turbulent mixing of two 83 

crossing particle-laden jets. In the mixing zone, particles of different materials contact and form 84 

hetero-agglomerates. As the results of (Kolck et al., 2023a) indicated a deficiency in particle 85 

concentration and residence time, the original process was reformulated in (Kolck et al., 2026) 86 

to eliminate the need for a secondary carrier gas (a third stream used to remove 87 

agglomerates), thereby increasing the particle-to-gas volume ratio. 88 

The turbulent pipe flow of this process, which plays a role in facilitating further mixing and 89 

agglomeration, was recently the subject of numerical investigations in (Kolck et al., 2026). In 90 
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that study, a Lagrangian particle tracking and agglomeration approach (Sommerfeld and 91 

Stübing, 2017) was employed to model the particle motion as well as mixing and agglomeration 92 

of micrometre-sized particles in turbulent pipe flows. In this context, the fluid field, comprising 93 

the mean flow velocities and the root-mean-square (RMS) values of the velocity fluctuations, 94 

was provided by suitable curve-fit functions derived from direct numerical simulation (DNS) 95 

data. The RMS velocities were employed for the modelling of turbulent dispersion via an 96 

improved discrete random walk model (IDRW) (Mofakham and Ahmadi, 2020), while the 97 

agglomeration was modelled using a Lagrangian agglomerate structure model proposed by 98 

(Sommerfeld and Stübing, 2017). The findings indicated that the selection of pipe diameter 99 

and mixing configuration exerts a significant influence on the size and composition of hetero-100 

agglomerates. Specifically, the ratio of hetero- to homo-contacts was found to be dependent 101 

on the pipe diameter-dependent turbulent intensity, provided that the surface energies of the 102 

hetero-materials in question exhibit significant disparities. Moreover, the interplay between 103 

deposition and agglomeration results in a local maximum of hetero-contact formation. 104 

The methodology employed in (Kolck et al., 2026) is particularly well-suited to the context of 105 

ASSB cathode materials for which it was not yet directly considered. This is due to the fact that 106 

the methodology, which is comparatively less computationally intensive than time-resolved 107 

modelling of collisions of individual particles in discrete element method (DEM) simulations, 108 

enables a great number of very small particles to be handled. Conversely, the approach is 109 

nevertheless capable of representing the agglomerate structure, thereby offering an effective 110 

compromise between computational efficiency and modelling accuracy. The simulation 111 

approach presented in (Kolck et al., 2026) is used for modelling the agglomeration, dispersion 112 

and deposition of ASSB cathode material particles in turbulent pipe flows as part of the 113 

proposed gas phase hetero-agglomeration process. In this work, an appropriate pipe diameter 114 

is selected based on the interplay of deposition and agglomeration. The parallel and sequential 115 

mixing and agglomeration of CAM, SE particles and CB aggregates in different combinations 116 

are then analysed to identify the resulting differences in structure, composition, size and 117 

amount of hetero-agglomerates formed. 118 
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The article is structured as follows. In Section 2, the methods utilized are outlined. This 119 

encompasses the numerical methodologies employed in the simulations, in addition to a 120 

detailed exposition of the characterization of the initial materials. The latter encompasses the 121 

reconstruction of the initial CB aggregates, the measurement of the particle size distributions, 122 

and the determination of the surface energies of all materials. This is followed by a description 123 

of the simulation setup, including the simulation conditions and workflow for parameter 124 

variation and optimization (Section 3). In Section 4, the results of all simulation sets in this 125 

workflow are discussed individually. Conclusions are finally drawn in Section 5. 126 

2 Methods 127 

The methods described in this section are divided into two main parts. Section 2.1 presents 128 

simulation methods, including modeling particle and agglomerate motion, as well as 129 

agglomeration processes in turbulent flows. Section 2.2 describes the experimental and 130 

numerical methods used to characterize the starting materials, such as carbon black aggregate 131 

reconstruction, particle size distribution measurements, and surface energy determination.  132 

2.1 Modelling agglomeration in turbulent pipe flows 133 

2.1.1 Particle motion 134 

The methodology employed in this study for modelling dispersion and agglomeration in 135 

turbulent pipe flows is described in detail in previous work (Kolck et al., 2026). However, a 136 

concise summary is provided here for the reader's convenience. In addition, certain 137 

modifications have been made to the original model, and these are detailed below. Following 138 

the Lagrangian particle tracking method, the motion of a spherical particle or agglomerate is 139 

described by Newton’s equation of motion, which is integrated over time and given as 140 

𝑚p

𝑑2𝑥⃗p

𝑑𝑡2
= 𝐹⃗p

D + 𝐹⃗p
L + 𝐹⃗p

Br + 𝑚p𝑔⃗, (1) 

where a p in the in the index of a variable is, from here on, used to emphasize that the variable 141 

is a descriptor of a particle or agglomerate. In Eq. (1) the sum of all three-dimensional forces 142 

acting on a particle can be expressed as the product of the particle mass 𝑚p and the 143 
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particle/agglomerate acceleration 𝑑2𝑥⃗p/𝑑𝑡2, where 𝑥⃗p is the three-dimensional 144 

particle/agglomerate location and 𝑡 is the time. The individual forces that are considered here 145 

are to be found on the right-hand side of Eq. (1). The forces 𝐹⃗p
D, 𝐹⃗p

L and 𝐹⃗p
Br are, the fluid drag 146 

force, the lift force and the Brownian force, respectively. The gravitational force is represented 147 

by 𝑚p𝑔⃗, where 𝑔⃗ is the three-dimensional gravitational acceleration vector.  148 

It is important to note that the modelling framework utilizes the so-called parcel concept, in 149 

which each computational particle (parcel) represents a defined number 𝑁p
P𝜖ℕ of particles with 150 

the same properties (Kolck et al., 2026; Sommerfeld and Stübing, 2017). In the present work, 151 

this concept is also followed for the initial CB aggregates (details given later).  152 

The drag force 𝐹⃗p
D depends on the particle/agglomerate Reynolds number and on the relative 153 

velocity between the particle/agglomerate and the fluid. The Cunningham slip correction factor 154 

is also considered in the calculation of this force, and the drag coefficient is given by the 155 

expression of (Schiller and Naumann, 1933). The fluid velocities that are needed to calculate 156 

the drag force are composed of a mean flow velocity component and a turbulent fluctuation 157 

velocity component. Both the mean flow velocity and the root-mean-square (RMS) values of 158 

the velocity fluctuations are determined through curve-fits of DNS data from (El Khoury et al., 159 

2013), as provided in (Kolck et al., 2026). The resulting continuous and wall-distance-160 

dependent functions of the anisotropic RMS velocity fluctuations are utilized to model the 161 

actual time-dependent fluctuation velocities acting on a particle. This is achieved through the 162 

implementation of an improved discrete random walk model, as proposed by (Mofakham and 163 

Ahmadi, 2020), which extends the conventional discrete random walk model (Gosman and 164 

Ioannides, 1983) by incorporating a drift velocity correction term. This modification serves to 165 

prevent a spurious accumulation of very small particles in regions of low turbulence (see 166 

(Mofakham and Ahmadi, 2020) for further details). The model employs a stochastic 167 

representation of turbulent eddies in a real flow, which act on the particles. Realizations of 168 

Gaussian random vectors are drawn to model the fluctuation velocities, which scale the RMS 169 

velocity fluctuations in each specific direction. The realizations are drawn after a specified time 170 
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interval to describe how long a particle is affected by the same eddy. The time interval between 171 

generating new random vectors for a single particle depends on the turbulent length scale and 172 

the time it takes the particle to cross an eddy. 173 

The lift force 𝐹⃗p
L acting normal to the wall, which is induced by the strong flow shear in the 174 

turbulent boundary layer, is modelled using the expression proposed by (Mclaughlin, 1993) 175 

and a curve-fit given by (Mei, 1992). This approach offers a relaxation of the restrictions of the 176 

original expression given by (Saffman, 1968, 1965). The Brownian force 𝐹⃗p
Br is only relevant 177 

for fluid-tracer-like particles and is represented by a Gaussian white noise random process (Li 178 

and Ahmadi, 1993), whereby a Gaussian random number vector is generated at each time 179 

step in order to model the magnitude scaling and direction of a particle and temperature-180 

dependent force. 181 

2.1.2 Agglomeration  182 

The previously discussed discrete random walk model effectively captures the stochastic 183 

particle trajectories in turbulent pipe flows. However, it is unable to account for the correlations 184 

that exist between these trajectories. As a result, it is unable to predict the actual relative 185 

positions and velocities of the particles, which are usually relevant for modelling agglomeration. 186 

In order to address this issue, a stochastic inter-particle collision model (Sommerfeld, 2001) 187 

within the framework of the Lagrangian agglomerate structure model introduced by 188 

(Sommerfeld and Stübing, 2017) is employed.  189 

The initial step in the inter-particle collision model is to ascertain the relative velocity between 190 

a given particle and another, fictitious particle, as well as the probability of their collision. The 191 

frequency of particle collisions and the underlying mean particle relative velocity are contingent 192 

on the ratio of the particle relaxation time 𝜏p (Kolck et al., 2026) to the turbulent time scales. 193 

The ratio of the particle relaxation time 𝜏p to the Lagrangian integral time 𝑇L is expressed by 194 

the large-scale Stokes number 195 

StL =
𝜏p

𝑇L
. (2) 
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As discussed below, for certain collision mechanisms the particle relaxation time 𝜏p is related 196 

to the Kolmogorov time scale 𝑇k by: 197 

Stk =  𝜏p/𝑇k. (3) 

The Kolmogorov time scale (Kolmogorov, 1991), defined as the characteristic time scale of the 198 

smallest turbulent eddies, is given by 199 

𝑇k = √
𝜈f

𝜀
 , 

 

(4) 

where 𝜈f is the kinematic viscosity of the fluid and 𝜀 is the turbulent energy dissipation rate. 200 

(Zaripov et al., 2019) measured the non-dimensional turbulent energy dissipation rate 𝜀+ over 201 

the non-dimensional wall distance 𝑦+ and the results have been curve-fitted in order to 202 

estimate the dissipation profile, which is given by 203 

𝜀+ = 0.2019 exp(−0.043 𝑦+) + 0.0225. 

 

(5) 

This approach is essentially congruent with the preceding procedure for the determination of 204 

the RMS velocities. The curve-fit in comparison to the experimental data from (Zaripov et al., 205 

2019) is illustrated in Fig. A1 in the Appendix. It should be noted that the symbol "+" is used to 206 

indicate non-dimensional flow variables. For a detailed description of the non-dimensional 207 

variables and their conversion to physical variables, please refer to (Kolck et al., 2026). The 208 

collision rate of particles in turbulent flows is governed by several effects throughout a wide 209 

range of scales of fluid motion (Wang et al., 2000). The highest relative particle velocities are 210 

observed for particle relaxation times that are similar to the Lagrangian integral time scale 𝑇L 211 

(StL =
𝜏p

𝑇L
 =  𝑂(1) ) (Williams and Crane, 1983). These phenomena are induced by the large-212 

scale energetic eddies and result in elevated collision rates (turbulent transport effect) (Zhou 213 

et al., 2001). For particles exhibiting a relaxation time that is comparable to the Kolmogorov 214 

time scale (Stk ≈ 1), the accumulation effect is most pronounced (Zhou et al., 2001). This effect 215 

is characterized by the local non-uniform particle distribution and the preferential concentration 216 

of particles at the interface of dissipation-scale turbulent eddies, which leads to an increased 217 

collision probability. The relative velocities of small Stokes numbers are predominantly induced 218 
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by differences in the particle relaxation time (acceleration induced) or by turbulent shear 219 

(Williams and Crane, 1983). 220 

In the model outlined in (Kolck et al., 2026), the inter-particle collision probability for a real 221 

particle colliding with another, fictitious particle, was determined in accordance with the 222 

findings of Williams and Crane (Williams and Crane, 1983), who provided a formulation for the 223 

collision kernel and the collision velocities due to the collision mechanisms of turbulent shear 224 

and particle acceleration. However, it has been demonstrated that the inherent expression for 225 

the energy spectrum is not applicable in the viscous subrange of turbulence (Kruis and Kusters, 226 

1997). This restriction is violated in the case of the small CB aggregates (see Section 2.2.1) 227 

considered here, since their relaxation times can be smaller than the Kolmogorov time scales 228 

(Stk < 1). (Kruis and Kusters, 1997) reformulated the model, thereby removing the restriction 229 

that Stokes numbers must be greater than one. In their study of bidisperse particle collisions, 230 

(Zhou et al., 2001) employed this reformulation and calibrated the parameters to their DNS 231 

results, thereby deriving a semi-empirical model that encompasses shear- and acceleration-232 

induced collision mechanisms in turbulence extending into the viscous subrange. Moreover, 233 

the impact of the local particle preferential concentration on the collision kernel is considered 234 

within the framework of this theory. 235 

Recall that the work presented here employs the parcel framework, in which particles sharing 236 

identical composition and diameter 𝑑𝑖 are assembled into a single parcel 𝑖 ∈ 𝐼, where 𝐼 denotes 237 

the set of all possible parcels. Furthermore, each parcel is assigned an associated multiplicity 238 

𝑁𝑖
P representing the number of particles it comprises. 239 

Generally, the collision probability 𝑃𝑖𝑗: (0, ∞) → (0, ∞) of a particle within a parcel 𝑖 ∈ 𝐼 with 240 

another, fictitious particle of parcel 𝑗 ∈ 𝐼, and radial relative velocity 𝑣𝑖𝑗,r is given by  241 

𝑃𝑖𝑗(𝑣𝑖𝑗,r)  = Γ𝑖𝑗(𝑣𝑖𝑗,r) 𝑛p 𝑁𝑖
P ∆𝑡,  (6) 

where 𝑛p = ∑ 𝑁𝑖
P

𝑖∈𝐼  is the particle number density within the local computational cell of size 242 

[
1

𝑚3]. The simulation time step is denoted by ∆𝑡, which in this work is set to ∆𝑡 = 1.09 × 10−7 𝑠, 243 
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and Γ𝑖𝑗: ℝ → (0, ∞)  [
𝑚3

𝑠
] is the collision kernel (Wang et al., 2000). For two particles of the 244 

parcels 𝑖, 𝑗 ∈ 𝐼  with relative radial velocity 𝑣𝑖𝑗,r, the collision kernel is given by 245 

Γ𝑖𝑗(𝑣𝑖𝑗,r)  =
𝜋

2
 (𝑑𝑖 + 𝑑𝑗)

2
 |𝑣𝑖𝑗,r| 𝑔𝑖𝑗 𝛽𝑖𝑗 =  Γ𝑖𝑗,0(𝑣𝑖𝑗,r) 𝑔𝑖𝑗 𝛽𝑖𝑗 ,  (7) 

where Γ𝑖𝑗,0: ℝ → (0, ∞) [
𝑚3

𝑠
] is here referred to as the fundamental collision kernel, the real 246 

number 1 ≥ 𝛽𝑖𝑗 ≥ 0 is the collision efficiency and 𝑔𝑖𝑗 is the radial distribution function (RDF), 247 

describing the probability density of finding a contacting particle pair with a collision radius of 248 

1

2
(𝑑𝑖 + 𝑑𝑗) in the actual spatial dispersion relative to the value expected for a uniformly 249 

distributed dispersion (Wang et al., 2000; Zhou et al., 2001). 250 

In the present modelling approach, the particle velocities are not correlated to each other and 251 

information about the actual relative velocities are missing. Therefore, the approach described 252 

by (Zhou et al., 2001) is utilized. More precisely, it is assumed that the relative velocity between 253 

two particles of the parcels 𝑖, 𝑗 ∈ 𝐼 can be described by a Gaussian distributed random variable 254 

with zero mean and standard deviation 𝜎𝑖𝑗
v  , given by 255 

𝜎𝑖𝑗
v = √⟨𝑣𝑖𝑗,r

a 2
⟩ + ⟨𝑣𝑖𝑗,r

s 2
⟩ ,  (8) 

where ⟨𝑣𝑖𝑗,r
a 2

⟩ is the acceleration induced mean square radial relative velocity and ⟨𝑣𝑖𝑗,r
s 2

⟩ is the 256 

turbulent shear induced mean square radial relative velocity (Zhou et al., 2001), given by 257 

√⟨𝑣𝑖𝑗,r
s 2

⟩  = √
𝜀

15 𝜈f 
 
1

2
(𝑑1 + 𝑑2).  (9) 

The acceleration induced relative radial velocity depends on the large-scale Stokes number 258 

StL and the local fluid RMS velocity 𝑢′f. It is given by 259 

√⟨𝑣𝑖𝑗,r
a 2

⟩  = √(1 + 0.6 exp(−(𝛼 − 1)1.5)) ⟨𝑣𝑖𝑗
a 2

⟩ ,  (10) 

where the square of the relative RMS velocity is calculated by 260 

⟨𝑣𝑖𝑗
a 2

⟩ = 𝑢′
f

2
 

𝛾

𝛾−1
((𝜃𝑖+𝜃𝑗)2 −

4 𝜃𝑖𝜃𝑗

(𝜃𝑖+𝜃𝑗)
√

1+𝜃𝑖+𝜃𝑗

(1+𝜃𝑖)(1+𝜃𝑗)
) (

1

(1+𝜃𝑖)(1+𝜃𝑗)
−  

1

(1+𝛾𝜃𝑖)(1+𝛾𝜃𝑗)
)  ,  (11) 
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where 𝜃𝑘 = 2.5 StL,𝑘  , 𝑘 ∈ 𝐼 is a scaling of the Stokes number StL,𝑘 and 𝛾 =  𝛼 ×  0.183 𝑢′f
2
/261 

 √𝜀𝜈f  is an empirical modification function, where 262 

𝛼 = max (𝜃𝑖 𝜃𝑗⁄ , 𝜃𝑗 𝜃𝑖⁄ )  (12) 

is the Stokes number ratio (Wang et al., 2000; Zhou et al., 2001). 263 

Adopting this approach permits the assignment of a random relative velocity between a real 264 

and a fictitious particle to each probable collision event and the fundamental collision kernel 265 

Γ𝑖𝑗,0 can be calculated.  266 

As previously mentioned, the actual collision kernel Γ𝑖𝑗 in Eq. (7) can be affected by further 267 

phenomena. The collision efficiency 𝛽𝑖𝑗 is a measure of the decrease in collision frequency 268 

due to the hydrodynamic interaction of the particles. Particularly when small CB aggregates 269 

(see Section 2.2) collide with a significantly larger particle designated as the "collector", they 270 

may follow the streamlines around the collector without coming into direct contact with it. 271 

According to (Slinn, 1977), the collision efficiency can be expressed as the sum of different 272 

mechanisms contributing to impingements of a small particle/aggregate onto a larger one. The 273 

collision efficiency 𝛽𝑖𝑗 is given by 274 

𝛽𝑖𝑗  = 𝛽𝑖𝑗
imp

+ 𝛽𝑖𝑗
int + 𝛽𝑖𝑗

Br  (13) 

and is composed of three contributions: the collision efficiency due to inertial impaction 1 ≥275 

𝛽𝑖𝑗
imp

≥ 0 , due to interception 1 ≥ 𝛽𝑖𝑗
int ≥ 0  and due to Brownian motion 1 ≥ 𝛽𝑖𝑗

Br ≥ 0. The 276 

subsequent discussion will address each of these contributions in turn. Inertial impaction 277 

describes the effect of particles being unable to follow the streamlines around the larger particle 278 

due to its inertia. This effect, which is dominant for larger particles, has been considered in 279 

previous work (Kolck et al., 2026) by employing the approach of (Schuch and Löffler, 1978). 280 

Here, the inertial impaction collision efficiency is determined by the expression provided by 281 

(Slinn, 1977) and is given by 282 

𝛽𝑖𝑗
imp

= (
Strel−Strel

∗

Strel−Strel
∗ + 2 3⁄

)
3 2⁄

,  (14) 
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where Strel
∗  is the critical relative Stokes number, at which inertial impaction ceases to occur. 283 

The relative Stokes number, Strel, is a measure of the ability of the impinging particle with a 284 

relative velocity 𝑣𝑖𝑗 to follow the streamlines around the collector (indexed C) with radius 𝑟C. It 285 

is defined as the ratio of the particle relaxation time to the passing time and is given by 286 

Strel =
𝜏p 𝑣𝑖𝑗

𝑟C
.  (15) 

According to (Slinn, 1977), the critical relative Stokes number Strel
∗  is expressed as 287 

Strel
∗ =

1.2+ 1 12 ln (1+ReC)⁄

1+ln (1+ReC)
,  (16) 

where the collector Reynolds number ReC is defined as 288 

ReC =
𝑅C 𝑣𝑖𝑗

𝜈f
.  (17) 

The interception collision efficiency 𝛽𝑖𝑗
int is a measure that assesses the effect of particles that 289 

follow the streamlines around the collector without inertia effects. In such instances, collision 290 

is possible if the closest distance of the streamline to the collector surface is smaller than the 291 

particle radius 𝑟p. The interception collision efficiency 𝛽𝑖𝑗
int is contingent on the collector 292 

Reynolds number, as well as the size ratio of the small particle with a radius 𝑟p to the collector 293 

with radius 𝑟C and is given by 294 

𝛽𝑖𝑗
int = 4 (

𝑟p

𝑟C
)

2
(1 + 2√ReC).  (18) 

It is important to note that the formulation in Eq. (18) has been derived in (Slinn, 1977) for the 295 

limit of infinite viscosity ratios, i.e., viscosity of the fluid to viscosity of the collector, thereby 296 

rendering the model applicable to the case of solid collectors considered here. 297 

In contrast to previous work (Kolck et al., 2026), which solely accounted for the inertial collision 298 

efficiency by the model of (Schuch and Löffler, 1978), it is imperative here to consider the 299 

collision efficiency associated with Brownian motion 𝛽𝑖𝑗
Br. The present investigation concerns 300 

small carbon black aggregates, which interact with air molecules through random collisions. 301 

This random motion has been shown to increase the collision efficiency of small 302 
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aggregates/particles passing the collector. Following (Slinn, 1977), the collision efficiency due 303 

to Brownian motion 𝛽𝑖𝑗
Br is given by 304 

𝛽𝑖𝑗
Br =

4 

ReC Sc
 (1 + 0.4 √ReC  Sc1 3⁄ + 0.16 √ReC Sc ),  (19) 

where the Schmidt number Sc of the smaller, approaching particle/aggregate is 305 

Sc =
𝜈f 6𝜋𝜇f𝑟p

(𝑘B𝑇𝐶sc)
,  (20) 

where 𝑘B = 1.38 ×  10−23 J/K is the Boltzmann constant, 𝜇f is the dynamic viscosity of the fluid, 306 

𝐶sc is the Cunningham slip correction factor (Cunningham, 1910) and 𝑇 [𝐾] is the absolute 307 

temperature, which is set to 293.15 K in all simulations. 308 

The collision kernel in Eq. (7)  is further affected by the accumulation effect, defined as the 309 

local preferential concentration between turbulent eddies, which is quantified by the RDF 𝑔𝑖𝑗. 310 

A formulation for 𝑔𝑖𝑗 is provided in (Zhou et al., 2001), which is contingent on the Kolmogorov 311 

Stokes number Stk and is also applicable to collisions of bidisperse particles. The RDF 𝑔𝑖𝑗 of 312 

an actual turbulent bidisperse dispersion is expressed in terms of the RDFs 𝑔𝑖𝑖 and 𝑔𝑗𝑗 of the 313 

individual fractions and is given by 314 

𝑔𝑖𝑗 = 1 +  𝜗𝑖𝑗√(𝑔𝑖𝑖 − 1)(𝑔𝑗𝑗 − 1).  (21) 

The two preferential concentration functions are correlated by a concentration correlation 315 

coefficient 𝜗𝑖𝑗, which can be expressed as a function of the Stokes number ratio, 𝛼 (see Eq. 316 

(12)). The correlation coefficient has been fitted by (Zhou et al., 2001) and writes 317 

𝜗𝑖𝑗(𝛼) = 2.6 exp(−𝛼) + 0.1025 exp(−0.0206 𝛼) × (1 + tanh(𝛼 − 3)) .  (22) 

The RDF at contact 𝑔𝑖𝑖 and 𝑔𝑗𝑗 for monodisperse particles can be described as a function of 318 

the Taylor- microscale Reynolds number of the flow, Reλ = 𝑢′f
2 √15/(𝜈f 𝜀) , and Stk. According 319 

to (Wang et al., 2000), the RDF for a particle 𝑖 ∈ 𝐼 is given by  320 

𝑔𝑖𝑖 = 1 + 𝑦0[1 − 𝑧0
2] +  Reλ 𝑧0

2{𝑦1[1 − 𝑧1] +  𝑦2𝑧1 + 𝑦3 𝑧2} , (23) 
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where the curve-fitted functions 𝑦0, 𝑦1, 𝑦2 and 𝑦3 were constructed for different regions of the 321 

Kolmogorov Stokes number Stk,𝑖 of the particle 𝑖, and the functions 𝑧0, 𝑧1 and 𝑧2 are smooth 322 

transition functions:  323 

𝑦0(Stk,𝑖) = 18 Stk,𝑖
2 , 

 𝑦1(Stk,𝑖) = 0.36 Stk,𝑖
2.5 exp(−Stk,𝑖

2.5) ,                  𝑦2(Stk,𝑖) = 0.24 exp (−0.5 Stk,𝑖)            

𝑦3(Stk,𝑖) =  0.013 exp(−0.07 Stk,𝑖),                       𝑧0(Stk,𝑖) =
1

2
(1 + tanh (

Stk,𝑖 − 0.5

0.25
))  , 

𝑧1(Stk,𝑖) =
1

2
(1 + tanh (

Stk,𝑖 − 1.25

0.1
)) ,              𝑧2(Stk,𝑖) =

1

2
(1 + tanh (

Stk,𝑖 − 6.5

2.5
)) . 

 

(24) 

As demonstrated in Eq. (23), it is evident that the accumulation effect is significantly impacted 324 

by the Taylor microscale Reynolds number. For flows with very large Reλ and particles with 325 

Stk ≈ 1, the collision probability may be increased by several orders of magnitude when 326 

compared to scenarios where the accumulation effect is disregarded. 327 

For each pair of a real particle and a fictitious particle randomly selected out of all particles in 328 

a cell (see (Sommerfeld, 2001)), the collision velocity is determined by calculating its standard 329 

deviation according to Eq. (8). For a given simulation time step and cell particle concentration, 330 

the collision probability can then be calculated by Eq. (6) and (7), which account for the 331 

accumulation effect and the collision efficiency. In order to ascertain whether a collision occurs, 332 

a random number is drawn from a uniform distribution in the interval [0, 1] and is compared to 333 

the respective probability. If the collision probability exceeds the drawn random number, a 334 

collision is regarded as having occurred. In the case of an impingement, the collision velocity 335 

is compared to a critical collision velocity in order to ascertain whether the particles can be 336 

assumed to be agglomerated or not (for details on the procedure see (Kolck et al., 2026)). The 337 

critical velocity is computed initially for each simulation, for every particle type combination, 338 

through 1D-DEM simulations of straight collisions in the framework of a Newton scheme. 339 

In the case of a particle colliding with an agglomerate or CB aggregate, this procedure is 340 

conducted for the impinging particle and the inner-agglomerate particle that initially has contact 341 

with the other (Sommerfeld and Stübing, 2017). In the case of two agglomerates colliding with 342 



16 
 

each other, the effective collision energy is compared with the energy needed for the loss of 343 

one particle, as well as for the complete destruction of the agglomerates (Kolck et al., 2026). 344 

These calculations are performed in accordance with the expressions provided by (Dominik 345 

and Tielens, 1997). Within the present modelling framework, CB aggregates are treated as 346 

mechanically rigid, sintered particle-structures (further details on the morphology can be found 347 

in Section 2.2.1). Due to their considerably smaller mass and length scale compared to LFP 348 

and LIC particles, CB-CB contacts are not considered to govern fragmentation at the 349 

agglomerate scale. Therefore, they are excluded from the calculation of the collision outcome 350 

and CB particles are considered not to be detachable. In the specific case of two colliding LFP 351 

or LIC particles that have already undergone agglomeration with CB, the collision outcome is 352 

calculated based on the critical velocity of these particles. This approach is reasonable, given 353 

that the masses of the carbon black aggregates are two to three orders of magnitude smaller 354 

than those of LFP and LIC. 355 

2.2 Characterization of starting materials 356 

This paper investigates a submicron particle system as a cathode material for use in ASSBs. 357 

LFP serves as the active electrode material, which is responsible for storing and releasing 358 

lithium ions. LFP is suitable for several reasons, in particular due to its high thermal and 359 

electrochemical stability, long lifetime, comparatively high cycling stability, good environmental 360 

compatibility, and low material costs (Wang et al., 2012). The active material used in this work 361 

is a submicron LFP with a primary particle size of 530 nm (E-P2, Epsilon Cam GmbH, 362 

Germany).  363 

CB (C45, Imerys, France) is added to the composite to increase its electronic conductivity. CB 364 

forms a percolating network of electronic pathways within the cathode, thereby compensating 365 

for the low electronic conductivity of LFP. The CB used is present in the form of stable 366 

aggregates which promotes a high specific surface area and supports the formation of an 367 

efficient conductive network structure (Spahr et al., 2011).  368 
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The solid electrolyte LIC is used as the ionically conductive component. LIC is characterized 369 

by high lithium ion conductivity of up to 2.04 mS/cm at 25 °C, enabling the formation of stable 370 

and efficient ionic transport paths within the cathode composite (X. Li et al., 2019). In addition, 371 

LIC exhibits increased chemical and electrochemical stability against moisture and common 372 

cathode active materials. The LIC used is self-synthesized and described in (Frankenberg et 373 

al., 2024). 374 

2.2.1 Carbon black aggregate reconstruction 375 

Real carbon black (C45) exists in the form of stable primary aggregates with sizes of 100 −376 

400 n𝑚 (Weber and Friedlander, 1997), rather than single primary particles (see Fig. 2 a)). The 377 

primary particles within these aggregates are connected by rigid bonds. Assuming the CB to 378 

be in the form of single primary particles in the simulations would lead to spurious motion in 379 

the fluid, agglomeration, and agglomerate structure. Therefore, the present simulation 380 

approach requires realistic, three-dimensional (3D) virtual aggregate geometries as a starting 381 

material. This ensures that the virtual primary CB aggregates have realistic Stokes numbers 382 

and mimic the positions of the primary carbon black particles within formed hetero-383 

agglomerates. 384 

Due to the small length scales of the aggregates, a direct reconstruction from 3D experimental 385 

techniques such as nano-computed tomography is not feasible. This is mainly caused by 386 

excessive acquisition times, high costs, and substantial sample preparation effort. To 387 

overcome these limitations, 3D aggregates are not derived directly from volumetric 388 

measurements. Instead, realizations of a stochastic 3D geometry model are employed as 389 

simulation input. By stereologically calibrating this 3D stochastic model using two-dimensional 390 

(2D) image data, computational feasibility is ensured while preserving statistically realistic 391 

microstructural features derived from experimental data (Fuchs et al., 2025a, 2025b). 392 

2.2.1.1 Stochastic aggregate model 393 

The aggregate model considered in this work is based on the concept of cluster-cluster 394 

aggregation. In this framework, aggregates are formed through successive aggregation of 395 
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smaller particle clusters (Sorensen, 2011). More precisely, the stochastic geometry model is 396 

based on the approach described in (Fuchs et al., 2024). The model allows for the generation 397 

of aggregates with desired size and fractal dimension (Filippov et al., 2000; Mandelbrot, 1982), 398 

thereby controlling both the overall extent and the morphology of the aggregates. 399 

In (Fuchs et al., 2024), the aggregation process consists of two stages. First, small clusters 400 

are generated by particle-cluster aggregation. Starting from a single particle, additional 401 

particles are iteratively added to the cluster. For each new particle, a spatial position is sampled 402 

uniformly from the set of admissible positions. This admissible set is defined by three 403 

constraints: the resulting aggregate must comprise contacting particles which must not overlap 404 

each other, and the fractal dimension of the cluster must match a desired one. Since the set 405 

of admissible particle positions cannot be described analytically, in (Fuchs et al., 2024), uniform 406 

sampling from this set is realized using acceptance-rejection sampling (Ripley, 1987). 407 

Candidate positions satisfying the fractal dimension constraint are generated first and 408 

subsequently tested for the other constraints. Positions violating these conditions are rejected 409 

and resampled. 410 

In the second stage, larger aggregates are formed by aggregating the previously generated 411 

clusters using the same acceptance-rejection sampling method. In (Fuchs et al., 2024), 412 

aggregates consisting of approximately 50 particles were considered. However, in the present 413 

work, aggregates containing up to 150 particles are desired. For such a number of particles, 414 

the computational cost of pure acceptance rejection sampling becomes prohibitive. Therefore, 415 

the model is slightly modified to ensure computational feasibility. Specifically, instead of 416 

rejecting infeasible positions outright, a forced bias algorithm (Mościński et al., 1989) is applied 417 

to adapt sampled positions iteratively. If a sampled position leads to particle overlap, repulsive 418 

forces proportional to the overlap depth and directed along the separation vector are 419 

introduced. If the position would result in a disconnected aggregate, an attractive force 420 

proportional to the distance to the nearest particle in the aggregate is applied. In each iteration, 421 

the mean force resulting from all active constraints is computed and the candidate position is 422 
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updated accordingly. The forced bias algorithm terminates once no forces act on the position, 423 

yielding a valid placement that satisfies connectivity and non-overlap. If convergence is not 424 

achieved after 1000 iterations, the procedure is terminated and a new initial position is drawn. 425 

If the forced bias algorithm terminates successfully, it guarantees connectivity and non-overlap 426 

but may violate the fractal dimension constraint. Since the displacement relative to the initially 427 

sampled position is small and decreases in relative importance with increasing aggregate size, 428 

this deviation is considered negligible for the aggregates studied here. 429 

In the SEM image data (see Fig. 2 a)) it is evident that the considered aggregates consist of 430 

strongly sintered particles rather than particles that merely touch at isolated contact points. To 431 

account for this effect, a virtual sintering step is applied to aggregates generated by the 432 

procedure described above. First, all primary particles are uniformly dilated by a prescribed 433 

dilation radius (Schneider, 2013). This dilation introduces controlled overlaps between 434 

neighboring particles. Subsequently, a morphological closing operation is applied to the entire 435 

aggregate. This operation compensates for the overlaps introduced by the dilation by adding 436 

the volume of these overlaps at particle junctions, thereby forming solid neck regions between 437 

adjacent particles, similar to those observable in sintered aggregates (compare Fig. 2 a) and 438 

Fig. 3 a) and b)). In total, the stochastic aggregation model contains five tunable parameters: 439 

the initial cluster size used in particle cluster aggregation, the total number of primary particles 440 

per aggregate, the target fractal dimension, the particle radius and the dilation radius. 441 

 442 
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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 corresponding to a), 
c) virtual aggregate and d) virtual projection 
corresponding to the aggregate shown in c). 

 443 

 

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 forced-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). 

 444 

2.2.1.2 Aggregate model calibration 445 

The calibration of the model parameters is based on 2D scanning electron microscopy image 446 

data. An exemplary SEM image is shown in Fig. 2 a). Individual primary particles are manually 447 

labeled and segmented to estimate the primary particle size distribution. Based on this 448 

analysis, a monodisperse distribution with primary particle diameter of 54 nm is determined as 449 

a model parameter. In addition, the effective overlap of primary particles caused by sintering 450 
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is estimated manually from the SEM images. An average overlap of 20% of the particle radius 451 

is estimated.  The initial cluster size of the aggregation model is set heuristically to be uniformly 452 

distributed between 5 and 10. The remaining parameters, namely the number of primary 453 

particles per aggregate and the fractal dimension, are estimated using the 2D dimensional box 454 

counting method (Stanley and Ostrowsky, 1985). In this approach, a binary image of an 455 

aggregate is recursively subdivided into square boxes of decreasing size. For each box width, 456 

the number of boxes intersecting the aggregate is counted. The total number of intersecting 457 

boxes (the ordinate in Fig. 4 a) and b)) provides a measure of the necessary primary particle 458 

number, while the slope of the logarithm of the number of intersecting boxes versus the 459 

logarithm of the box size (see Fig. 4) yields an estimate of the fractal dimension. See (Stanley 460 

and Ostrowsky, 1985) for further details. 461 

Prior to box counting, the measured SEM images are binarized using a non-local means filter 462 

(Buades et al., 2005; Russ, 2006) followed by Otsu thresholding (Otsu, 1979). One result of 463 

this procedure is shown in Fig. 2 b). For each realization of the stochastic aggregate model, a 464 

virtual 2D binarized projection is computed too. Box counting is then applied to both 465 

experimental and virtual images. This procedure was carried out for nine virtual aggregates, 466 

yielding fractal dimensions ranging from 1.5 to 2.7, and desired aggregate particle numbers 467 

ranging from 25 to 138, in order to obtain the closest match in box counting statistics. The 468 

virtual aggregates feature diameters ranging from 201 to 411 nm, which directly result from the 469 

fractal dimension and particle number. As these nine reconstructed aggregates cover a certain 470 

range of fractal dimensions and aggregate sizes, they are expected to represent the real 471 

occurrence of the CB to a certain extent rather than using single CB primary particles as the 472 

initial material, as is done in conventional simulation approaches (Sangrós Giménez et al., 473 

2020). The box counting results for the measured aggregates are shown in Fig. 4 a), while the 474 

corresponding results for virtual aggregates are shown in Fig. 4 b), and the two sets of results 475 

match well.  476 
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The procedure described above is designed to reproduce the measured aggregates as closely 477 

as possible in a statistical sense. However, the subsequent simulations require aggregates 478 

consisting of strictly non-overlapping spheres. Therefore, the morphological closing implied by 479 

sintering is reversed and a second application of the forced-bias algorithm is used to resolve 480 

overlaps of the dilated spheres. The effect of this procedure on the aggregate geometry is 481 

illustrated in Fig. 3 c). 482 

 

Fig. 4 Results of the box-counting method for a) measured aggregates and b) virtual aggregates. 
Each colour represents one measured aggregate and its corresponding virtually generated 3D 
aggregate. Scatter points denote the number of boxes intersecting the aggregate as a function of box 
size. Solid lines indicate the corresponding slopes. 

 483 

2.2.2 Particle size distribution of LFP and LIC 484 

The particle size distribution of the dispersed starting materials LFP and LIC was determined 485 

using laser light diffraction (device: Helos Vario KR, Sympatec). The measurement was 486 

performed directly behind the outlet of the brush dispersers in order to determine the PSD of 487 

the materials immediately after dispersion in the free jet and to use it as an input variable for 488 

the simulations carried out in this work. A detailed description of the measurement setup and 489 

the measurement technology used is provided in (Witte et al., 2025). During the 490 

measurements, the brush dispersers were operated at a feed rate of 500 mm/h and an inlet 491 

pressure of 2.5 bar. Six individual measurements were performed to verify reproducibility. To 492 

ensure high measurement accuracy, a minimum optical concentration of 5% was specified as 493 

a measurement condition. 494 
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Fig. 5 shows the number-based particle size distribution of LFP and LIC determined using laser 495 

light diffraction. Both powders predominantly contain particles in the sub-micrometre range. A 496 

comparison of the number-based median values shows that LIC, with 𝑑50,0 = 0.68 µm, contains 497 

slightly finer particles than LFP, with 𝑑50,0 = 0.85 µm. In the simulations, the maximum LIC 498 

particle size was constrained to 3 µm, which can be realized in experiments through the 499 

implementation of a gas cyclone into the process (Zhao and Su, 2018).  Fig. 5 also shows the 500 

aggregate size distribution of CB, resulting from the aggregate reconstruction methodology. 501 

 

Fig. 5 a) Cumulative particle size distribution and b) particle size density distribution of LFP, LIC and 
CB. The dashed lines indicate the median diameter 𝑑50,0. 

2.2.3 Surface energy 502 

The surface energy of the materials 𝛾𝑠 was determined from contact angle measurements 503 

using the Owens-Wendt-Rabel-Kaelble (OWRK) method (Kaelble, 1970; Owens and Wendt, 504 

1969; Rabel, 1971). For this, contact angle measurements (see Fig. 6 a)) were performed 505 

using the capillary rise method with a DCAT 25 tensiometer (DataPhysics Instruments, 506 

Germany). For each measurement, 2.5 g of LFP, 2.5 g of LIC or 0.35 g of CB were filled into 507 

the measurement cylinder to carry out three to five measurements on each material with each 508 

test liquid (hexane, acetone, propanol, glycerine, thiodiglycol). The mass 𝑚 of the test liquid 509 

drawn into the powder bed was recorded as a function of time 𝑡, and the squared mass 𝑚2 510 

was plotted against time (see Fig. A2 in the Appendix). Hexane was used to determine the 511 
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capillary constant 𝑐 (assuming a contact angle of 0°) and the other contact angles were derived 512 

from different test liquids by rearranging the equation 513 

𝑚2

𝑡
=

𝛾L ⋅ cos(𝜃) ⋅ 𝜌2 ⋅ 𝑐

2 ⋅ 𝜂
  , (25) 

which is based on the Lucas-Washburn equation (Kühn et al., 2025; Lucas, 1918; Washburn, 514 

1921). Here, the material data of the test liquids, such as the density 𝜌, viscosity 𝜂 and surface 515 

energy 𝛾L were taken from the manufacturer’s specifications at a temperature of 293.15 K. 516 

From the different contact angles, the linearized OWRK plots were generated (see Fig. 6 b)). 517 

In accordance with the methodology outlined in (Kühn et al., 2025), the OWRK plots were then 518 

used to determine the y-axis intersection as well as the slope. The polar 𝛾s
p
 and disperse part 519 

𝛾s
d of the surface energy were then derived from  520 

𝛾L ⋅ (1 + cos(𝜃))

2 ⋅ √𝛾L
d

= √𝛾s
d + √𝛾s

p
⋅ √

𝛾L
p

𝛾L
d

  , (26) 

where 𝛾L
d and 𝛾L

p
 correspond to the disperse and polar components of the test liquid also taken 521 

from the manufacturer’s specifications.The resulting surface energies 𝛾𝑠 calculated as 𝛾s
p
+𝛾s

d 522 

were determined to be 19.15 mJ/m2 for LFP, 55.85 mJ/m2 for LIC, and 23.38 mJ/m2 for CB. 523 

Two remarks should be made in this context. First, all measurements were carried out under 524 

dry-room conditions with a dew point of 213.15 K. Since ambient humidity has a significant 525 

influence on adhesion forces, this factor must be taken into account when interpreting the 526 

results. Second, during the contact angle measurements, only a very small mass increase over 527 

time was observed for LFP and CB with water, and for LIC with thiodiglycol. This indicates very 528 

limited wetting of the respective materials, which led to the determination of a contact angle of 529 

approximately 90°. However, in reality, the actual contact angle may be even higher, a 530 

limitation that cannot be accurately captured using the Washburn method and should be 531 

verified using complementary Atomic Force Microscopy (AFM) measurements in the future 532 

(Kühn et al., 2025). 533 
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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 determination, where √𝛾s
d corresponds to the 

intersection with the ordinate and√𝛾s
p
 corresponds to the slope of the graphs. 

3 Simulation setup 534 

The objective of this work is the analysis and optimization of the gas phase-based formation 535 

of ASSB cathode hetero-agglomerates comprising LFP as active material, LIC as solid 536 

electrolyte and CB as conductive additive. The requisite material properties needed for the 537 

simulations are obtained from the literature and characterized experimentally, as described in 538 

Section 2.2. The necessary material properties, pertaining to both the starting materials and 539 

the pipe wall, are tabulated in Table 1.  540 

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 𝜌 [kg/m3] 3600 (Jeong et al., 

2015) 

2680 (Cheng et 

al., 2021) 

1860 (Spahr 

et al., 2011) 

– 

Young's modulus 

𝑌 [GPa] 

47.3 (Sedlatschek et 

al., 2022) 

38 (Molaiyan et 

al., 2023) 

80 (Jean et 

al., 2011) 

7.2 

Poisson ratio 𝜈 [–] 0.28 (Maxisch and 

Ceder, 2006) 

0.27 (Cheng et 

al., 2021) 

0.3 (Jean et 

al., 2011) 

0.34 

Surface energy 𝛾 

[mJ/m²] 

19.15 55.85 23.38 1940 
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The proposed gas phase hetero-agglomeration process comprises three principal stages: first, 541 

the deagglomeration of the three starting materials; second, the subsequent mixing of the 542 

primary particles; and third, a turbulent pipe flow where larger agglomerates have time to form. 543 

The deagglomeration process entails the dispersion of the primary particles / aggregates in 544 

the gas phase and the feeding units require a specific amount of gas, which determines the 545 

gas volume flow rate in the pipe flows. The main mass in the composites, represented by LFP 546 

and LIC, is deagglomerated by feeding units, as presented in (Witte et al., 2023). The 547 

conductive additive CB present in primary aggregates represents only a very small amount of 548 

the composite mass and is therefore dosed by a smaller unit, providing only ¼ of the gas 549 

volume flow that is needed for each of the other materials. In considering a ternary system, it 550 

becomes evident that the various combinations of sequential mixing as well as direct mixing 551 

of the three materials may result in hetero-agglomerates of differing structures and quantities. 552 

Hence, it is aimed to analyse all potential combinations of mixing and agglomeration of the 553 

starting materials in turbulent pipe flows. Previous studies have demonstrated the significant 554 

impact of pipe diameter on hetero-agglomeration (Kolck et al., 2026). Consequently, the 555 

ternary process is aimed to be optimized concurrently with a view to facilitating the formation 556 

of hetero-contacts and controlling the size and quantity of formed agglomerates.  557 

Four distinct simulation sets are utilized for the analysis and optimization of the ternary hetero-558 

agglomeration process (see Fig. 7), wherein the optimization results of the second set and the 559 

premixing outflow simulation data of the third set are employed for the fourth set.  560 
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Fig. 7 Simulation workflow for modelling hetero-agglomeration in different mixing combinations. 

A preliminary simulation set (Set 1) is conducted to ascertain the contributions to the collision 561 

kernel (i.e., the fundamental collision kernel, the accumulation effect and the collision 562 

efficiency) in Eq. (7) and the resulting collision frequency for each material combination of 563 

primary particles and aggregates. The analysis of the collision frequency between each 564 

material pair can subsequently be used to interpret the results of the other simulation sets. In 565 

this set, the particles and aggregates of all three materials are distributed uniformly across the 566 

pipe cross-section, i.e. considered as perfectly mixed, and the evaluation is conducted at the 567 

initial time step. In this set, two distinct pipe diameters are considered (𝐷pipe = 9 and 12 mm), 568 

which is regarded as sufficient for illustrating all trends while still obtaining clear results in a 569 

similar order of magnitude. The initial LFP and LIC particles are generated in accordance with 570 

the experimentally measured PSD (see Section 2.2.2) and the CB is introduced in the form of 571 

reconstructed aggregates (see Section 2.2.1). The total mass generated is determined by the 572 

solid mass flow, the volume of the simulation domain, and the gas volume flow (see Table 2). 573 

 574 
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Table 2 Two-phase flow and sequential section model parameters for all simulations.  

Simulation 
Pipe diameter 

[mm] 
Volume 

flow [m3/h] 

Particle/aggregate mass flow [g/h] 

LFP LIC CB Sum 

1-2 9, 12 7.875 145 95 10 250 

3-7 9, 12, 15, 18, 21 7.875 145 95 10 250 

8-12 6, 9, 12, 15, 18 4.375 145 / 10 155 

13-17 6, 9, 12, 15, 18 4.375 / 95 10 105 

18-22 9, 12, 15, 18, 21 7.000 145 95 / 240 

23 Opt. Sim. 3-7 7.875 
Opt. Sim. 

8-12 
95 

Opt. Sim. 
8-12 

/ 

24 Opt. Sim. 3-7 7.875 145 
Opt. Sim. 

13-17 
Opt. Sim. 

13-17 
/ 

25 Opt. Sim. 3-7 7.875 
Opt. Sim. 

18-22 
Opt. Sim. 

18-22 
10 / 

 575 

A second set of simulations (Set 2) is performed for the evaluation of the ternary mixing 576 

process of all three materials being mixed simultaneously, as opposed to employing a 577 

premixing process. The positions of the materials are azimuthally shifted from each other, 578 

imitating the merging of three particle-laden gas streams. As outlined in (Kolck et al., 2026), 579 

the particles are positioned at random radial locations, with the radial position expressed as 580 

𝑟rand =  √𝑅𝑁 0.9 𝐷pipe, where 𝑅𝑁 is drawn randomly from the interval [0 1], and the position 581 

angle is determined by a random number drawn from a Gaussian distribution, here with a 582 

variance of 𝜋/3 for all materials and a material-dependent mean value of 2𝜋/3, 4𝜋/3 and 2𝜋. 583 

The second simulation set has been designed to identify the optimal pipe diameter for the 584 

general ternary mixing process (all materials, 100% gas volume flow). This objective is to be 585 

realized through a thorough analysis of the parallel mixing process in Set 2. The findings from 586 

this analysis will be applicable to all simulations in Set 4, where the gas volume flow remains 587 

constant and the materials under consideration are consistent. The assessment of the 588 

optimum pipe diameter is contingent on the interplay of agglomeration and deposition, and is 589 

therefore primarily determined by the materials and the flow Reynolds number, both of which 590 

are equal for Set 2 and Set 4. The optimal outcomes of Set 2 will be compared with the results 591 

of Set 4, which encompasses all premixing combinations in pipe flows with the respective 592 

diameter. The pipe diameter dependency of the three-component mixing, hetero-593 

agglomeration and deposition as part of simulation Set 2 is evaluated by considering five 594 



29 
 

different pipe diameters (𝐷pipe = 9, 12, 15, 18  and 21 mm), which correspond to pipe flow 595 

Reynolds numbers of 21196, 15897, 12718, 10598 and 9084, respectively. The maximal axial 596 

particle distance, i.e., the pipe length, was set to 3.5 m for all simulations. 597 

A third simulation set (Set 3) is conducted for the simulation of the binary premixing of the three 598 

different starting materials in various combinations (LFP with CB, LIC with CB and LFP with 599 

LIC). Here again, the initial particles and aggregates are set within the inner 90% of the pipe 600 

cross-section and with a lateral displacement that imitates the particle distribution resulting 601 

from the merging of two particle-laden gas flows. In this set, the mean azimuthal angle is set 602 

to 𝜋 for one material and 0 for the other (Kolck et al., 2026). The initial particles and aggregates 603 

are generated in accordance with the procedure outlined for simulation Set 2. Since the quality 604 

of the premixing is expected to depend on the pipe diameter as well, each combination is 605 

simulated for five different pipe diameters. The premixing combinations involving CB are 606 

characterized by a reduced volume flow (one large and one small feeding unit) and 607 

consequently necessitate the consideration of slightly smaller pipe diameters (𝐷pipe = 6,608 

9, 12, 15  and 18 mm). In contrast, the premixing of LFP and LIC is to be analysed for larger 609 

pipe diameters corresponding to those of Set 2 (𝐷pipe = 9, 12, 15, 18  and 21 mm), as it 610 

proceeds with a larger volume flow resulting from the deagglomeration in two large feeding 611 

units. The objective is to identify the optimal premixing result for each material combination in 612 

terms of the mixing, and deposition. In contrast to the other sets, the simulations of Set 3 are 613 

terminated when either the predefined global Lacey mixing index of 𝑀G = 0.98 (Kolck et al., 614 

2026; Lacey, 1954) is attained, or when an axial particle distance of 2 m is reached. At this 615 

phase, the particle systems are considered sufficiently mixed. For each premixing combination, 616 

the outflow particles and agglomerates from the simulation results deemed most optimal are 617 

then transferred as input data to Set 4. 618 

In the fourth simulation set (Set 4), particles and agglomerates originating from the optimum 619 

premixing simulation results are initially set laterally shifted to the newly generated missing 620 

material particles and aggregates. These were generated and placed in accordance with the 621 
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initialization methodology employed in all simulations of Set 3. The incorporation of the missing 622 

material at the initiation of the simulation in Set 4 occurs at the pipe distance at which the 623 

respective premixing simulation was terminated. In contrast to the simulations conducted in 624 

the framework of the third set, these simulations do not terminate upon reaching a desired 625 

state of mixing, but at a fixed pipe length of 𝐿pipe = 3.5 m. The fourth simulation set aims to 626 

model the main hetero-agglomeration process for all premixing combinations in order to 627 

compare it with the simultaneous mixing of Set 2.  628 

All simulations are conducted with gas volume flows and solid mass flows that originate from 629 

practical conditions (see Table 2). The gas volume flow is selected based on the ideal gas 630 

volume flow used for dispersing in the feeding units. Previous studies have demonstrated that 631 

the optimum flow rate for one large feeding unit used for the dispersion of LFP and LIC is 632 

3.5 m3/h (Witte et al., 2023). This value represents an optimal balance between effective 633 

agglomerate breakup of the starting materials and sufficient particle concentration to facilitate 634 

effective hetero-agglomeration. The gas volume flow of 7.875 m3/h (denoted as 100 % in Fig. 635 

7) applied in Sets 1,2 and 4 is derived from the dispersing gas volume flow of two large feeding 636 

units for the respective deagglomeration of LFP and LIC, as well as from that of the smaller 637 

feeding unit, which is only ¼ of the larger volume flow and is used for the deagglomeration of 638 

CB. Following this principle, the volume flow of simulations 8-17 is derived from one large and 639 

one small feeder (55.56%) and that of simulations 18-22 is derived from two large feeders 640 

(88.9%). The mass flow tabulated in Table 2 is derived from a desired material ratio of 4% CB, 641 

38% LIC and 58% LFP (Frankenberg et al., 2024) with a total solid mass flow of 250 g/h, which 642 

was found to allow for reasonable deagglomeration of the starting materials. 643 

4 Results 644 

4.1 Simulation set 1: Inter-material collision analysis 645 

Prior to the analysis of the overall hetero-agglomeration process of all materials, it is essential 646 

to comprehend the collision mechanisms between particles of the same and different 647 

materials. As discussed in Section 2.1.2, the collision rate is determined by the collision kernel 648 



31 
 

given by Eq. (7). The collision kernel of two particles Γ𝑖𝑗  is the product of the fundamental, 649 

spherical collision kernel Γ𝑖𝑗,0, the RDF 𝑔𝑖𝑗 and the collision efficiency 𝛽𝑖𝑗, the meaning of which 650 

has been discussed earlier. Each of these factors is unique to each particle collision 651 

combination, thereby resulting in different agglomeration rates. Hence, it is aimed to ascertain 652 

the manner in which these factors contribute to the collision rate for each material pair 653 

combination and how these factors change when the pipe diameter is varied (for example, 654 

when 𝐷pipe is set to 9 mm and 12 mm). Consequently, the collision kernel and all contributors 655 

between each real and its fictitious particle/aggregate have been evaluated in the initial 656 

simulation step. The values have been organized according to the material combination (LFP-657 

LFP, LIC-LIC, LFP-LIC, LFP-CB and LIC-CB) and averaged. It should be noted that CB-CB 658 

collisions are not considered in this analysis due to their negligibly small kernels and radial 659 

distribution functions. The results are presented in Fig. 8 as a function of the normalized pipe 660 

radius 𝑟̃.  661 

The material-combination dependent mean RDF 𝑔 ̅ shown in Fig. 8 a) describes the 662 

accumulation effect for particles with a Kolmogorov Stokes number close to one. It can be 663 

observed that the accumulation effect is very strong for LFP particles in the case of smaller 664 

pipe diameters. This phenomenon can be attributed to the larger response time of these 665 

particles, which is associated with their greater density and larger median particle size. Close 666 

to the wall, where eddies are small (i.e., small Kolmogorov time scales), turbulent fluctuations 667 

are large and the turbulent Reynolds number is high, the radial distribution function exhibits a 668 

peak for all material combinations. For the more inert LFP, the mean collision kernel can be 669 

increased by up to a factor of 11 through the accumulation effect. The LIC particles are less 670 

inert and have smaller Kolmogorov Stokes numbers. However, for smaller pipe diameters, the 671 

mean values of the RDF still reach values of up to 5. The radial distribution function of LFP 672 

and LIC particles is similar to that of LIC particles colliding with each other, but shifted slightly 673 

to larger values. This demonstrates that the accumulation effect primarily influences the 674 

collision rate between two particle classes through the radial distribution function of the lower 675 
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accumulating class. The radial distribution function of collisions involving carbon black is 676 

negligible, due to the very large responsive behaviour of these particles, which results in no 677 

local preferential concentration. When the pipe diameter is increased, the accumulation effect 678 

of all material pairs is strongly reduced. This is due to the larger Kolmogorov time scales and 679 

consequently smaller Kolmogorov–Stokes numbers observed in larger pipes. However, the 680 

accumulation effect is still significant, particularly when considering LFP-LFP collisions, and 681 

can increase the fundamental collision kernel by more than a factor of three. 682 

The material-combination dependent mean collision efficiency 𝛽̅ between each material pair is 683 

presented in Fig. 8 b). In the majority of cases, collisions between and among the LFP and LIC 684 

particles result in impingement. Furthermore, the influence is not significant even in the case 685 

of a larger pipe radius. This is because of the comparatively similar size ratio of the collision 686 

partners. From Eq. (18), it can be deduced that the collision efficiency due to interception is 687 

one in the limit of zero collector Reynolds number, provided that the diameter of the impinging 688 

particle is larger than half of that of the collector particle. It is notable that this critical ratio 689 

decreases further when finite collector Reynolds numbers are taken into consideration. 690 

Furthermore, the inertial collision efficiency also plays a significant role in many collisions. 691 

Conversely, collisions between the carbon black aggregates and the larger LFP and LIC 692 

particles frequently do not result in impingement, as evidenced by lower collision efficiencies. 693 

In such cases, the interception mechanism remains the most significant contributor, with the 694 

effect of Brownian motion providing a marginal support of approximately 10%. Due to the fact 695 

that the carbon black aggregates exhibit minimal response times, the collision efficiency 696 

resulting from inertial impaction is generally negligible. The disparity in collision efficiency 697 

between LFP-CB collisions and LIC with CB can be attributed to the smaller size of the LIC 698 

particles, resulting in larger size ratios and, consequently, an increased interception collision 699 

efficiency. Increasing the pipe diameter slightly reduces the collision efficiency of LFP-CB and 700 

LIC-CB collisions, which is due to the smaller collector Reynolds numbers resulting from lower 701 

collision velocities. 702 
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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, c) the mean 
fundamental collision kernel and d) the collision frequency as a function of the normalized pipe radius 
𝑟̃. The data is presented for a pipe diameter of 𝐷pipe = 9mm (solid line -) and 𝐷pipe = 12mm (dashed 

line - -). 

The mean fundamental inter-particle collision kernel Γ0̅ for different material combinations is 703 

shown in Fig. 8 c) as a function of the normalized radius. A peak close to the wall is evident 704 

for all combinations, which is attributed to the larger Stokes numbers in this region. The 705 

collision kernels of LIC-LIC, LFP-LIC and LFP-CB are very similar at almost every radial pipe 706 

position. In contrast, the LFP-LFP collision kernel is smaller in most regions, only exhibiting 707 

similar values at the near-wall peak. This can be attributed to the narrower particle size 708 

distribution of LFP (see Fig. 5), which leads to smaller differences in Stokes numbers. 709 

Consequently, the accelerative collision mechanism is reduced due to distinct response times. 710 

In contrast, LIC particles exhibit a broader size distribution and consequently a broader inertial 711 

response. This large difference in inertial response also explains the large collision kernel 712 
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observed between LFP and CB, as well as between LIC and CB. As the mean LFP particle is 713 

heavier due to its size and density, the difference in Stokes number between it and the CB 714 

aggregates is greater. This results in a larger collision kernel than collisions involving LIC and 715 

CB. 716 

Furthermore, it has been demonstrated that an increase in pipe radius results in a significant 717 

shift of the mean collision kernel towards lower values. This phenomenon can be attributed to 718 

the reduction in turbulent fluctuations. At this point, it is essential to emphasize that the collision 719 

rate provides information regarding the number of collisions that occur in a specified time 720 

interval. In the context of pipe flow, it is imperative to acknowledge that an increase in pipe 721 

radius invariably results in a corresponding increase in residence time. This indicates that the 722 

variation in collisions per pipe length interval is less pronounced than the variation in collision 723 

rate. Furthermore, it is noteworthy that the augmented peak of LFP-LFP collisions, which has 724 

been observed for 𝐷pipe = 9 mm, is not evident for 𝐷pipe = 12 mm. This finding suggests that 725 

the augmented LFP-LFP peak can be attributed to inertial collisions for particles with larger 726 

Stokes numbers, while other collisions are predominantly driven by variations in Stokes 727 

numbers. However, in the case of larger pipe radii, this effect is no longer observable due to 728 

the reduced turbulence and the presence of very small Stokes numbers for all particles. It can 729 

thus be concluded that all collisions are primarily driven by the accelerative mechanism. As a 730 

consequence, the LFP-LFP collision kernel is smaller than the LFP-LIC and LIC-LIC collision 731 

kernel over the entire pipe radius. 732 

It is evident that the actual collision probability 𝑃𝑖𝑗 is not solely determined by the collision 733 

kernel, but also by the number of particles (see Eq. (6)). It is therefore imperative to consider 734 

the collision frequency between materials A and B, given the disparity in the number of particles 735 

and aggregates for each material: 736 

𝑓𝐴𝐵  =  
1

𝑉pipe
∑ ∑ Γ𝑖𝑗,0

𝑗∈𝐼𝐵𝑖∈𝐼𝐴

𝑔𝑖𝑗𝛽𝑖𝑗, (27) 
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where 𝑉pipe is the volume of the considered pipe section and 𝐼𝐴 and 𝐼𝐵 are the sets of all parcels 737 

of material A and B, respectively. The collision frequency is evaluated at each radial pipe 738 

position, with the results shown in Fig. 8 d). The collision frequency of LFP with CB is observed 739 

to be the highest over the entire radius of the pipe. This phenomenon can be attributed to the 740 

large collision kernel and the high number of CB aggregates and LFP particles present. The 741 

collision frequency between LFP particles is generally lower, as there are far fewer LFP 742 

particles than CB aggregates. However, the LFP-LFP collision frequency exhibits similar 743 

values near the wall, primarily due to the large value of 𝑔 ̅ in that region. Despite the substantial 744 

magnitude of the fundamental collision kernel for LIC-LIC and LFP-LIC collisions over the 745 

entire pipe radius (see Fig. 8 c)), the corresponding collision frequencies are considerably 746 

smaller. This is due to the smaller number of collision partners when compared to collisions 747 

involving CB, as well as the smaller accumulation effect of LIC particles. Furthermore, the 748 

number of LIC particles is much smaller than that of LFP particles, thereby also reducing the 749 

collision rate involving LIC particles. 750 

While the collision rate of LFP particles is similar to that of CB particles for 𝐷pipe = 9 mm, this 751 

is not evident for 𝐷pipe = 12 mm because the accumulation effect is small for every material in 752 

that case. In contrast to the smaller pipe radius, the hetero-collision rate is similar to the LFP 753 

collision rate. It can therefore be deduced that, for pipes with smaller diameters, collisions 754 

between and among LFP and LIC particles play a more significant role than in the case of 755 

larger diameters, where the agglomeration of LFP or LIC particles with CB aggregates is 756 

predominant. 757 

4.2 Simulation set 2: Parallel mixing and determination of the optimal pipe diameter 758 

As demonstrated in Section 4.1, the collision rates of all materials exhibit a substantial 759 

decrease with an increase in pipe diameter. However, it is imperative to consider the effect of 760 

rebound and adhesion, agglomerate growth and deposition when assessing the suitability of 761 

pipe diameters for the proposed process, given the specified process and material conditions. 762 
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In this section, the overall agglomeration result is considered in order to determine the diameter 763 

to be used in Set 4. 764 

Fig. 9 shows the axial evolution of the LFP/LIC particle and CB aggregate fraction being 765 

captured in non-deposited agglomerates for all pipe diameters under consideration. It is 766 

important to note that CB-CB clusters which do not contain an LFP or an LIC particle are not 767 

considered agglomerates in this study for reasons of clarity. It is evident that, due to the large 768 

number of CB aggregates, even in the event of a negligible proportion of CB aggregates 769 

agglomerating with one another, there will be a substantial augmentation in the number of 770 

agglomerates, whilst concomitantly providing no information about the desired large-scale, 771 

multi-component agglomerates.  772 

Fig. 9 demonstrates that the initial agglomeration rate, indicated by the slope of the graphs, 773 

decreases with increasing pipe diameter. This finding aligns with the observations presented 774 

in Section 4.1. However, these slopes do not decrease as strongly as the collision frequency 775 

in Fig. 8 d) with increasing pipe diameter. This is because particles in larger pipes have longer 776 

residence times, thereby increasing the number of collision events in a specific pipe interval. 777 

Moreover, in the case of the smallest pipe diameter, most collisions between and among LFP 778 

and LIC particles do not result in agglomeration due to rebounding. Conversely, in the 779 

simulation of the broadest pipe, each collision results in agglomeration. However, the 780 

agglomeration of LFP and LIC particles is not initially dominant with respect to the fraction 781 

being captured in agglomerates. As was discussed in Section 4.1, the majority of collisions 782 

occur between the large primary particles and the CB aggregates (see Fig. 8 d)). 783 

Although smaller pipes lead to stronger agglomeration of all materials, pipes with a larger 784 

diameter generally have the potential to capture larger fractions of all materials in 785 

agglomerates. As the pipe diameter increases, deposition decreases, increasing the length of 786 

the pipe at which the maximum number of LFP and LIC particles are captured in non-deposited 787 

agglomerates (indicated by the dashed lines in Fig. 9). This increases the residence time and 788 

the corresponding overall collision number. For the largest pipe diameter, the maximum is 789 
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reached immediately prior to the termination of the pipe, whereas for the smallest diameter, 790 

the maximum is found at a very low axial distance (𝑥pipe = 0.4, 0.86, 1.45, 2.73  and 3.45 m for 791 

𝐷pipe = 9, 12, 15, 18 and 21 mm, respectively). The number of free agglomerates and the 792 

bounded particles therein decreases rapidly. Due to their large inertia and the strong fluctuation 793 

velocities, larger agglomerates, which contain more primary particles, are deposited 794 

particularly frequently. Conversely, due to the smaller RMS velocities, larger agglomerates are 795 

more effectively retained in the main flow with larger pipe diameters. 796 

 

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. 

This observation is underlined by Fig. 10 a), which illustrates the mean and mass-weighted 797 

mean LFP/LIC particle and CB aggregate number per agglomerate. From an engineering 798 

perspective, the mass-weighted mean number provides a more informative metric, as it reflects 799 

the distribution of the composite mass. The mass-weighted mean particle/aggregate number 800 

per agglomerate has been shown to increase with increasing pipe diameter, reaching a 801 

maximum at a pipe diameter of 𝐷pipe = 18 mm. In the case of 𝐷pipe = 21 mm, the residence 802 

time is inadequate for achieving comparable values, at least in the case of a limited pipe length. 803 

The phenomenon of larger and heavier agglomerates being observed in larger pipes can again 804 

be explained by the decreased large-agglomerate deposition in such instances. Furthermore, 805 

particle and agglomerate breakup can be observed in the case of very small pipe diameters, 806 

which is caused by the higher collision velocities (in particular for larger agglomerates). 807 

Consequently, agglomerate growth is attenuated in this case. 808 
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In addition to the large, massive agglomerates, there are numerous small agglomerates, some 809 

of which consist solely of an LFP/LIC particle and a few CB aggregates. Hence, the mean 810 

values presented in Fig. 10 a) are considerably smaller in comparison to the mass-weighted 811 

mean. It is evident that a considerable number of agglomerates are devoid of LIC particles, 812 

thereby resulting in a mean LIC number per agglomerate that is less than one for all cases. 813 

Local maxima in mean values of all LFP and LIC can be found for 𝐷pipe = 9 mm and a 814 

maximum mean CB number is observed for 𝐷pipe = 21 mm. This finding suggests that, in the 815 

case of the smallest pipe diameter, smaller agglomerates consist of more particles, while very 816 

large agglomerates are less common. This underlines the large-agglomerate deposition and 817 

agglomerate breakup, causing mass loss and poorer agglomerate growth, respectively. It can 818 

be observed that the mean CB aggregate number is significantly higher than the mean number 819 

of LFP or LIC particles. This observation can be attributed to the fact that, despite the CB mass 820 

fraction being a mere 4%, there are more than 17 and 13 CB aggregates in the system for 821 

every LIC and LFP particle, respectively. 822 

As outlined in (Kolck et al., 2026), the ratio of hetero-contacts to homo-contacts (RHH) in a 823 

system is contingent on the pipe diameter, given that the critical collision velocities and the 824 

underlying surface energies of the materials differ significantly from one another. This 825 

dependency can be attributed to the variation in collision velocity when varying the pipe radius.  826 

Fig. 10 b) shows the ratio of LFP-LIC contacts to LIC-LIC and LFP-LFP contacts at the point 827 

of maximum LFP and LIC capturing for all pipe diameters under consideration. In the case of 828 

smaller pipe diameters, most of the hetero collisions do not result in agglomeration, since the 829 

prevalent collision velocities are larger than the critical collision velocities. However, a greater 830 

proportion of LFP-LFP collisions result in agglomeration, thereby leading to a reduced RHH. 831 

Increasing the pipe diameter reduces collision velocities, allowing more hetero-collisions to 832 

result in agglomeration. In addition, differences in mixing can enhance this phenomenon, as 833 

poor mixing leads to an increased number of homo-collisions in a poorly mixed state. The 834 

dependence of mixing on pipe diameter will be discussed in Section 4.3. 835 
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Fig. 10 a) Mean and agglomerate mass-weighted mean number of LIC and LFP particles and CB 
aggregates per agglomerate 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 and b) ratio of LFP-LIC hetero-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. 

 836 

It can be concluded from the consideration of the maximum number of particles captured in 837 

non-deposited agglomerates, the mean particle numbers and the associated agglomerate 838 

growth, as well as from the RHH, that larger pipe diameters are generally more suitable for the 839 

considered process and the given materials. In the selection of pipes with reduced diameter, 840 

it is imperative that the pipe length is sufficiently short in order to prevent substantial mass loss 841 

due to deposition. Conversely, the utilization of broader pipes necessitates sufficient length to 842 

augment the residence time required for optimal agglomerate growth. The simulation with 843 

𝐷pipe = 18 mm is selected for comparison against other mixing configurations as part of 844 

simulation set 4, where this diameter will also be applied. It should be noted that the mixing 845 

index and the distribution of contacts within the agglomerates resulting from this case will be 846 

analysed in Section 4.4. This will allow for a comparison of the results with those obtained from 847 

different mixing configurations. As demonstrated in Fig. 9, the maximum number of captured 848 

particles is marginally smaller than that resulting from the largest diameter. However, the 849 

formed agglomerates are substantially larger, exhibiting a comparable ratio of hetero-contacts 850 
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to homo-contacts. In the case of 𝐷pipe = 21 mm, it is evident that the pipe would necessitate a 851 

greater length to yield larger agglomerates while maintaining a comparable fraction of 852 

agglomerated particles. Should experimental implementation permit significantly longer pipe 853 

lengths, this should be given consideration, as should the implementation of even larger pipe 854 

diameters.  855 

4.3 Simulation set 3: Premixing of two materials 856 

The premixing of LFP with CB, LIC with CB, and LFP with LIC is considered for pipe flows with 857 

five different diameters, in order to identify the conditions at which a mixed state is reached 858 

while preventing deposition. In Fig. 11 a), the axial mixing length, defined as the length of pipe 859 

required for nearly complete mixing (𝑀G = 0.98), is presented as a function of pipe diameter 860 

for a limited pipe length of 2 m. When considering the mixing of LFP with CB and LIC with CB, 861 

a proportionality between mixing length and pipe diameter is evident for 𝐷pipe ≥ 9 mm. 862 

Increases in pipe diameter result in decreases in turbulent fluctuations and increases in radial 863 

and azimuthal mixing distances. Consequently, there is an observed decrease in mixing per 864 

axial distance. However, this effect is counteracted, at least in part, by an increase in residence 865 

time due to a decrease in mean flow velocity. It is noteworthy that this is not the case for 𝐷pipe =866 

6 mm in both instances, where larger axial mixing distances are observed, although the pipe 867 

diameter is smaller. This is due to the fact that, in these cases, turbophoresis, the effect of 868 

particles migrating from regions of strong turbulence to regions of weak turbulence (Caporaloni 869 

et al., 1975; Reeks, 1983), becomes dominant. This phenomenon results in the capture of 870 

inertial (LFP or LIC) particles within the viscous sublayer, effectively segregating them from 871 

the CB particles, which do not undergo this effect due to their significantly smaller inertia. 872 

Consequently, a poor mixing state is sustained for a greater duration until the particles 873 

captured in the sublayer are deposited. 874 

The deposition is illustrated in Fig. 11 b), where a deposition of 80 % and almost 60 % can be 875 

observed at the mixed state for LFP-CB and LIC-CB premixing, respectively. As the mean LFP 876 

particle mass is higher (i.e., they have larger Stokes numbers), the effect of turbophoresis and 877 
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the resulting segregation is stronger in the case of LFP-CB premixing, resulting in a mixing 878 

length that is more than double that in the case of 𝐷pipe = 9 mm. In this instance, the minimum 879 

mixing length can be identified for both mixing cases. The mixing length of LIC with CB is 880 

comparable to that of LFP with CB; however, slightly smaller distances are required to reach 881 

a mixed state. This phenomenon can be attributed to the higher diffusivity of the LIC particles 882 

within the region of homogeneous turbulence, which also results in a faster onset of the 883 

deposition process. Although the deposition velocity of LFP is larger in the "diffusion-impaction" 884 

regime (Kolck et al., 2026; Sippola and Nazaroff, 2002), the higher diffusivity of LIC leads to 885 

deposition beginning at an earlier stage. This leads to an increased deposited mass at a mixed 886 

state (see Fig. 11 b), which is assisted by a higher LIC mass fraction deposition, attributable 887 

to a wider particle size distribution. In the case of LFP-CB premixing, minimal deposition is 888 

observed at the mixed state when 𝐷pipe = 12 mm. As this particular simulation case also 889 

permits rapid mixing, it has been selected for use in obtaining the premixing data required for 890 

Simulation 23. In the case of LIC-CB premixing, a mixing state with negligible deposition is 891 

reached for 𝐷pipe = 15 mm, which is therefore selected as the relevant premixing diameter for 892 

Simulation 24. 893 

 

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 𝐷pipe 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. 

The premixing of LFP and LIC generally necessitates larger pipe distances, which is 894 

attributable to a reduced diffusivity when compared to the premixing simulations involving small 895 

CB aggregates. Furthermore, the occurrence of longer mixing distances can be attributed to 896 
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the dispersion of both materials into the viscous sublayer at opposite pipe sides, a 897 

phenomenon that is particularly evident in cases where the pipe diameter is reduced. In the 898 

case of 𝐷pipe = 9 mm, the effect is so pronounced that the mixed state attains a plateau at 899 

approximately 𝑀G = 0.95 at the terminal point of the pipe. At this stage, more than 70% of the 900 

initial mass is deposited. Turbophoresis has been observed to be less dominant for larger pipe 901 

diameters. Furthermore, the axial mixing length has been shown to reach a minimum for 902 

𝐷pipe = 12 mm. However, 37% of the mass is deposited in this case. In order to ensure 903 

consistency with regard to the requirement of deposition avoidance, the simulation with 𝐷pipe =904 

21 mm is selected for the purpose of obtaining the premixing simulation data for Simulation 25. 905 

In comparison with the simulation yielding the minimum mixing length, this mixing length is 906 

only approximately 4% longer, while avoiding 37% mass loss. 907 

4.4 Simulation set 4: Three-component hetero-agglomeration with various premixing 908 

combinations 909 

4.4.1 Pipe flow agglomeration and deposition 910 

The three different sequential mixing configurations simulated in Set 4 are compared with the 911 

parallel mixing configuration (Simulation 6) by considering, once again, the axial evolution of 912 

the LFP/LIC particle and CB aggregate fraction being captured in non-deposited agglomerates 913 

(see Fig. 12). For the purpose of comparison, the results from Set 2 are also illustrated as 914 

shaded lines, ending at the mixed state distance, from which the subsequent simulation of Set 915 

4 is initiated. In the case of premixing LFP with CB (Simulations 10 and 23), a significantly 916 

stronger LFP agglomeration can be observed for premixing and a smooth transition between 917 

the premixing and the subsequent mixing step is evident. This phenomenon can be attributed 918 

to two observations. Firstly, the carbon black concentration is considerably higher in the LFP-919 

CB premixing configuration than in the parallel mixing configuration, which is due to a reduced 920 

gas volume flow (55.56%). Secondly, the agglomeration of LFP is primarily driven by LFP-CB 921 

collisions, as can be deduced from the collision frequencies shown in Fig. 8 d). In return, this 922 

phenomenon results in an augmentation of the agglomerated CB fraction, as demonstrated in 923 

Fig. 12 c), when compared to the parallel mixing configuration. It is evident that the 924 
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agglomerated LIC particle remains at a constant level of zero until the initiation of the second 925 

mixing step. At this juncture, the process of LIC agglomeration starts, resulting in a graph that 926 

is analogous to the initial stage of the parallel mixing configuration, although exhibiting a 927 

marginally diminished slope. This observation can be attributed to the 13% CB that has already 928 

agglomerated on LFP particles at this stage. It is noteworthy that the axial distance, at which 929 

the number of LFP and LIC particles being captured in non-deposited agglomerates reaches 930 

a maximum, 2.45 m, is less than that of the premixing simulation. At this stage, the number 931 

fraction of LFP being captured in free agglomerates is almost equal to that resulting from the 932 

parallel mixing simulations. In contrast, a significantly smaller proportion (only approximately 933 

59%) of LIC is captured in non-deposited agglomerates. This phenomenon can be attributed 934 

to the fact that, in the case of LFP-CB premixing, a significant proportion (approximately 40%) 935 

of LIC particles remains free-moving and not yet agglomerated (see Fig. 13 b)), while LIC 936 

deposition remains minimal (see Fig. 13 a)). Conversely, at this stage, a substantial LFP 937 

fraction has already been deposited, with only approximately 3% of the LFP particles remaining 938 

as non-deposited primary particles. The elevated LFP deposition fraction is attributable to the 939 

presence of large agglomerates comprising LFP, which exhibit accelerated deposition 940 

velocities. In contrast, individual, non-agglomerated particles remain within the flow. In the 941 

case of parallel mixing, a comparable proportion of LIC and LFP has been deposited at this 942 

stage, as both materials are introduced concurrently and are captured into agglomerates that 943 

subsequently deposit. 944 

 945 
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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 combinations. 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. 

A similar, yet opposing behaviour can be observed in the case of LIC being premixed with CB. 946 

In this instance, the premixing LIC agglomeration demonstrates an increase in comparison to 947 

the parallel mixing case. However, this increase is not as significant as the LFP agglomeration 948 

increase of the LFP-CB premixing configuration that was discussed earlier. This phenomenon 949 

can be attributed to the observation that the presence of LFP plays a more significant role in 950 

the agglomeration of LIC than the other way around. This observation becomes evident when 951 

considering Fig. 8 d). The collision frequency of LFP-CB collisions is found to be significantly 952 

higher than the LFP-LIC collision frequency, while the graph of LIC-CB collisions exhibits a 953 

substantially smaller offset. This indicates that collisions with CB are predominant for both LFP 954 

and LIC. However, the ratio of LIC-LFP to LIC-CB collisions is significantly higher than the ratio 955 

of LFP-LIC to LFP-CB collisions. This observation is also reflected by the discontinuity in LIC 956 

agglomeration when LFP is introduced at the initial stage of the subsequent mixing stage, 957 

because the LFP plays a significant role in LIC agglomeration. The lower LIC-CB collision 958 

frequencies in comparison to the LFP-CB collision frequencies explain the differences in 959 

agglomerated CB fraction at the stage where the second mixing step is initiated. In the LIC-CB 960 

premixing case, a significantly lower amount of CB is collected by the LIC particles. It is evident 961 

that the addition of LFP results in a more pronounced increase in the fraction of collected CB 962 

aggregates, which approaches a comparable value at the end of the pipe as observed in the 963 

parallel mixing configuration. In the present simulation case, the maximum number of captured 964 
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LFP and LIC particles in free agglomerates is found at an axial particle distance of 2.94 m. This 965 

is larger than the values found in the parallel and LFP-CB premixing simulations. At this stage, 966 

a significantly larger proportion of LIC has been deposited in comparison to the parallel mixing 967 

and LFP-CB premixing combination (see Fig. 13 a)). This is due to the fact that the LIC 968 

commences the process of agglomeration earlier, and the agglomerates that are formed 969 

subsequently exhibit increased deposition velocities. However, in this particular mixing 970 

combination, approximately 75% of the LIC particles are found within non-deposited 971 

agglomerates at this stage, with only 16% present as free-moving primary particles (see Fig. 972 

13 b)).  973 

 

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. 

The results of the LFP-LIC premixing simulation demonstrate that the relative agglomeration 974 

of LFP is very similar to that of LIC during premixing, as illustrated by the analogous graphs in 975 

Fig. 12. However, at the final stage of premixing, a slightly larger fraction of LIC particles has 976 
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agglomerated, which can be attributed to the larger LIC-LIC collisions kernel (see Fig. 8 c)), 977 

caused by the wider particle size distribution of this material. When the CB is introduced as 978 

part of the subsequent mixing step, a strong discontinuity in the fraction of LFP and LIC being 979 

agglomerated is evident. As previously discussed, collisions involving LFP/LIC and CB are the 980 

most dominant, and the agglomeration rate therefore experiences an augmentation when CB 981 

is introduced. Once more, the effect of a larger LFP-CB than LIC-CB collision kernel is reflected 982 

by a larger slope of the graph showing the subsequent mixing LFP agglomeration when 983 

compared to that showing the LIC agglomeration. Since the carbon black has been introduced 984 

at a proceeded axial distance of approximately 1.74 m, a significantly smaller fraction of CB 985 

has been agglomerated at the end of the pipe, where the maximum fraction of agglomerated 986 

LIC and LFP particles can also be found. At the stage of maximum agglomeration, it was found 987 

that only approximately 17% of carbon black is a constituent of non-deposited agglomerates 988 

containing LFP or LIC particles, while this value is approximately 30% in the case of LFP-CB 989 

premixing and approximately 27% in the case of LIC-CB premixing and parallel mixing. 990 

Fig. 14 a) shows the mass-related particle/agglomerate size distribution (PSD) at the pipe 991 

position with the maximum LFP and LIC capture for all mixing configurations. It can be 992 

observed that, in all cases, the PSD is significantly shifted towards larger agglomerates when 993 

compared to the initial particle/aggregate size distribution indicated by the grey dashed line. In 994 

the range of medium agglomerate sizes (1.5 μm < 𝑑 < 10 μm), the PSDs resulting from the 995 

different mixing configurations are very similar. However, the premixing of LFP with CB results 996 

in a modest shift towards larger agglomerates within this range, as evidenced by a marginally 997 

elevated mass-related median size (see Fig. 14 a)). In the range of large agglomerates 998 

(10 μm < 𝑑 < 50 μm), disparities in size distribution can be observed between the various 999 

mixing configurations. The largest agglomerate is observed in the parallel mixing case, while 1000 

the 90th percentile diameter is the highest in the case of premixing LIC with CB (𝑑90,3 =1001 

 27.53 μm) and the smallest in the case of LFP-LIC premixing (𝑑90,3 =  16.69 μm). 1002 
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A more profound comprehension of the resulting agglomerate sizes is facilitated by an 1003 

examination of the mass-weighted mean particle numbers within the agglomerates. This is due 1004 

to the fact that these numbers also reflect the composition of the individual materials. These 1005 

are demonstrated in Fig. 14 b) for each mixing configuration at the stage at which the maximum 1006 

values of LFP and LIC particles captured in non-deposited agglomerates are observed. The 1007 

mass-weighted number of CB aggregates in the agglomerates is almost identical when 1008 

comparing parallel mixing and LIC-CB premixing, and is marginally lower in the case of LFP-1009 

CB premixing. This observation can be attributed to the faster deposition of LFP when 1010 

compared to the deposition of LIC. In the case of LFP-CB premixing, large agglomerates 1011 

containing already many CB aggregates are deposited more quickly. In the case of LFP-CB 1012 

premixing, the heavy agglomerates consist predominantly of LFP, while in the parallel mixing 1013 

configuration, the overrepresentation of LFP is smaller. In the case of LIC-CB premixing, heavy 1014 

agglomerates contain a greater number of LIC agglomerates than LFP agglomerates. It can 1015 

be hypothesized that large agglomerates formed from the LIC-CB premixing case are lighter 1016 

than those formed from other mixing configurations. This phenomenon can be attributed to the 1017 

reduced average diameter of LIC particles and their comparatively lower density. 1018 

Consequently, reduced deposition of large particles results in elevated 90th percentile 1019 

diameters in the case of LIC-CB premixing. 1020 

In the mixing configuration where LFP is premixed with LIC, a reduced mass-weighted mean 1021 

number of particles/aggregates per agglomerate can be observed for all materials. As 1022 

anticipated, the decrease in CB aggregate number is most pronounced. The reduced mean 1023 

LFP and LIC numbers per agglomerate can be explained by the fact that the maximum number 1024 

of agglomerated LFP and LIC particles would be reached for axial pipe distances greater than 1025 

the pipe length itself. It is evident that the mass-weighted mean particle number per 1026 

agglomerate would increase significantly if large agglomerates had more time to further 1027 

agglomerate with one another. This phenomenon is further elucidated by the comparatively 1028 

low 90th percentile diameter observed in the case of LFP-LIC premixing. 1029 
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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 agglomerates 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 𝑑50,3 and 90th percentile 

𝑑90,3 are shown for each mixing configuration in the respective colours. 

4.4.2 Composition and mixing of hetero-agglomerates 1030 

The composition of the agglomerates formed under different mixing configurations is analysed 1031 

by considering the degree of mixing. Following the procedure for evaluating the mixing quality 1032 

of hetero-agglomerates presented in (Buchheiser et al., 2026), three quantities are considered 1033 

individually before being combined into a single mixing quality measure: the inter-agglomerate 1034 

mixing index; the intra-agglomerate mixing index; and the homogeneity of the latter. The inter-1035 

agglomerate mixing index describes the distribution of materials across all agglomerates, while 1036 

the intra-agglomerate mixing index depicts the mixing quality within an agglomerate. The intra-1037 

agglomerate mixing index describes the mixing quality within an agglomerate. For instance, 1038 

an agglomerate composed of all materials in a good fractioning but having only a few hetero-1039 

contacts due to local clustering of individual materials would lead to a small intra-agglomerate 1040 

mixing index. The third quantity is the homogeneity of the intra-agglomerate mixing index. This 1041 

increases when the intra-agglomerate mixing index only varies very little from agglomerate to 1042 

agglomerate. 1043 
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Here, the degree of mixing is quantified by the Lacey mixing index, evaluated separately for 1044 

each material 𝑘 ∈  {LFP, LIC, CB}. For a given material 𝑘 the general Lacey mixing index is 1045 

defined as 1046 

𝑀𝑘 =
𝜎0,𝑘

2 − 𝜎𝑘
2

𝜎0,𝑘
2 − 𝜎r,𝑘

2  , 

 

(28) 

where 1047 

𝜎0,𝑘
2 = 𝑝𝑘(1 − 𝑝𝑘) 

 

(29) 

denotes the variance of a fully segregated state, and the possible minimum variance, which is 1048 

set to zero in this work in order to compare the mixing to a reference state of perfect order, is 1049 

denoted by 𝜎r,𝑘
2 . The quantity 𝑝𝑘  denotes the relevant mean fraction of material 𝑘 in the chosen 1050 

sampling scheme and 𝜎𝑘
2 is the observed variance for that scheme. In all evaluations, the 1051 

mixing index is constrained to the interval [0, 1] in order to avoid small numerical deviations 1052 

outside the theoretical bounds. 1053 

For the inter-agglomerate index, each agglomerate 𝑎 (total of 𝑁A agglomerates) is treated as 1054 

a sample. The local fraction of material 𝑘 in agglomerate 𝑎 is defined as 1055 

𝑥𝑎,𝑘 =
𝑛𝑎,𝑘

𝑛p,𝑎
, (30) 

where 𝑛𝑎,𝑘 denotes the number of particles of material 𝑘 in agglomerate 𝑎 and 𝑛p,𝑎 denotes 1056 

the number of counting units in that agglomerate (in the case of CB, the primary CB aggregate 1057 

is counted as one single unit). The material fractions of all individual agglomerates are 1058 

illustrated in Fig. 16 as a barycentric representation of the agglomerate composition, resulting 1059 

from different mixing configurations, and will be discussed in more detail later. The overall 1060 

fraction is computed as the particle-weighted mean 1061 

𝑝𝑘 =
1

𝑁P
∑(𝑛p,𝑎  𝑥𝑎,𝑘)

𝑁A

𝑎=1

=
1

𝑁P
∑(𝑛𝑎,𝑘)

𝑁A

𝑎=1

, 

 

(31) 

where 𝑁P = ∑ 𝑛p,𝑎  𝑎 is the total number of particles/aggregates in all 𝑁A agglomerates. The 1062 

overall inter-agglomerate variance is evaluated as follows 1063 
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𝜎𝑘
2  =  

1

𝑁P
∑ 𝑛p,𝑎(𝑥𝑎,𝑘 − 𝑝𝑘)

2
.

𝑁A

𝑎=1

 

 

(32) 

It should be noted that this formulation describes a number-weighted variance, thereby 1064 

accounting for differences in agglomerate size. The inter-agglomerate Lacey index 𝑀𝑘
inter ∈1065 

(0,1) is then obtained by inserting 𝑝𝑘 and 𝜎𝑘
2 into the general expression of the Lacey mixing 1066 

Index (see Eq. (28)). 1067 

The intra-agglomerate mixing index quantifies the degree of mixing within an individual 1068 

agglomerate 𝑎. To that end, each agglomerate is discretized by cubic cells that cover at least 1069 

the entire volume occupied by an agglomerate. The cell size is selected to be two times the 1070 

number-related 95th percentile diameter in the system (𝑑𝑠c = 2 × 𝑑95,0 = 2.4 μm). It is 1071 

imperative to acknowledge the necessity of maintaining a constant cell size in order to facilitate 1072 

a meaningful comparison. Consequently, agglomerates with a radius of gyration that is less 1073 

than the cell size are not taken into consideration. It is evident that the evaluation of the mixing 1074 

quality of agglomerates of this size becomes invalid due to the presence of a minimal number 1075 

of particles. For each cell 𝑖 containing 𝑛𝑖,𝑘 particles of material 𝑘 and a total of 𝑛p,𝑖 particles, 1076 

the cell’s local material number fraction is given by: 1077 

𝑥𝑖,𝑘 =
𝑛𝑖,𝑘

𝑛p,𝑖
. (33) 

For each agglomerate 𝑎 comprising 𝑁P
(𝑎)

 particles being discretized by 𝑁c
(𝑎)

 cells containing at 1078 

least one particle, the mean and variance of the cells are computed as follows: 1079 

𝑝𝑘
(𝑎)

=
1

𝑁P
(𝑎)

∑ 𝑛p,𝑖 𝑥𝑖,𝑘

𝑁c
(𝑎)

𝑖=1

 , (34) 

and 1080 

𝜎𝑘
2(𝑎)

=
1

𝑁P
(𝑎)

∑ (𝑥𝑖,𝑘 −  𝑝𝑘
(𝑎)

)
2

𝑁c
(𝑎)

𝑖=1

, (35) 
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respectively. The intra-agglomerate Lacey index 𝑀𝑘
(𝑎)

 of an agglomerate 𝑎 is obtained by 1081 

inserting 𝑝𝑘
(𝑎)

 and 𝜎𝑘
2(𝑎)

 into the general expression of the Lacey mixing Index (see Eq. (28)). 1082 

Following the determination of the individual intra-agglomerate mixing indices, a material 1083 

dependent particle number-weighted mean index across agglomerates is formed as 1084 

𝑀𝑘 =
1

∑ 𝑁P,𝑘
(𝑎)𝑁A

𝑎=1

∑ (𝑁P,𝑘
(𝑎)

 𝑀𝑘
(𝑎)

)

𝑁𝐴

𝑎=1

, (36) 

where 𝑁P,𝑘
(𝑎)

 is the number of particles of material 𝑘 in agglomerate 𝑎. The homogeneity of the 1085 

intra-agglomerate mixing index is given by  1086 

𝜓𝑀𝑘
= 1 −

𝜎𝑀𝑘

2

𝑀𝑘(1 − 𝑀𝑘)
, (37) 

where the particle number-weighted variance of the intra-agglomerate mixing index is 1087 

𝜎M𝑘

2 =
1

∑ 𝑁P,𝑘
(𝑎)𝑁𝑎

𝑎=1

∑ 𝑁𝑃,𝑘
(𝑎)

(𝑀𝑘
(𝑎)

−  𝑀𝑘)
2

𝑁𝑎

𝑎=1

. (38) 

As proposed by (Buchheiser et al., 2026), the overall mixing quality can be evaluated using a 1088 

combined mixing quality measure 1089 

𝜓𝑘
comb =

𝛿 𝑀𝑘 + 𝜑𝜓𝑀𝑘
+ 𝜔𝑀𝑘

inter

𝛿 + 𝜑 + 𝜔
. (39) 

In the present analysis, no weighting is conducted ( 𝛿 = 𝜑 = 𝜔 = 1). 1090 

Fig. 15 shows all three mixing quality measures a) 𝑀𝑘
inter, b) 𝑀𝑘 and c) 𝜓𝑀𝑘

 as well as the 1091 

resulting combined mixing quality measure d) 𝜓𝑘
comb (uniform weighting) for all materials and 1092 

different mixing configurations. Furthermore, the mean value of all materials is shown for each 1093 

quality measure.  1094 
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Fig. 15 a) Inter-agglomerate mixing index 𝑀𝑘
inter, b) mean intra-agglomerate Lacey mixing index 𝑀𝑘, 

c) homogeneity of the intra-agglomerate mixing index 𝜓𝑀𝑘
 and d) combined mixing quality 𝜓𝑘

comb for 

all materials 𝑘 and the resulting mean values. 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. 

In all mixing configurations, the inter-agglomerate mixing index (see Fig. 15 a)) is shown to be 1095 

lower for LIC than for LFP, which is attributable to the lower collision rates of LIC. As 1096 

demonstrated in Fig. 13, in instances of parallel mixing, a proportion of LIC particles greater 1097 

than 20% remain non-agglomerated at the stage in consideration. In the case of premixing 1098 

LFP with CB, this value is even 40%. This finding aligns with the observations presented in 1099 

Fig. 14 b), which demonstrate a lower mass-weighted mean number of LIC than LFP particles 1100 

in the agglomerates for both configurations. Notably, the discrepancy is more pronounced in 1101 

the case of LFP-CB premixing. This is also evident when considering the agglomerate 1102 

composition in Fig. 16, where particularly the heavier agglomerates contain fewer LIC particles.  1103 
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Fig. 16 Barycentric representation of the number-related agglomerate composition of LFP/LIC particles 
and CB aggregates (𝑥𝑎,LFP, 𝑥𝑎,LIC and 𝑥𝑎,CB) for different mixing configurations coloured according to the 

respective mass of agglomerate 𝑎. The crosses indicate the number composition of the 
particles/aggregates in the seeding materials. The symbol "+" indicates parallel and sequential mixing, 
whereas "&" indicates premixing. 

In terms of the mixing index, slower or later agglomeration of a material leads to poorer inter-1104 

agglomerate mixing (see Fig. 15 a)). This is because further agglomerate growth increases the 1105 

number-weighted inter-agglomerate mixing index, provided a mixing state is reached at the 1106 

flow level. To illustrate this, one might consider two separated pure homo-agglomerates 1107 

containing all particles in the system. It can be posited that these would exhibit a mixing index 1108 

of 𝑀1
inter = 0 and 𝑀2

inter = 0 prior to an agglomeration event (1+2 → 3) and a mixing index of 1109 

𝑀3
inter = 1 in the aftermath. 1110 

This observation is reinforced by the fact that in the case of parallel mixing, the difference 1111 

between the LFP and LIC inter-agglomerate mixing index is smaller than for the LFP-CB 1112 

premixing, where the agglomeration of LIC starts much later. Conversely, the premixing of LIC 1113 

with CB results in a substantial augmentation of LIC and a reduction in the LFP inter-1114 

agglomerate mixing index (see Fig. 15 a)), thereby ensuring that both values approach 1115 

equivalence in this configuration. In this instance, the heaviest agglomerates contain more LIC 1116 

than LFP particles (see again Fig. 16). However, most of the large agglomerates have a 1117 

comparatively equal number composition.  1118 

The inter-agglomerate mixing indices of all materials in the case of premixing LFP and LIC are 1119 

smaller than those resulting from the parallel mixing configuration (see Fig. 15 a)). The poorer 1120 

CB mixing index is due to the previously observed effect of a later onset of agglomeration, 1121 

which in turn causes poorer inter-agglomerate mixing indices. The disparity in LFP and LIC 1122 

mixing can be attributed to the higher number of LFP/LIC particles not being agglomerated 1123 
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with CB (see Fig. 13 b)), when compared to the parallel mixing configuration. The CB inter-1124 

agglomerate mixing index in the case of LIC-CB premixing is found to be almost identical to 1125 

that resulting from parallel mixing. The value is marginally diminished in the instance of 1126 

premixing LFP with CB, a phenomenon attributable to CB's propensity to agglomerate on LFP. 1127 

This tendency is further substantiated by the initial exclusion of LIC-laden gas during the 1128 

premixing process. Despite the fact that the individual materials exhibit different mixing indices, 1129 

depending on the configuration under consideration, the mean values of the inter-agglomerate 1130 

mixing index are identical when comparing parallel mixing with LIC-CB premixing and when 1131 

comparing LFP-CB premixing with LFP-LIC premixing. 1132 

The intra-agglomerate mixing index demonstrates analogous trends (see Fig. 15 b)). The 1133 

mixing index of LFP is higher than that of LIC (with the exception of premixing LIC with CB) 1134 

and the mixing index of a specific material is increased by premixing it with CB. This 1135 

phenomenon can be attributed to the predominance of CB-to-LFP or LIC contacts within the 1136 

agglomerates, as illustrated in Fig. 17. The CB functions as a separator between the individual 1137 

LFP or LIC particles, thereby increasing their intra-agglomerate mixing index. Nevertheless, it 1138 

should be noted that inadequate mixing may also occur in the absence of homo-contacts, i.e., 1139 

perfect separation of LFP or LIC particles by CB aggregates. This is applicable in instances 1140 

where one material constitutes fragments of the agglomerate, and the other material comprises 1141 

the remaining fragments, but all particles are separated by carbon black. However, in the case 1142 

of LFP-CB premixing, the anticipated fraction of LIC per evaluation cell is considerably lower 1143 

than in the other cases, which can be attributed to the reduced LIC particle number per 1144 

agglomerate (see Fig. 14 b)). As a consequence, a considerable increase in the mixing index 1145 

of LFP and CB is evident in this mixing configuration in comparison to the parallel mixing case. 1146 

In contrast, a reduced mixing index of LIC can be observed. Similar, but opposite behaviour 1147 

can be observed in the case of LIC being premixed with CB. Here, the intra-agglomerate mixing 1148 

index of LIC is higher than that of LFP. One potential explanation for this phenomenon is the 1149 

increased proportion of LIC within the agglomerates, as illustrated in Fig. 14 b)). Another 1150 

related reason is the higher number of LIC-CB contacts. In the case of parallel mixing, 32.2 % 1151 
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of the detected contacts are between LIC and LFP. This number is reduced to 20.9 % in the 1152 

case of LFP-CB premixing and increased to 41.5 % in the case of LIC-CB premixing (see Fig. 1153 

17). The mixing indices of all materials in the LFP-LIC premixing configuration are significantly 1154 

lower and exhibit a comparable trend to the parallel mixing case, which can be attributed to 1155 

the lower CB content. It is noteworthy that in this configuration, 10.2% of contacts are LFP-LIC, 1156 

whereas LFP/LIC homo-contacts account for a mere 9.8% of contacts. This ratio is higher than 1157 

in every other mixing configuration. The mean intra-agglomerate mixing index in the case of 1158 

LIC-CB premixing is only marginally smaller than that resulting from parallel mixing. In contrast, 1159 

the corresponding value is larger in the case of LFP-CB premixing, which is attributable to the 1160 

increased CB intra-agglomerate mixing index. 1161 

The number-weighted homogeneity of the intra-agglomerate mixing index is greater than 0.95 1162 

for each material in each mixing configuration (see Fig. 15 c)). This finding suggests that the 1163 

individual agglomerates possess mixing qualities that are highly similar. The disparities in the 1164 

values obtained from the various mixing configurations are negligible for each material, and 1165 

the mean values derived from these configurations are almost identical. Consequently, the 1166 

homogeneity appears to augment the combined mixing quality measure of all materials in all 1167 

configurations, without significantly influencing the differentiation between them. It is therefore 1168 

evident that the combined mixing quality measure (see Fig. 15 d)) demonstrates a similar 1169 

pattern to the inter- and intra-agglomerate mixing index. While the disparities in mixing quality 1170 

between the LFP and the LIC are at their most pronounced in the case of LFP-CB premixing, 1171 

these disparities are least pronounced in the case of premixing of LIC and CB. It is a noteworthy 1172 

observation that, despite the evident disparities, the mean mixing quality is equivalent for the 1173 

parallel mixing, LFP-CB premixing and LIC-CB premixing configurations.  1174 
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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. 

However, the current state of knowledge does not yet allow for a definitive conclusion as to 1175 

which mixing quantity of which material exerts the greatest influence on the electric and ionic 1176 

conductivity of the formed material and the resulting capacity of the cell. It can be hypothesized 1177 

that either the intra- or the inter-agglomerate mixing index holds greater significance than the 1178 

other, i.e., 𝛿 ≠  𝜑. Furthermore, good mixing of one of the materials could be more important 1179 

for the resulting electrochemical properties than good mixing of the other material. It is also 1180 

conceivable that it would be beneficial if the mixing quality of all materials exhibited similar 1181 

values, which could be quantified by introducing another homogeneity index similar to that 1182 

presented in Eq. (37). Future work could identify the influence of different mixing quantities by 1183 

simulating the electrical and ionic conductivity of numerically formed agglomerates or 1184 

representative matrices, using either a resistor-network approach (Roussel et al., 2015; 1185 

Sangrós Giménez et al., 2025) or a voxel-based approach (Laue et al., 2020; Roussel et al., 1186 



57 
 

2015). Moreover, the influence of differences in the contact matrices illustrated in Fig. 17 could 1187 

be identified therein. For instance, an increased number of LIC-LIC homo-contacts in the case 1188 

of LIC-CB premixing (see Fig. 17) must not necessarily be associated with worse 1189 

electrochemical properties, as continuous ion transport pathways are desirable and require 1190 

LIC-LIC homo-contacts (Alsaç et al., 2025). This could also be an indication that a higher LFP 1191 

mixing index and a smaller LIC mixing index are favourable. However, this must be numerically 1192 

evaluated in future work. A further method of estimating the resulting electrochemical 1193 

performance is to examine CAM utilization, which describes the proportion of the active 1194 

material (LFP) that is in contact with at least one electrolyte particle (LIC) and one CB particle 1195 

(Kissel et al., 2026b). The analysis of all three-component agglomerates indicates that the 1196 

parallel mixture results in a CAM utilization of 36%. The values for the premixing of LFP with 1197 

CB, LIC with CB, and LFP with LIC are 18%, 31%, and 38%, respectively. From this standpoint, 1198 

the LFP-LIC premixing scenario appears to be the most promising. However, all values are 1199 

comparatively low, which is due to the absence of LFP-LIC contacts rather than the absence 1200 

of LFP-CB contacts. Within the present agglomerates, the LFP and LIC contacts are often 1201 

separated by CB aggregates. Consequently, it is imperative to undertake a compaction or 1202 

calendaring step prior to conducting a meaningful evaluation of CAM utilisation.  1203 

It is evident that the electrochemical performance of the composite is not solely dependent on 1204 

its inherent structure, but is also contingent on the mass composition of all materials. However, 1205 

it should be noted that the mass fractions of the materials within the formed hetero-1206 

agglomerates may differ from that resulting from the particle feed. Fig. 18 illustrates the 1207 

normalized overall mass fractions of all materials, relative to their respective ideal (feed) mass 1208 

fractions, for all configurations. Note that only three-component hetero-agglomerates are 1209 

considered here. The parallel mixing case and the premixing of LFP with CB result in mass 1210 

compositions that are very similar, with LFP being approximately at the desired value and LIC 1211 

being slightly overrepresented. It is evident that CB is significantly underrepresented in all 1212 

cases, particularly in the case of premixing LFP with LIC. This aligns with the poor CB-1213 

capturing observed in Fig. 12 c). This finding indicates that a substantially higher CB mass flow 1214 
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may be advantageous in the context of hetero-agglomerates being sampled separately from 1215 

single CB aggregates. In the case of premixing LIC with CB and LFP with LIC, the deviation of 1216 

the LFP and LIC mass fractions to the ideal value is greater than in the other instances. This 1217 

phenomenon can be primarily explained by the high number of LFP-CB agglomerates not 1218 

being part of three-component hetero-agglomerates. Moreover, it is imperative to acknowledge 1219 

that in the context of optimal composition (LFP & CB + LIC), approximately 40% of the LIC 1220 

particles remain non-agglomerated at this stage. Consequently, it is only appropriate to draw 1221 

conclusions from this consideration for a practical application when hetero-agglomerates are 1222 

separated from primary particles and CB-aggregates, for example by adding an electrostatic 1223 

separation process downstream. As previously stated, it is recommended that CB feeding be 1224 

augmented in such cases. 1225 

 

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. 

5. Conclusions 1226 

The present study has analysed the mixing and hetero-agglomeration of LFP, LIC and CB in 1227 

turbulent pipe flows. The aim of this analysis was to identify suitable pipe dimensions for the 1228 

given process conditions and to evaluate the differences in agglomerate size, composition and 1229 

structure that arise from different mixing configurations (parallel mixing and premixing of LFP 1230 
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with CB, LIC with CB and LFP with LIC). This objective was realized through the performance 1231 

of four distinct simulation sets, incorporating Lagrangian agglomerate structure simulations.  1232 

In the initial set, the various collision mechanisms between the materials under investigation 1233 

were evaluated for uniformly distributed particles in different pipes (𝐷pipe = 9 and 12 mm). It 1234 

has been demonstrated that the accumulation effect is pronounced at a pipe diameter of 9 mm 1235 

and its significance diminishes with an increase in pipe diameter. Considering collision 1236 

efficiency proved to be imperative for collisions involving LFP and CB, as well as LIC and CB, 1237 

because it significantly reduces their collision kernel. However, particularly for larger pipe 1238 

diameters, it was shown that the resulting collision frequency of these collision partners is much 1239 

higher than that of other combinations of materials. 1240 

The second simulation set aimed to model the hetero-agglomeration in the parallel mixing 1241 

configurations in pipes of various diameters (𝐷pipe = 9, 12, 15, 18 and 21 mm) with a fixed pipe 1242 

length of 𝐿pipe = 3.5 m. It was found that an 18 mm pipe diameter is suitable for the given 1243 

process conditions (i.e., gas volume flow, particle mass flows and particle size distributions) in 1244 

the case of parallel mixing. However, larger pipe diameters might also be suitable when 1245 

experimental implementation allows for larger pipe lengths, since the hetero-agglomeration 1246 

process necessitates longer axial distances to result in comparable agglomerate sizes in such 1247 

instances. The pipe diameter that has been selected allows for a high proportion of primary 1248 

particles to be captured in agglomerates, with a maximum at 𝑥pipe =  2.73 m. This results in a 1249 

satisfactory ratio of hetero-contacts to homo-contacts, as well as the formation of large 1250 

agglomerates. Should pipe diameters be smaller, greater deposition will be observed, thus 1251 

requiring shorter pipe lengths to avoid mass loss. 1252 

In the third simulation set, a pipe diameter variation was conducted in the simulation framework 1253 

with the objective of identifying a suitable pipe diameter for the premixing process in every 1254 

combination (LFP with CB, LIC with CB and LFP with LIC). The simulations were terminated 1255 

when a state of mixing, defined as the Lacey index being greater than 0.98, was reached. The 1256 

objective of this simulation set was to ascertain the pipe diameter that would yield the shortest 1257 
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axial mixing distance, while also minimizing deposition. Premixing LFP with CB was found to 1258 

be optimal with a pipe diameter of 𝐷pipe = 12 mm, resulting in a mixing length of 0.63 m. 1259 

Sufficient mixing of LIC with CB was achieved at an axial pipe position of 0.65 m with a pipe 1260 

diameter of 𝐷pipe = 15 mm. For premixing LFP with LIC, the optimum pipe diameter was found 1261 

to be 𝐷pipe = 21 mm, resulting in a mixing length of 1.72 m. 1262 

The particle and agglomerate data resulting from the premixing simulations have been utilized 1263 

in the respective simulations of the subsequent mixing step, where the pipe diameter was fixed 1264 

at 18 mm, allowing for a comparison with the parallel mixing configuration. The subsequent 1265 

mixing step was initiated at the pipe distance at which the respective premixing simulation was 1266 

terminated and terminated at a fixed pipe length of 𝐿pipe = 3.5 m. The maximum fraction of 1267 

captured LFP and LIC particles was found at a pipe length of 𝑥pipe =  2.45 m in the case of 1268 

LFP-CB premixing, at a pipe length of 𝑥pipe =  2.94 m in the case of LIC-CB premixing, and at 1269 

the pipe termination (𝑥pipe = 𝐿pipe =  3.5 m) in the case of LFP-LIC premixing. The latter 1270 

suggests that increased pipe length may be advantageous in achieving the desired outcomes 1271 

of this configuration. The simulations revealed that the configuration of LFP-LIC premixing 1272 

resulted in smaller agglomerates, an inadequate CB content, and inferior mixing quality when 1273 

compared to the other configurations. The findings of this simulation set demonstrate that the 1274 

agglomerate composition, particularly that of the large agglomerates, is significantly influenced 1275 

by different mixing configurations.  1276 

The configurations of parallel mixing and premixing LIC with carbon black both result in larger 1277 

agglomerates (see Fig. 14 a) and b)) and fewer unbounded primary particles (see Fig. 13 b)) 1278 

when compared to the other configurations. However, the slower agglomerate growth in the 1279 

case of premixing LFP with CB leads to less deposition (see Fig. 13 a)) in this case. The 1280 

parallel mixing configuration, as well as the LFP-CB premixing, both result in a similar mass 1281 

composition within three-component hetero-agglomerates, which is superior to that observed 1282 

in the case of LIC-CB premixing. In all cases, the mass fraction of CB is found to be significantly 1283 

lower than the desired value. In potential future processes where large agglomerates are 1284 
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separated from the CB aggregates, this issue should be addressed by increasing the CB mass 1285 

flow rate. From the perspective of these quantities, the parallel mixing configuration is 1286 

recommended, as it leads to both the formation of larger agglomerates and a satisfactory mass 1287 

composition, at least with respect to LIC and LFP particles.  1288 

However, with regard to the objective of achieving optimal electrochemical performance, other 1289 

variables, including the number of various contact combinations and the mixing index, may 1290 

also be instrumental in determining the selection of an appropriate mixing configuration. The 1291 

diverse mixing configurations exhibited a significant impact on the contact matrices of the three 1292 

materials, in addition to their inter- and intra-agglomerate mixing quality.  A comparison to the 1293 

parallel mixing configuration reveals that premixing of LFP results in elevated LFP mixing 1294 

indices and diminished LIC mixing indices. Conversely, the premixing of LIC results in more 1295 

homogeneous mixing indices for the various materials. The mean value of the combined mixing 1296 

quality measure demonstrated uniformity across all materials, with the exception of the 1297 

agglomerates resulting from LFP-LIC premixing, which exhibited a reduced quality. An 1298 

increased number of LIC-LIC contacts in the case of LIC-CB premixing (see Fig. 17) in 1299 

combination with a good mixing performance could indicate, for example, that this 1300 

configuration is advantageous in terms of ionic conductivity. In future work, a correlation 1301 

between the various mixing indices and the resulting electrochemical properties of the 1302 

composite, utilizing, for instance, resistor-network simulations, could be established in order to 1303 

identify hetero-agglomerate structures (resulting from different mixing configurations) showing 1304 

good electrochemical performance. 1305 
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 Appendix 1553 

 

Fig. A1 Curve-fit of the non-dimensional turbulent energy 
dissipation rate 𝜀+ over the non-dimensional wall distance 

𝑦+ (Eq. (5)) in comparison with the experimental data 
from (Zaripov et al., 2019). 
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Fig. A2 Example of mass uptake measured with the 
Washburn device using LFP powder and propanol as the 
penetrating liquid. 
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