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A B S T R A C T

Fruit preparations are used in various forms in the food industry. For example, they are used as an ingredient
in dairy products such as yogurt with added fruit. The dispersed fruit pieces can be described as soft
particles with viscoelastic material behavior. The continuous phase is represented by fluids with complex flow
behavior depending on the formulation. Characterization has shown that the fluids exhibit a yield stress and
pseudoplastic behavior, which can be described by the Herschel–Bulkley model. Since damage to fruit pieces
is undesirable in industrial transport processes, the potential for damage to fruit pieces during transport of
pipes in cross-sectional constrictions is analyzed. The analysis is performed numerically using the homogenized
lattice Boltzmann method and validated by an experiment on industrial fruit preparations at pilot plant scale.
The results show a strong dependence of the damage potential on the (local) Metzner–Reed Reynolds number.
1. Introduction

Many food products can be described as suspensions of mechani-
cally sensitive, i.e. deformable or fragile, particles. Examples include
chunky fruit preparations commonly used in the dairy industry, such
as fruit yogurt. During the manufacturing process, transport through
piping and various fittings (e.g. pipe constrictions/expansions, valves,
pumps, flaps, bends) plays a significant role and leads to a high po-
tential for damage. During this transport, the particle component is
subjected to mechanical stresses due to hydrodynamic forces and col-
lisions with other particles or with apparatus parts. These stresses are
highly variable in intensity and transient in nature.

Literature primarily focuses on pipeline transport of coarse-
dispersed food suspensions to avoid under-processing during thermal
treatment (Barigou et al., 2003; Legrand et al., 2007). Flow conditions
are characterized based on the solid volume fraction and other di-
mensionless parameters (Reynolds number, particle Reynolds number,
particle Froude number, Stokes number) (Lareo et al., 1997), facili-
tating the identification of various regimes describing the distribution
of the particle component across the pipe (Michaelides et al., 2016;
Brennen, 2005). Such concentrated suspensions must flow at relatively
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high velocities to maintain a homogeneous particle distribution. Het-
erogeneous flow occurs when a gradient in particle concentration is
evident, with cases of pronounced gradients distinguished as moving
bed and stationary bed formations (Li et al., 2017).

Flows of suspensions of usually spherical particles of similar density
to the surrounding fluid have been studied extensively, with emphasis
on their dynamics. Techniques for long-term tracking of neutrally
buoyant particles have allowed detailed analyses of particle transport
and mixing in two-dimensional flows (Pervez and Solomon, 1994).
Numerical studies of the inertial migration of particles in Poiseuille
flows demonstrated the existence of equilibrium radial positions that
depend on the Reynolds number and particle size (Choi and Kim, 2010).
Further investigations of neutrally buoyant particles have provided
insights into their equilibrium positions in square duct flows (Chun
and Ladd, 2006), as well as the effect of such particles on laminar–
turbulent transition channel flows (Loisel et al., 2013) and turbulent
pipe flows (Wu et al., 2011). Experiments on large buoyant particles
in turbulent flows, however, have demonstrated dynamics that differ
significantly from those of neutrally buoyant particles (Mathai et al.,
2016). Furthermore, parametric studies have examined the impact of
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particle size, concentration, and fluid rheology on pressure drop and
article velocity profiles in non-Newtonian flows, showing significant
ensitivity to particle concentration and diameter (Eesa and Barigou,

2009). However, the focus of these works is on the particle–fluid
interaction, not the potential damage.

Thus, while the behavior of particle-laden flows in pipelines is
partially understood, this is not the case for mechanical damage to
the particulate phase. Considerations of damage have been limited to
harvesting, packaging, and vehicle transport of fresh fruits (Li and

homas, 2014). In the context of food processing, only the influence
of pumps on particle damage has been studied using the example of
rotary lobe and centrifugal pumps (Schmitt, 2018). However, unlike
pumps, the stress in piping systems can be expected to be cyclical and
increasing/decreasing as particles move continuously with the flow.
Individual events are not necessarily binary. Rather, fruit preparations
re subjected to several successive transport processes, so that the
ntire history plays a role. The resulting strain is quantified on the basis

of collision, shear and elongation effects (Wollny and Sperling, 2007;
Wille et al., 2001). Their importance for the momentum and energy
coupling between disperse and continuous phase depends strongly on
the characteristic length scales and the material consistency of the
coarsely dispersed phase. In the case of (approximately) deformation-
resistant fruit pieces, the coupling is largely achieved by viscous forces
at the surface and normal forces caused by the pressure distribution.

Despite the existing research on laminar particle-laden flows and
article–fluid interactions, there is a significant gap in the understand-
ng of mechanical damage to the particle component, particularly in the
ontext of the transport of food suspensions through piping systems.
he unique stress conditions in such systems have not been inves-

tigated, highlighting the need for a comprehensive study to address
these knowledge gaps, with a particular focus on the impact of pipeline
transport on the quality and integrity of food suspensions.

Therefore, the aim of this research paper is to investigate the
damage potential of the particulate component of food suspensions
during their flow through piping systems, in particular cross-sectional
constrictions, a simplified representation of pipe fittings, under practi-
al and relevant conditions, including process parameters and material
roperties. The objective of the work is to investigate and understand
he mutual influence between the continuous and dispersed phases, to

identify and analyze the types and intensities of stresses that occur
during flow, and to determine which of these stresses are primarily
esponsible for significant particle damage. In addition, the spatial
ependencies of the flow-induced stresses caused by the geometries of
he equipment are investigated, and the main parameters influencing
he damage of the particle phase are determined, while the interactions
etween them are studied. To achieve these objectives, the current
ork uses a combination of experiments and simulations, providing
 comprehensive and in-depth analysis of the mechanical stresses and
amage experienced by food particles during transport through pipes
ith cross-sectional constrictions. Ultimately, the knowledge gained

upports the design of piping systems in food processing to improve
he quality and integrity of food products.

To this end, the following sections are organized as follows. Sec-
tion 2 presents the models that describe the fluid and the particle, while
Section 3 discusses the numerical methods used for the simulations. In
Section 4 we outline the experimental and computational setups and
in Section 5 we present the results of the following studies. Finally, the
key findings and conclusions of this study are summarized in Section 6.

2. Modeling

2.1. Fluid

Fluids are generally considered to be incompressible. In this case,
the Navier–Stokes equations become
2 
𝜕𝒖f
𝜕 𝑡 +

(

𝒖f ⋅ ∇
)

𝒖f − 𝜈 𝛥𝒖f +
1
𝜌f
∇𝑝 =

𝑭 f
𝜌f

,

∇ ⋅ 𝒖f = 0,
(1)

where 𝑝 is the pressure, 𝑡 is the time, 𝑭 f is the total of all forces acting
n the fluid and 𝒖f, 𝜌f, 𝜂 are the velocity, density and dynamic viscosity

of the fluid.
For Newtonian fluids, 𝜂 is a constant. For non-Newtonian fluids,

however, the viscosity depends on the shear rate 𝛾̇. Power laws are
usually used to represent this dependency. Using the Herschel–Bulkley
relation, the effective viscosity is given by Sahu et al. (2007)

𝜂∗ = 𝜏0|𝛾̇|
−1 + 𝑘|𝛾̇|𝑛−1, (2)

with the yield stress 𝜏0, consistency index 𝑘, and power law index 𝑛.
Since this equation diverges for 𝛾̇ → 0, a minimal shear rate 𝛾̇min is
sually used in the equation above for 𝛾̇ < 𝛾̇min.

When the regarded fluid has a yield stress 𝜏0 = 0, then the above
simplifies to the Ostwald–de Waele relation, for which the effective
iscosity reads (Irgens, 2014)

𝜂∗ = 𝑘|𝛾̇|𝑛−1. (3)

2.2. Particle

For the particle component, we use Newton’s second law of motion.
herefore, translation is described by

𝑚p
𝜕𝒖p

𝜕 𝑡 = 𝑭 p (4)

and rotation by

𝑰p
𝜕𝝎p

𝜕 𝑡 + 𝝎p × (𝑰p ⋅ 𝝎p) = 𝑻 p. (5)

Here, 𝑚p, 𝑰p, 𝒖p, 𝝎p are the mass, moment of inertia, velocity, and
angular velocity of the particle, respectively. 𝑭 p and 𝑻 p are the sum of
the acting forces and torque affecting the particle motion, respectively.
Above, the subscript p indicates that the quantities refer to the particle’s
center of mass.

2.3. Contact

In order to accurately model interactions involving complex particle
eometries, we employ a contact model that allows for arbitrarily

shaped bodies (Nassauer and Kuna, 2013). The normal contact force
in this model is given by

𝑭 c,n = 4
3𝜋

𝒏c𝐸
∗√𝑉c𝛿

(

1 + 𝑐𝛿̇n
)

. (6)

In this equation, 𝐸∗ is the effective Young’s modulus, 𝑉c is the overlap
volume, 𝛿 is the indentation depth, 𝑐 is a damping factor, and 𝛿̇n is
the relative velocity between two particles in contact along the contact
normal 𝒏c. The effective Young’s modulus is

𝐸∗ =

(

1 − 𝜈2A
𝐸A

+
1 − 𝜈2B
𝐸B

)−1

, (7)

where 𝐸A and 𝜈A are the Young’s modulus and Poisson’s ratio of particle
A, and 𝐸B and 𝜈B are those of another solid object B. The damping
factor 𝑐 is related to the coefficient of restitution 𝑒 as follows (Carvalho
and Martins, 2019)

𝑐 =

{

1.5 (1−𝑒)(11−𝑒)
(1+9𝑒)𝑢0

for 𝑢0 > 0

0 for 𝑢0 ≤ 0,
(8)

where 𝑢0 is the relative velocity at the initial contact. Tangential forces,
which are influenced by normal forces and the coefficients of static and
kinetic friction (𝜇s and 𝜇k), are described by Nassauer and Kuna (2013)

𝑭 c,t = − 𝒖AB,t(𝒙c)
(

(

2𝜇∗ − 𝜇k
) 𝑎2 + 𝜇k −

𝜇k
)

‖𝑭 c,n‖, (9)

‖𝒖AB,t(𝒙c)‖ s 𝑎4 + 1 𝑎2 + 1
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with

𝜇∗
s = 𝜇s

(

1 − 0.09
(

𝜇k
𝜇s

)4
)

, (10)

and

𝑎 =
‖𝒖AB,t(𝒙c)‖

𝑢𝑘
. (11)

Here, 𝒖AB,t is the relative tangential between the two solids A and B, and
𝑘 is the velocity at which the transition from static to kinetic friction
ccurs, which we set to 0.01 m s−1. This model approximates static
riction by very low sliding velocities and provides a smooth transition
etween static and kinetic friction.

3. Numerical methods

In the following, the numerical methods used for the simulations
re introduced. Note that the all values in Section 3 are given in lattice
nits, unless explicitly stated otherwise.

All methods presented below are implemented in the open source
oftware OpenLB (Kummerländer et al., 2024; Krause et al., 2021),

which is used in this work.

3.1. Lattice Boltzmann method

We use the lattice Boltzmann method (LBM) (Succi, 2001; Krüger
et al., 2017; Sukop and Thorne, 2006) to solve the Navier–Stokes
quations for incompressible flows.

LBM has its roots in gas kinetics, which explains why it operates
at the mesoscopic level and considers the behavior of fluid particle
populations. The discrete velocity distribution function 𝑓𝑖(𝒙, 𝑡) is used
o characterize these populations at a position 𝒙 and time 𝑡. The index
refers to the corresponding discrete velocity 𝒄𝑖, which is given by the
elected velocity set. There are several velocity sets available in liter-
ture (Succi, 2001; Krüger et al., 2017). We choose the D3Q19, which

discretizes the three-dimensional space and contains of 19 discrete
elocities, for the studies in this paper. The populations are also used to
erive macroscopic quantities such as density 𝜌f(𝒙, 𝑡) =

∑

𝑖 𝑓𝑖(𝒙, 𝑡) and
elocity 𝜌f𝒖f(𝒙, 𝑡) =

∑

𝑖 𝒄𝑖𝑓𝑖(𝒙, 𝑡).
The particle populations’ evolution over time is expressed by the

lattice Boltzmann equation that is usually divided into a collision and
treaming step. The former reads

𝑓 ∗
𝑖 (𝒙, 𝑡) = 𝑓𝑖(𝒙, 𝑡) +𝛺𝑖(𝒙, 𝑡) + 𝑆𝑖(𝒙, 𝑡). (12)

Here, the post-collision distribution 𝑓 ∗
𝑖 is obtained using a collision op-

erator 𝛺𝑖 and an optional source term 𝑆𝑖. Furthermore, the propagation
step with 𝛥𝑡 = 𝛥𝑥 = 1 is given by

𝑓𝑖(𝒙 + 𝒄𝑖𝛥𝑡, 𝑡 + 𝛥𝑡) = 𝑓 ∗
𝑖 (𝒙, 𝑡), (13)

which streams the particle populations to their corresponding neigh-
oring lattice nodes.

The simplest way to account for collisions is to relax the distribu-
ions toward their equilibrium 𝑓 eq

𝑖 , as is done by the Bhatnagar–Gross–
rook (BGK) collision operator (Bhatnagar et al., 1954)

𝛺𝑖(𝒙, 𝑡) = −𝜔(𝑓𝑖(𝒙, 𝑡) − 𝑓 eq
𝑖 (𝜌f, 𝒖f)), (14)

with the relaxation frequency 𝜔 that determines the speed of the
relaxation and depends on the effective kinematic viscosity as follows

𝜔 =
(

3
𝜂∗

𝜌f
+ 1

2

)−1
. (15)

The Maxwell–Boltzmann distribution quantifying the equilibrium state
reads (Qian et al., 1992)

𝑓 eq
𝑖 (𝜌f, 𝒖f) = 𝑤𝑖𝜌f

(

1 + 𝒄𝑖 ⋅ 𝒖f
2

+
(𝒄𝑖 ⋅ 𝒖f)2

4
−

𝒖2f
2

)

. (16)

𝑐𝑠 2𝑐𝑠 2𝑐𝑠

3 
The required weights 𝑤𝑖 originate from a Gauss–Hermite quadrature
rule and are fixed for the chosen velocity set, as is the constant lattice
speed of sound 𝑐𝑠. For D3Q19, the latter is 𝑐𝑠 = 1∕

√

3.

3.2. Integration of the truncated power law model

A truncated power law model is often used to consider non-
ewtonian fluids with LBM. This ensures that the shear rate depen-
ent local viscosity does not become too large or too small, causing
nstability or inaccuracy. Consequently, for Eq. (2), the following

applies (Gabbanelli et al., 2005)

𝜂∗ = max(min(𝜏0|𝛾̇|
−1 + 𝑘|𝛾̇|𝑛−1, 𝜂max), 𝜂min). (17)

The maximum and minimum viscosity 𝜂max and 𝜂min are predefined. In
the following studies, we use 𝜂max = 3 and 𝜂min = 3⋅10−3. We emphasize
hat these are lattice units.

Therefore, the only unknown in Eq. (17) is the shear rate. To calcu-
ate it, it is advantageous that for non-forced LBM models the second

momentum of the non-equilibrium part of the particle population 𝑓neq
𝑖

and the shear rate tensor 𝑬 are related by Dapelo et al. (2019)

𝑬 = − 𝜔
2𝜌f𝑐2𝑠

∑

𝑖
𝑓neq
𝑖 (𝜌f, 𝒖f)𝒄𝑖 ⊗ 𝒄𝑖. (18)

Using the above, the shear rate is

𝛾̇ =
√

2𝑬 ∶ 𝑬. (19)

It should be noted that this method of calculating the shear rate has
the advantage of being completely local.

3.3. Homogenized lattice Boltzmann method

In this work, we solve the particulate flow problem using the
LBM (Krause et al., 2017; Marquardt and Krause, 2024; Trunk et al.,

2018), which uses a continuous model parameter, that can be seen as
a confined permeability, 𝐵(𝒙, 𝑡) ∈ [0, 1] to map rigid particles onto
the entire computational domain (Haussmann et al., 2020; Trunk et al.,
2021; Hafen et al., 2023). By using the signed distance to the surface
of the particle in this level set function, the method accommodates
particles of any given shape (Marquardt et al., 2024b).

The exact difference method (EDM) introduced by Kupershtokh
et al. (2009) is adapted to account for the influence of the particles on
he fluid (Trunk et al., 2021), which introduces the following source

term in Eq. (12)

𝑆𝑖(𝒙, 𝑡) = 𝑓 eq
𝑖 (𝜌f, 𝒖f + 𝛥𝒖f) − 𝑓 eq

𝑖 (𝜌f, 𝒖f). (20)

Using a convex combination of fluid and particle velocities (Trunk
et al., 2021)

𝛥𝒖f(𝒙, 𝑡) = 𝐵(𝒙, 𝑡) (𝒖p(𝒙, 𝑡) − 𝒖f(𝒙, 𝑡)
)

, (21)

the velocity difference 𝛥𝒖f(𝒙, 𝑡) is obtained. The coupling from the
luid to the particles follows Wen et al. (2014), leading to the local

hydrodynamic force

𝑭 h(𝒙, 𝑡) =
∑

𝑖
(𝒄𝑖 − 𝒖p(𝒙, 𝑡))𝑓𝑖(𝒙 + 𝒄𝑖, 𝑡) + (𝒄𝑖 + 𝒖p(𝒙, 𝑡))𝑓𝑖(𝒙, 𝑡). (22)

The integral hydrodynamic force is calculated by aggregating the local
orces occurring at all nodes within the particle. These nodes are repre-

sented by the position vector 𝒙b. Thus, the resulting total hydrodynamic
force is expressed as

𝑭 p(𝑡) =
∑

𝒙b

𝑭 h(𝒙b, 𝑡). (23)

The torque is governed by
∑

𝑻 p(𝑡) =
𝒙b

(𝒙b −𝑿p) × 𝑭 h(𝒙b, 𝑡). (24)
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Fig. 1. Sketch of the abstract geometry showing flow direction and geometric param-
eters. 𝐷 = 50 mm is the diameter at the inlet, which is reduced to 𝑑 = 𝐷∕2. The
transition is quantified by the taper angle 𝛼 ∈ {0, 𝜋

8
, 𝜋
4
, 3𝜋

8
, 𝜋
2
}.

3.4. Discrete contacts

The particle–fluid coupling process performs a preliminary contact
detection by evaluating the particle distances at each node. If the
distance between two particles is less than half the cell diagonal (𝑑s <
√

0.75𝛥𝑥), a contact is assumed and an initial approximate cuboid or
bounding box is formed around the contact area. This bounding box
serves as the domain for iterative calculations to determine the param-
eters necessary to compute the contact forces, including the overlap
volume, the indentation depth, and the contact normal. However, the
relatively large lattice spacing often results in an inaccurate bounding
box due to insufficient overlap resolution. To compensate for this,
a refinement step is performed by iterating over the surface of the
initial approximation using a specified number of points in each spatial
direction, known as the contact resolution 𝑁c. Previous studies have
shown that contacts are accurately captured for 𝑁c ≥ 4 (Marquardt
et al., 2023). In this paper we use 𝑁c = 7, a resolution higher than
this minimum threshold, to ensure accuracy. The distance to the actual
contact is calculated at each point in discrete directions, increasing the
precision of the bounding box. Finally, the contact resolution 𝑁c is
used to iterate over the entire overlap region, determining the overlap
volume, contact point, contact normal, indentation depth, and contact
force. For a complete understanding of the algorithm, please refer to
the corresponding publication (Marquardt et al., 2023, 2024a).

4. Setups

4.1. Dimensionless numbers

In the context of a suspension containing fruit particles and a
Herschel–Bulkley fluid flowing through a constricted cross-section as
shown in Fig. 1, the following dimensionless quantities are derived
using the Pi theorem:

• 𝛱1 = Re = 𝜌f𝐷𝑛 𝑢̄2−𝑛

𝐾
• 𝛱2 = 𝛼
• 𝛱3 = 𝑛
• 𝛱4 = 𝜈
• 𝛱5 = 𝜙p
• 𝛱6 =

𝛥𝑝
𝑢̄2𝜌f

• 𝛱7 =
𝐷p
𝐷

• 𝛱8 =
𝑑
𝐷 = 0.5

• 𝛱9 =
𝜌p
𝜌f

= 1
• 𝛱𝜎 = 𝜎

𝑢̄2𝜌f

• 𝛱𝐹 = 𝐹
𝑢̄2𝐷2𝜌f

𝛱1 is the Metzner–Reed Reynolds number (Metzner and Reed,
1955). The last two mentioned dimensionless quantities apply to all
stresses 𝜎 and elasticity modules 𝐸 (𝛱𝜎) as well as forces 𝐹 (𝛱𝐹 ).
To avoid repetition, however, the quantities have only been listed
once. Furthermore, 𝑢̄ refers to the average velocity of the suspension,
𝛼 to the taper angle, and 𝐷p to the particle size as the diameter of a
volume-equivalent sphere.

4.2. Experimental

Preparation of the model fluids. The preparation of the model fluids is
done in three steps. The preparation of liquid and the particulate phase,
followed by a mixing step. The liquid phase consists of 23% sucrose,
4 
1.169% NaCl, 0.924% sodium carboxymethyl cellulose, and 0.0616%
Laponite as a rheology additive to implement a yield point. First, the
sucrose, the carboxymethyl cellulose, and the NaCl are homogenized
into distilled water at 60 ◦C. The carboxymethyl cellulose solution is
then left 24 h for hydration. Then, the Laponite solution is blended in
a ratio of 3 ∶ 2.

The particulate phase is represented by hydrocolloid gels from
1.106% 𝜅-Carrageenan and 1.169% NaCl to imitate the material char-
acteristics of the fruit pieces. 20.5% Sucrose is added to adjust the
density and refractive index matching, necessary for the usage in PIV
experiments. To prepare the gels, the mixture was heated for 30 min
to 65 ◦C and subsequently stored for gelation in 5 L buckets for 24 h
at 7 ◦C. After the gelation the gel is cut into cubes of approximately
10 × 10 × 10 mm and carefully mixed by hand with the liquid phase,
adjusting the particle mass fraction to 30%.

Rheological analysis of the liquid phase. Firstly, the yield points of the
liquid phases are determined through an amplitude sweep. For this pur-
pose, an MCR 102 Rheometer (Anton Paar GmbH, Graz, Austria) with
a CP50-1 cone-plate measuring geometry is used. The measurement is
conducted under shear rate control, with a shear strain ranging from
0.01% to 100% at a frequency of 𝑓 = 10 r ad s−1. After determining the
yield points, flow curves of the samples are created. Hence, the samples
are measured utilizing a controlled shear rate protocol consisting of
four sections. In the first section, pre-shearing is conducted for 60 s at a
shear rate of 𝛾̇ = 0.1 s−1. In the second section, a linear shear rate ramp
from 0.1 to 250 s−1 is applied. The third section involved a holding
time of 60 s at a shear rate of 250 s−1, while in the fourth section,
a downward ramp from 250 to 0.1 s−1 is applied. The evaluation of
the measurement data is performed in MATLAB (The MathWorks, Inc,
Natick, USA). Here, the measurement data of the downward ramp is
utilized to determine the parameters of the nonlinear Herschel–Bulkley
model, see Eq. (2), using the method of least squares.

Mechanical testing. For optical flow measurements, imitates of the
fruit pieces were created. These imitates showed a similar mechanical
behavior as peach samples from fruit preparations without mimicking
the anisotropic behavior (Eysel et al., 2021, 2023). These hydrogels
allow an extensive mechanical testing, since defined probes can be
created. This is used to determine the end of the linear elastic range
and the end of the viscoelastic range in uniaxial compression that is
needed for the determination of the damage potential as described in
4.3. To characterize the mechanical behavior of the hydrogel samples,
an uniaxial compression test is performed with a Z 1.0 (Zwick/Roell
GmbH & Co. KG, Ulm, Germany) testing machine. A 50 mm diameter
compression plate is attached to a Xforce P (5 N) force transducer with
a maximum load of 1 k N. The tests are carried out with a preload
force of 0.1 N. A sheet of paper is placed under the sample, creating
friction between the material and the rigid support to avoid slipping.
Each sample is compressed to failure to register its strength and strain.
A preload force of 0.1 N is reached with a velocity of 15 mm min−1.
Then, the gel sample is compressed with a speed of 5 mm min−1 until
the desired tool distance is reached.

Flow channel. The experimental setup shown in Fig. 2 consists of
tank 1 (1), a pneumatic ball valve (2) (FESTO, Esslingen am Neckar,
Germany), an inlet section (3) with a length of 75.11 cm to ensure a
developed flow, the measurement geometry (4), a magnetic-inductive
flow meter (5) (MID) of the type Promag H300 (Endress + Hauser,
Reinach, Switzerland), and tank 2 (6). The two tanks each have a
total volume of 100 L. They are equipped with two level sensors to
prevent overfilling and air ingress into the pipeline. For this purpose,
the level sensors are coupled to the ball valve via a relay circuit. The
ball valve is only used to open and close the pipeline and not as a
control valve. The flow rate is controlled by pressurizing tank 1 using
a PID controller. For this purpose, an EL-PRESS pressure measuring
and control valve (7) (Bronkhorst High-Tech B.V., Ruurlo, Netherlands)
is integrated in a cascade circuit in LabVIEW (National Instruments,
Austin, United States). The experiments are recorded with a Mini Ax
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Fig. 2. Experiment for the evaluation of the damage potential of different pipe
geometries. The setup consists of tank 1 (1), a pneumatic ball valve (2), an inlet section
(3), the measurement geometry (4), a magnetic-inductive flowmeter (5), and tank 2 (6).

100 (Photron, Tokyo, Japan) high-speed camera operated in the DaVis
(LaVision GmbH, Göttingen, Germany) PIV imaging software.

Pipe geometries. A total of three pipe geometries are used. In order to
validate the numerical simulations, a straight pipe with a diameter of
50 mm and a sudden and gradual cross-sectional change from 50 mm to
25 mm are investigated. Sketches of the pipe geometries are shown in
Fig. 3.

Flow experiments. Approximately 50 L of industrial fruit preparation
and model fluid are passed through the geometries in 20 runs each.
Particle size distribution is determined before and after the experiments
in triplicates. For each experiment, a fresh sample is taken. For gentle
processing of fruit preparations, flow velocities above 1.5 m s−1 are usu-
ally avoided in practical applications. Therefore, the fruit preparations
are conveyed at rates of 20 L min−1 and 40 L min−1. Thus, Reynolds
numbers of 𝑅𝑒 = 2 and 𝑅𝑒 = 5 are set for pipe diameters of 50 mm.
Due to high effort for their preparation, the model fluids are conveyed
at volume flow rates of 20 L min−1, to achieve 𝑅𝑒 = 5.

Determination of particle size distribution. The particle size distribu-
tion of the fruit preparations is determined in triple determination
using wet sieving. Sieving is performed using an Analysette sieve
tower (Fritsch GmbH, Idar-Oberstein, Germany) and six sieves (mesh
sizes: 8, 6.3, 5, 4, 2, and 1 mm). 500 g of the fruit preparation is sieved
with an amplitude of 2 mm for three minutes. The material is sieved
wet for two minutes and dry for one minute. Spraying, at a flow rate
of 1.4 L min−1 at 40 ◦C, is achieved using a sieve cover with three
spray nozzles. The liquid is drained through a sieve tray with an outlet.
Subsequently, the sieves are set up at an angle of 45◦ for five minutes
to allow the remaining water to drain off. The weight of each fraction
is then determined.

The particle size distribution of the model particles is determined by
the analysis of images of samples in Petri dishes. For every conveying
experiment, 20 Petri dishes are filled with sample and pictures are
recorded using a Nikon COOLPIX P7700 (Nikon, Tokio, Japan) digital
camera. The upper surfaces of the containing particles are determined
using ImageJ (NIH, Bethesda, USA) using an Area of 0.0015 mm2 per
pixel, where the measured area is cropped for traceability reasons.
Altogether 1741 particles are measured, an example of the procedure
is shown in Fig. 4. The number of measured particles (𝑛p) ranges from
417 − 467 per experiment.

4.3. Computational

In this section, the simulation setup is described, focusing on the
geometry, studied parameters, discretization, boundary and initial con-
ditions and employed.
5 
Geometry. The simulations focus on the constriction of the cross-
section. The diameter at the inlet is set to 𝐷 = 50 mm and is reduced to
𝐷∕2 in the second part. The transition section is characterized by the
taper angle 𝛼, as shown in Fig. 1. Here, 𝛼 = 0◦ represents an abrupt
change in cross-section, while 𝛼 = 90◦ describes a straight pipe. The
total length of the pipe is 10𝐷, with the left part comprising 70% to
ensure sufficient particle delivery. For 𝛼 < 90◦, the conical narrowing
length is given by 𝐷∕4 t an 𝛼.

Physical parameters. The main parameters of investigation are the
Reynolds number 𝑅𝑒 ∈ {2, 3, 5, 8} and the taper angle 𝛼 ∈ {0, 𝜋8 ,

𝜋
4 ,

3𝜋
8 ,

𝜋
2 }. The decision to focus on these specific parameters is based on
the practical importance of avoiding changes in the formulation of the
product for consumer acceptance. The mechanical properties of fruit
preparations depend on a number of factors, including season, degree of
processing, and recipe. As a result, they are not easily adjusted. Varying
the Reynolds number, on the other hand, allows analysis of the effects
of different speeds on stress, making it a crucial adjustable parameter
during plant design. Similarly, the angle of cross-sectional change can
be adjusted during design. The non-Newtonian fluid is modeled as a
Herschel–Bulkley fluid, with flow index 𝑛 = 0.42, consistency 𝐾 =
13.1 Pa s0.42, and density 𝜌f = 1100 k g m−3, to match the fluid of the
considered fruit preparations evaluated in Section 5.1. Particles are
immersed in the fluid with a particle volume fraction 𝜙p ≈ 0.3. The
cubic particles vary in size, i.e. 𝛱7 ∈ {0.159, 0.2}, and have a Poisson’s
ratio 𝜈 = 0.3, consistent with data reported on apples (Finney, 1967),
and two Young’s moduli of 30 k Pa and 60 k Pa, corresponding to those
of the model particles and the considered fruit particles. For the contact
model introduced in Section 2.3, the steel walls have an elastic modulus
of 190 GPa and a Poisson’s ratio of 0.3 (Chen et al., 2016). Gravity
is neglected due to the similar density of the fluid and particles, and
𝜌p = 𝜌f is assumed. The restitution coefficient in the simulations is 0.9,
the static friction coefficient is 0.15 (Yıldız et al., 2014), and the sliding
friction coefficient is 0.1.

Discretization. During the simulation, the inlet diameter is resolved
with 𝑁 grid points, thus 𝛥𝑥 = 𝐷∕𝑁 . In case of contacts, the contact
region resolution is 𝑁c = 7. The time step size 𝛥𝑡 = 5 μs is chosen to
ensure numerical stability and accuracy, taking into account the con-
straints imposed by LBM (Krüger et al., 2017) and the need to resolve
contacts accurately. The time step size ensures that the relaxation time
remains within acceptable limits and that sufficient time resolution is
achieved to capture the dynamics of particle interactions.

Boundary conditions. A fixed non-uniform velocity profile is prescribed
at the inlet, with no-slip conditions at the walls and a constant pressure
at the outlet. To obtain a realistic velocity profile, a preliminary simula-
tion is performed in a straight pipe of length 6𝐷, where a uniform inlet
velocity corresponding to the mean flow velocity 𝑢̄ is applied. Over the
length of the pipe, this uniform velocity evolves into a fully established
flow profile due to the no-slip condition at the walls. The resulting
flow profile at 𝑥 = 4.5𝐷 is extracted and used as the inlet boundary
condition for subsequent simulations with the same fluid parameters.
The velocity and pressure boundaries are realized using the regularized
method according to Latt et al. (2008), while the no-slip boundary
condition on the curved stationary wall follows Bouzidi et al. (2001).

Initial conditions. To limit the computational intensity of particle-laden
simulations, the fluid velocity field is first computed without particles
and then used as initial conditions for simulations including particles.
Particles inherit the fluid velocity at their center of mass. The total
simulation time is 1.1 s, with the first 0.1 s used to smooth initial
gradients resulting from the particles being initialized without rotation.
Since the initial particle distribution is unpredictable, random particle
positions are generated to achieve a homogeneous distribution, as ob-
served in experiments from tanks and desired in industrial applications.
The initial distributions in a periodic pipe of length 7𝐷−𝐷p are shown
in Fig. 5. The length is chosen to match the front section’s length, with
the reduction by the particle diameter avoiding significant overlaps
with boundaries at the start of the subsequent simulations.
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Fig. 3. Experiment for the evaluation of the damage potential of different pipe geometries.

Fig. 4. Example for the measurement of the model particles before and after the experiments. The outlines of the particles were determined by hand. Scaling with the diameter
of the Petri dishes resulted in an Area of 0.0015 mm2 per pixel, which was used to calculate the upper surface area of the particles.

Fig. 5. Visualization of the initial fruit particle distributions using a resolution 𝑁 = 131 for 𝛱7 = 0.159 (top) and 𝛱7 = 0.2 (bottom).

Journal of Food Engineering 392 (2025) 112473 

6 



J.E. Marquardt et al.

p
b
d
w

a

s

𝐿
f
n
s
d
c
i
o
i
r
T
n
g

T
e
S

Journal of Food Engineering 392 (2025) 112473 
Fig. 6. Relative error of the FIN, FIT, CIN, and CIT damage potential in 𝐿2 norm versus the reference resolution 𝑁 = 151.
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Damage potential. The potential for damage to the particle component
is quantified by the following equation, which we propose as a novel
metric:

𝐷 𝑃 = 1
𝑛

𝑛
∑

𝑗=1

⎧

⎪

⎨

⎪

⎩

1 for 𝜎𝑗 ≥ 𝜎v
𝜎v−𝜎𝑗
𝜎v−𝜎l

for 𝜎l ≤ 𝜎𝑗 < 𝜎v

0 for 𝜎𝑗 < 𝜎l.

(25)

This metric, termed “damage potential”, provides a probabilistic mea-
sure of damage. For this purpose, the probability of damage per data
oint 𝑗 is determined. Subsequently, these are summed up and divided
y the total number of data points 𝑛. Here, the experimental data
escribed in Section 4.2 and shown in Table 1 is used. For stresses
ithin the linear elastic range (𝜎𝑗 < 𝜎l), it is assumed that no damage

occurs, above the viscoelastic range (𝜎𝑗 ≥ 𝜎v), damage is always
ssumed to occur. In the viscoelastic range, the gradual transition is

approximated by a linear progression. The aforementioned damage
potential is evaluated for each type of stress, i.e. normal and tangential
stress due to interaction with the fluid as well as normal and tangential
tress due to contact with other particles and walls.

Grid independence. In the grid independence study we consider 𝛼 = 45◦,
𝑅𝑒 = 5, 𝛱7 = 0.2, 𝐸 = 30 k Pa, and 𝑁 ∈ {81, 91, 101, 111, 121, 131, 141}.
These resolutions are compared to a baseline resolution of 𝑁 = 151 to
confirm grid independence. The results are visualized in Fig. 6, which
shows the relative error of the damage potentials, calculated using the
2 norm as described in Krüger et al. (2017), plotted against the dif-

erent grid resolutions. In the figure, circles represent the fluid-induced
ormal (FIN) stress, squares represent the fluid-induced tangential (FIT)
tress, triangles represent the contact-induced normal (CIN) stress, and
iamonds represent the contact-induced tangential (CIT) stress as the
orresponding causes of the damage potential. In addition, the figure
ncludes lines denoting experimental orders of convergence with values
f 1 and 2. It can be seen that, in general, the error decreases with
ncreasing resolution, more closely following the line for EOC = 2. The
elative error falls below 10% for all damage potentials for 𝑁 ≥ 131.
herefore, 𝑁 = 131 is chosen for the following studies. It is also
oteworthy that the error for the damage potential due to CIT stresses is
enerally higher due to their lower values, as can be seen in Section 5.2.

5. Results

This section presents the results of our research, including both ex-
perimental and computational results. We begin in Section 5.1 with the
results of our experiments, providing an analysis of the data collected.

hen, in Section 5.2, we turn our attention to the computational results,
xploring the results of our simulations and their implications. Next, in
ection 5.3, we validate our experimental and computational results
7 
Table 1
Mechanical behavior of the hydrogel.

Limit Strain in % Stress in k Pa
Linear elastic 6.50 ± 0.47 2.228 ± 0.258
Viscoelastic 22.06 ± 2.02 13.47 ± 1.60
Failure 30.58 ± 2.47 20.27 ± 6.09

by comparison, establishing the reliability and consistency of our find-
ings. In the discussion that follows in Section 5.4, we interpret the
esults, compare experimental and computational data, and consider

the broader context of our findings within the field.

5.1. Experimental

Rheological analysis of the liquid phase. The fitting of the Herschel–
Bulkley model resulted in the following parameters for the fluid of the
fruit preparations. The yield stress is 𝜏0 = 0.653 Pa, the flow index is
𝑛 = 0.42, and the consistency is 𝐾 = 13.1 Pa s0.42. The yield stress
of the model fluid is 𝜏0 = 0.244 Pa, the flow index is 𝑛 = 0.512,
and the consistency is 𝐾 = 2.934 Pa s0.512. The root-mean-square error
(RMSE) of the fit resulted to be 0.5872 for the Herschel-Bulkley model
in comparison to the RMSE for fits with the Casson and the Ostwald-de
Waele resulted in values of 4.1578 and 0.650 respectively.

Mechanical testing. The results of the mechanical testing are shown in
Table 1. The stress limits of the linear elastic and viscoelastic ranges are
used to determine the damage potential as described in Section 4.3.

Damage investigation. Example images of the recorded footage are
shown Figs. 7 and 8. It was observed, that the fruit preparation’s
urbidity increased during the experiment, hampering the identification

of the particle shape. It appears that the share of small particles
expanded, but it can be seen that the recordings can exclusively be
used for a subjective interpretation of the particle damaging. For
he objective analysis, wet sieving is necessary. As it can be seen

in Fig. 8 the distinction of the model particles is not possible from
the image material. Since the model particles are designed for PIV
xperiments, their transparent nature obstructs the inline assessment
f the particle size. Further experiments showed that wet sieving also
as not applicable to the model fluids, since the hydrogel particles
ere washed out during the wet sieving process. Therefore, the particle

ize of the model particles was determined by images of the Petri
ishes filled with samples, that were collected after the experiment as

described in Section 4.2.
The results of the damage investigation of the fruit preparations

are shown in Figs. 9 to 11. These experiments are done to com-
are with the numerical results for the damage potential shown in

Tables 2 to 5. It can be observed that in the experiments with a flow rate
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Fig. 7. Images taken during the conveying experiment with fruit preparations in a smooth constriction and a volume flow of 40 L min−1.
Fig. 8. Images taken during the conveying experiment with the model fluids in a smooth constriction and a volume flow of 20 L min−1.
Fig. 9. Initial particle distribution.

of 20 L min−1(𝑅𝑒 = 1.46), the particle size distribution is comparable
to that of the unconveyed sample. The experiments with a flow rate
of 40 L min−1(𝑅𝑒 = 4.4) resulted in a significant reduction of fractions
above 6.3 mm, both in steady and sudden cross-sectional narrowing,
with the fraction at 5 mm increasing. This cannot be seen in the straight
pipe. Thus, it can be said that the change in cross-section induces dam-
age to the fruit pieces. However, the different types of cross-sectional
changes appear to have only a minor influence on the extent of damage.
This confirms that the angle of narrowing has a minor impact on the
damage potential of the fruit pieces. The experiments also indicate that
the damage potential increases with increasing 𝛱7 = 𝐷p∕𝐷, leading to
a decrease in fractions of larger particles.
8 
In Figs. 12 and 13 the results for the experiments with the model
particles at a volume flow rate of 20 L min−1(𝑅𝑒 = 5.78) are shown.
Since wet sieving was not applicable on the model particles, the his-
tograms show the area of the upper surface of the particles. The model
particles show comparable damaging as the fruit particles. Since the
model particles were cut by hand into cubes, they show a narrow
particle size distribution, with the majority of upper surface areas
between 70 − 130 mm2. After the conveying in the geometry with 𝛼 = 90◦
the fraction between 90 − 100 mm2 shows higher counts than before.
Conveying through the geometry with 𝛼 = 45◦ leads to a widening
of the distribution with a peak in the fraction between 90 − 100 mm2,
whereas the geometry with 𝛼 = 0◦ leads to a further increased in the
fraction between 90 − 100 mm2.

The particle size distribution of fruit preparations was measured
with wet sieving, which is a common method in industrial applications.
Since this method was not applicable to the model particles, the size
reduction of one surface was investigated. This was done to include
damage on the edges of the particles in the evaluation. More research
is needed on the three-dimensional effects of particles, including mor-
phometric estimators obtained by measurement techniques such as CT
scans.

5.2. Computational

The results of the simulation with 𝑅𝑒 = 5, 𝛼 = 45◦, 𝛱7 = 0.2,
𝐸 = 30 k Pa, and 𝑁 = 131 are given in Figs. 14 to 17, showing the
average distance to the center of the pipe in Fig. 14, number of particle–
particle and particle–wall contacts in Fig. 15, fluid-induced stress in
Fig. 16, and contact-induced stress in Fig. 17 versus the length of the
pipe. The plots in Figs. 16 and 17 show the median of the induced
stresses as a line next to the range that includes 90% of the data, shown
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Fig. 10. Particle distribution after experiments with a flow rate of 20 L min−1.
Fig. 11. Particle distribution after experiments with a flow rate of 40 L min−1.
Fig. 12. Initial particle distribution 𝑛p = 419.

as an area. This range excludes the 5% lowest and 5% highest stresses
to highlight trends while minimizing the impact of outliers.

Fig. 14 indicates that the motion of particles is directed towards
the central point of the pipe, due to the narrowing of the pipe’s cross-
section. This leads to a rise in the frequency of particle-to-particle
interactions, as visible in Fig. 15, as they undergo repositioning in the
path leading to the constriction, and subsequently maintain a steady
level of contact. Furthermore, instances of particle–wall contacts are
most prevalent at the onset of the constriction and the area preceding
it, and decrease in the section with a smaller diameter.

Examining Figs. 16 and 17, it is evident that the normal stresses ex-
ceed the tangential component in magnitude. After the constriction, the
fluid-induced stresses decrease in intensity, while the normal stresses
caused by the contacts remain at a comparable level. In addition, an
increase in the tangential stresses caused by contact is observed, which
can be attributed to the higher relative velocities involved.

Tables 2 to 5 show the damage potential of the fluid-induced
normal (FIN), fluid-induced tangential (FIT), contact-induced normal
(CIN), contact-induced tangential (CIT) stresses for 𝑅𝑒 ∈ {2, 3, 5, 8},
9 
Table 2
Damage potential of FIN, FIT, CIN, CIT stress for 𝛱7 = 0.159 and 𝐸 = 30 k Pa.
𝛼 𝑅𝑒 = 2 𝑅𝑒 = 3

FIN FIT CIN CIT FIN FIT CIN CIT

0◦ 0.807 0.489 0.592 0.081 0.848 0.522 0.605 0.070
22.5◦ 0.800 0.485 0.595 0.076 0.853 0.523 0.606 0.071
45◦ 0.763 0.471 0.590 0.079 0.838 0.510 0.598 0.073
67.5◦ 0.680 0.442 0.585 0.078 0.783 0.481 0.599 0.071
90◦ 0.453 0.210 0.574 0.098 0.474 0.205 0.582 0.080

𝜶 𝑅𝑒 = 5 𝑅𝑒 = 8
FIN FIT CIN CIT FIN FIT CIN CIT

0◦ 0.878 0.553 0.626 0.062 0.905 0.572 0.658 0.058
22.5◦ 0.882 0.554 0.632 0.068 0.904 0.574 0.652 0.068
45◦ 0.877 0.551 0.621 0.062 0.905 0.576 0.649 0.066
67.5◦ 0.866 0.542 0.621 0.059 0.908 0.577 0.661 0.063
90◦ 0.489 0.239 0.592 0.061 0.501 0.277 0.605 0.052

Table 3
Damage potential of FIN, FIT, CIN, CIT stress for 𝛱7 = 0.2 and 𝐸 = 30 k Pa.
𝛼 𝑅𝑒 = 2 𝑅𝑒 = 3

FIN FIT CIN CIT FIN FIT CIN CIT

0◦ 0.807 0.482 0.618 0.063 0.842 0.513 0.642 0.059
22.5◦ 0.802 0.481 0.607 0.060 0.858 0.520 0.619 0.063
45◦ 0.778 0.474 0.608 0.063 0.846 0.511 0.622 0.056
67.5◦ 0.667 0.432 0.603 0.071 0.794 0.485 0.623 0.060
90◦ 0.452 0.167 0.585 0.093 0.491 0.178 0.587 0.074

𝜶 𝑅𝑒 = 5 𝑅𝑒 = 8
FIN FIT CIN CIT FIN FIT CIN CIT

0◦ 0.880 0.546 0.657 0.065 0.905 0.566 0.661 0.063
22.5◦ 0.881 0.549 0.656 0.068 0.906 0.568 0.666 0.071
45◦ 0.879 0.547 0.659 0.060 0.907 0.569 0.666 0.057
67.5◦ 0.871 0.545 0.656 0.056 0.907 0.567 0.685 0.062
90◦ 0.496 0.216 0.592 0.058 0.499 0.256 0.608 0.055

𝛼 ∈ {0, 𝜋8 ,
𝜋
4 ,

3𝜋
8 , 𝜋2 }, expressed in radians, 𝛱7 ∈ {0.159, 0.2}, 𝐸 =

30 k Pa, and 𝐸 = 60 k Pa.
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Fig. 13. Particle size distribution of the model particles after the experiments with a flow rate of 20 L min−1. With 𝑛p as number of the measured particles.
Fig. 14. Plot of the average distance to the center of the pipe versus the length of the
pipe.

Fig. 15. Plot of the number of contacts versus the length of the pipe.

In general, the damage potential of FIN stresses is the highest,
followed by CIN stresses and FIT stresses. All these stresses are on a
similar relatively high level, only the CIT stresses have a minor damage
potential.

Furthermore, the damage potential for all stresses increases with 𝑅𝑒.
This trend is consistent across all the tables and angles. The increase in
damage potential with 𝑅𝑒 is more pronounced for FIN and FIT stresses
than for CIN and CIT stresses.

The damage potential for FIN, FIT, CIN, and CIT stresses also varies
with the angle 𝛼. For 𝑅𝑒 ≤ 3, the angle, especially for 𝛼 ≥ 67.5◦, has
higher influence than for 𝑅𝑒 ≥ 5. However, in across all parameters,
a big difference in FIN and FIT stresses is observed for 𝛼 = 90◦, i.e. a
pipe without any cross-section constriction. This is also observed for
10 
Fig. 16. Plot of the fluid-induced stress versus the length of the pipe.

Fig. 17. Plot of the contact-induced stress versus the length of the pipe.

the damage potential due to CIN stresses, but only for 𝐸 = 30 k Pa, for
𝐸 = 60 k Pa those differences vanish.

The changes to the damage potential for FIN and FIT stresses are
only small for the considered sizes 𝛱 = 0.159 and 𝛱 = 0.2. However,
7 7



J.E. Marquardt et al.

𝛱

m

b
s
a
𝛼

p
a

i
a
p
n
m
a
g

p
s
t
i
p
n
d
b
n

Journal of Food Engineering 392 (2025) 112473 
Table 4
Damage potential of FIN, FIT, CIN, CIT stress for 𝛱7 = 0.159 and 𝐸 = 60 k Pa.
𝛼 𝑅𝑒 = 2 𝑅𝑒 = 3

FIN FIT CIN CIT FIN FIT CIN CIT

0◦ 0.746 0.447 0.613 0.147 0.850 0.521 0.621 0.146
22.5◦ 0.714 0.440 0.614 0.149 0.838 0.510 0.622 0.145
45◦ 0.669 0.426 0.614 0.153 0.840 0.512 0.623 0.152
67.5◦ 0.558 0.389 0.612 0.157 0.783 0.476 0.623 0.146
90◦ 0.707 0.319 0.621 0.148 0.758 0.366 0.629 0.149

𝜶 𝑅𝑒 = 5 𝑅𝑒 = 8
FIN FIT CIN CIT FIN FIT CIN CIT

0◦ 0.885 0.550 0.643 0.152 0.915 0.579 0.684 0.139
22.5◦ 0.885 0.554 0.643 0.155 0.916 0.579 0.696 0.137
45◦ 0.885 0.555 0.638 0.153 0.917 0.578 0.685 0.140
67.5◦ 0.872 0.549 0.631 0.142 0.912 0.577 0.680 0.137
90◦ 0.780 0.401 0.652 0.153 0.782 0.434 0.674 0.144

Table 5
Damage potential of FIN, FIT, CIN, CIT stress for 𝛱7 = 0.2 and 𝐸 = 60 k Pa.
𝛼 𝑅𝑒 = 2 𝑅𝑒 = 3

FIN FIT CIN CIT FIN FIT CIN CIT

0◦ 0.839 0.507 0.647 0.156 0.869 0.531 0.648 0.157
22.5◦ 0.827 0.501 0.646 0.156 0.873 0.533 0.652 0.161
45◦ 0.803 0.488 0.639 0.163 0.871 0.531 0.651 0.163
67.5◦ 0.680 0.430 0.632 0.153 0.817 0.496 0.646 0.148
90◦ 0.689 0.295 0.641 0.173 0.723 0.329 0.649 0.167

𝜶 𝑅𝑒 = 5 𝑅𝑒 = 8
FIN FIT CIN CIT FIN FIT CIN CIT

0◦ 0.878 0.541 0.674 0.150 0.914 0.570 0.726 0.141
22.5◦ 0.883 0.547 0.667 0.157 0.917 0.573 0.716 0.145
45◦ 0.886 0.551 0.663 0.161 0.917 0.570 0.718 0.146
67.5◦ 0.878 0.550 0.656 0.158 0.913 0.572 0.715 0.138
90◦ 0.734 0.364 0.672 0.159 0.753 0.410 0.692 0.154

especially at 𝐸 = 60 k Pa, the CIN and CIT stresses cause a higher
damage potential for the bigger particles.

For FIN and FIT stresses the damage potential varies with the
Young’s modulus 𝐸. However, there is no consistent trend. The damage
potential due to CIN and CIT stresses, on the other hand, increases
consistently with 𝐸 and the impact is also pronounced.

In general, the biggest damage potentials result for 𝑅𝑒 = 8, 𝛼 < 90◦,
7 = 0.2, and 𝐸 = 60 k Pa, see Table 5.

The strong dependence on the Reynolds number 𝑅𝑒 is due to the
fact that 𝑅𝑒 represents the ratio of inertial forces to viscous forces in
a fluid. For fluid-induced stresses (FIN and FIT), the increased inertial
forces at higher Reynolds numbers cause the fluid to exert more force
on the surrounding surfaces. Also, the velocity gradients within the
fluid become higher, resulting in higher shear stresses. In the context
of contact-induced stresses (CIN and CIT), the increased inertial forces
at higher Reynolds numbers result in more forceful solid–solid impacts,
resulting in higher damage potential.

Compared to the impact of 𝑅𝑒, the angle 𝛼 has only a small impact,
which is only noteworthy for smaller 𝑅𝑒. However, in these cases, it is
evident that a higher taper angle reduces the damage potential, because
the more sudden the change in the diameter, the higher the chance for
contacts and the bigger the changes in the velocity gradient.

The particle properties, Young’s modulus and particle size, influence
ainly the conduct-induced stresses (CIN and CIT). This is because

the contact forces directly depend on the Young’s modulus and higher
particle sizes of the as rigid considered particles make contacts more
likely.

In summary, the above observations highlight that 𝑅𝑒 has the
iggest impact on the damage potential. The influence of 𝛼 is only mea-
urable for 𝑅𝑒 ≤ 3 and otherwise negligible. In the measurable cases,
 larger taper angle leads to a generally smaller damage potential, for

≥ 45◦. The strong change for 𝛼 = 90◦ is actually caused by the
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change of 𝑅𝑒 in the cross-section constriction. Furthermore, the damage
otential due to contact depends strongly on the mechanical properties
nd size of the particle.

5.3. Validation

The underlying computational framework has already been rigor-
ously validated by quantitative comparisons in previous studies (Krause
et al., 2017; Trunk et al., 2018, 2021; Marquardt et al., 2024b, 2023,
2024a), including the reproduction of the velocity profiles obtained
from PIV measurements on Herschel–Bulkley fluids by the simula-
tions (Eysel et al., 2023). This section extends these validations through
a qualitative comparison of the experimental results in Section 5.1 and
the computational results in Section 5.2, focusing on key observations
that emerge from both approaches.

There is a strong correlation between the experimental and compu-
tational results. First, both methods revealed a significant dependence
of the damage potential on the Reynolds number. As the Reynolds num-
ber increases, we consistently observed a corresponding increase in the
damage potential in both experimental and numerical investigations.
Second, our experimental and computational approaches agreed on the
relatively small effect of geometry, specifically the taper angle, on the
damage potential, as the damage potential due to the angle is much
less pronounced compared to the dominant influence of the Reynolds
number.

The agreement between experimental and numerical results in these
key areas serves as a validation of our research methodology and
results. This agreement not only reinforces the reliability of each ap-
proach, but also provides a more comprehensive and confident un-
derstanding of the phenomena under study. The consistency of the
observations suggests that our numerical models accurately capture
the essential physics of the system, lending credibility to both the
experimental setup and the computational framework.

5.4. Discussion

Our findings, derived from both numerical and experimental stud-
es, consistently point to the local Metzner–Reed Reynolds number
s the most important parameter influencing the damage potential of
articles during transport. This insight is critical because the Reynolds
umber is influenced by both process and design parameters, providing
ultiple avenues for reducing damage potential. In practice, there

re several options, such as adjusting the flow rate or modifying the
eometry to achieve optimal conditions.

Our research suggests that fluid deflection may not be a significant
roblem, primarily due to the nature of the fluid being considered,
ince the impact of the taper angle is less pronounced than that of
he Reynolds number. However, our results indicate that it can still
nfluence damage potential under certain conditions. This effect is
articularly noticeable when the taper angle changes the local Reynolds
umber, highlighting the interrelated nature of these parameters. In ad-
ition, particle-specific factors such as Young’s modulus and size have
een found to influence damage potential. However, it is important to
ote that these parameters are largely dependent on the type of fruit

and its growing conditions, making them less controllable in practical
applications.

The importance of the Metzner–Reed Reynolds number could also
be applied to other critical components in transportation systems, such
as valves and manifolds. Our results suggest that maintaining an ap-
proximately constant Reynolds number also in these parts could be an
effective strategy for achieving uniform damage potential throughout
the transport system. This approach could lead to more consistent
design principles for different components of particle transport sys-
tems, particularly in industries that handle delicate materials such as
fruit. This could lead to reduced waste, improved product quality, and
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potentially economic benefits in industries where minimizing particle
damage is critical.

It is important to emphasize that while our results strongly suggest
hese conclusions, they require further validation across more possible
cenarios and geometries. Applying our results to other geometries,
uch as aseptic valves, is a promising direction for future research,
ince these complex geometries could not be investigated in this study.
urther studies are needed to validate the broader applicability of
aintaining constant Reynolds numbers as a damage reduction strategy

or various system components.
Besides investigating more system components, future research

ould also explore the applicability of these findings to a wider range
f particle types and fluid properties. However, the experiments with
wo different fluids showed similar damage potential at comparable
eynolds numbers. In addition, long-term studies in real-world appli-
ations would be valuable to confirm the practical benefits of designing
ystems based on Reynolds number optimization.

In conclusion, our study provides a basis for understanding and
otentially controlling particle damage in transport systems. By empha-
izing the importance of the Reynolds number and providing insights
nto the role of geometry and particle properties, the results highlight
otential optimizations in system design. In addition, these results
mphasize the need for further, more in-depth studies considering a
ider range of materials and system components to determine further
otential improvements in real-world systems.

6. Summary and conclusions

This study investigates the potential for damage of fruits immersed
in a Herschel–Bulkley fluid during transport through cross-section con-
strictions, using both experiments and simulations. Industrial peach
preparations are therefore conveyed in three different pipe geometries
at a technical scale. Two different volume flow rates are applied, and
the disintegration of the fruit pieces is quantified by wet sieving. Four-
way coupled fully resolved particulate flow simulations are realized
sing HLBM. Its goal is the quantification of the damage potential and
lso the identification of parameters with a strong correlation. The key
indings are summarized below:

• The local Metzner–Reed Reynolds number is the most signif-
icant factor influencing fruit damage during transport. Higher
local Reynolds numbers correlate strongly with increased damage
potential.

• The taper angle of the pipe has a limited direct effect on damage,
but it can affect the local Reynolds number and therefore the
damage potential.

• Particle parameters also influence the damage potential, but are
generally not modifiable in practice:

– The Young’s modulus of the fruit depends on the type of
fruit and its growing conditions, which are inherent and
difficult to control.

– The size of the fruit pieces is a fixed parameter based on
product specifications. Reducing the size to prevent damage
is not feasible as preserving larger pieces of fruit is a key
quality objective.

• Practical recommendation: To minimize fruit damage and main-
tain product quality, it is essential to avoid significant local
increases in Reynolds number. This can be achieved by careful
design of piping systems and optimization of process conditions.

These findings provide actionable insights for optimizing industrial
rocesses, helping to preserve the quality of fruit products and increase
heir value.
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