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Abstract. This paper presents the development of a validated numerical model of granular material
flowability in a heat exchanger using the DEM modelling in STAR-CCM+ software. The model is
developed based on an experiment. The simulation model is validated qualitatively and quantitatively from
experimental data. The comparison between the experimental and simulated velocities, velocity profiles and
mass flowrates demonstrate a high degree of similarity. For instance, the percentage difference of mass
flowrate between the experiment and simulation data is 5.61% and the maximum percentage difference of
the particle velocity is 9.53% which reflects a reasonable level of agreement.

1. Introduction

Baumgarten et al. [1] define granular material as a
collection of aggregates comprising many discrete and
disconnected particles. They are ubiquitous in industrial
and natural processes [1], with numerous applications
ranging from pharmaceutical industries [2] to geological
engineering [3]. The behaviour of granular materials,
particularly their flowability, plays an important role in
industrial processes such as storage, transportation,
mixing, heating, and drying [4]. Understanding and
predicting the flowability of granular materials in
hoppers is essential for optimizing hopper design and
ensuring smooth operation [5].

Numerous experimental studies have traditionally
been used to investigate granular flow, providing
valuable insights into flow patterns [6], discharge rates
[7], and velocity profiles [8], just to mention a few.
However, experimental approaches can be time-
consuming, expensive, and limiting when it comes to
capturing the detailed dynamics of particles and their
interactions. A numerical simulation based on the
Discrete Element Method (DEM) is one of the most
widely used tools for studying granular materials. As
stated by Baleviéius et al. [9], DEM provides a detailed
understanding of granular material behaviour, including
the positions, velocities, and accelerations of individual
particles, as well as the interparticle forces acting
between them. This method allows granular material to
be modelled as an assembly of particles while easily
tracking each particle’s dynamic parameters such as
velocity, position, acceleration, and orientation.
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Balevicius et al. [9] and Balevicius et al. [10] studied
the discharge flow of granular materials in inclined wall
and vertical wall hoppers with the same outlet size. In
their studies, they observed that inclined wall hoppers
are characterized by higher mass flow rates compared to
vertical-walled hoppers; however, they did not address
the effects of friction factors on granular flowability.
Sun et al. [11] investigated the effects of wall friction on
mass discharge rates in vertically walled hoppers with
eccentric outlets. They observed that when the friction
coefficient is high, a greater portion of the particles’
gravitational potential energy is dissipated through
rotational motion due to resistance, thereby decreasing
the mass flow rate.

Despite these findings, granular material flowability
in hoppers remains complex and challenging for
predictive modelling because of factors such as
frictional forces, bulk density variations, and particle
interactions. As stated by Shi et al. [12], the Hertz—
Mindlin (also known as the no-slip) contact model
serves as a default contact model in DEM modelling.
This model accurately and efficiently calculates the
contact forces between particles and their surroundings
[12]. The model comprises normal and tangential forces
[13], which need to be accurately determined through
experiments for more realistic simulations. For DEM
analysis, the main Hertz—Mindlin parameters are [14]:

e Normal restitution coefficient

e Tangential restitution coefficient
e  Coefficient of rolling resistance
e  Static friction coefficient

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(https://creativecommons.org/licenses/by/4.0/).


mailto:samkelok746@gmail.com

EPJ Web of Conferences 347, 01004 (2026)
SCMERD 2025

https://doi.org/10.1051/epjconf/202634701004

The aim of this study is to develop a numerical
model that can be used to predict granular flowability in
a heat exchanger (also known as an inclined wall hopper
or space wedge hopper). The study will validate the
simulated results against experimental data and
determine the factors affecting flowability. By
integrating DEM simulations and experimental
observations, this study aims to provide a better
understanding of granular flowability in heat
exchangers, thereby contributing to the design
optimization of these devices.

2 Numerical Analysis of Granular
Material Flow in Heat Exchanger

2.1. Material Modelling

The material under study is silicon, with properties
given in Table 1. The values presented in Table 1 are
used as reference values and have been obtained through
experimental measurements and literature studies.
Based on DEM studies that use materials similar to
silicon, different restitution coefficients have been
assumed and used. For instance, Qin et al. [15] assume
a restitution coefficient of 0.77, Jian et al. [16] and
Staron et al. [17] assume 0.50, while Grima et al. [18]
assume 0.55. Using these values as references through a
trial-and-error approach, the restitution coefficient was
narrowed down to 0.50.

Table 1. Parameters of silicon granules used for the
simulation [19].

Parameter Value
Particle diameter (mm) 4
Density (kg/m?) 2329
Young’s modulus (GPa) 112
Poisson’s ratio 0.28
Static friction coefficient 0.268

Coefficient of rolling resistance 0.001
Tangential restitution coefficient 0.5

Normal restitution coefficient 0.5

2.2. Geometrical Modelling

The heat exchanger model has an overall length of 430
mm, a depth of 80 mm, a width of 200 mm, and an outlet
opening of 8.8 mm. The cylindrical holes in the
geometry represent the heating elements. Figure la
shows the heat exchanger geometry. In STAR-CCM+,
DEM does not require mesh sensitivity analysis as long
as the mesh size is larger than the particle size [14]. For
this reason, a polyhedral mesher and surface remesher
with an element size of 10 mm were used, generating
35,480 polyhedral cells. Figure 1b shows the meshed
geometry.
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Fig 1. Heat exchanger geometry: (a) isometric view;
(b) mesh analysis.

2.3. Boundary Conditions

The boundary conditions were selected to replicate the
experimental conditions. Particle-wall interactions were
defined using a friction coefficient of 0.25, a restitution
coefficient of 0.5, and zero surface roughness to imitate
the smooth walls of stainless steel. Particles were
introduced at the top of the heat exchanger with a
uniform velocity of 0.5 m/s to provide an initial velocity,
while the outlet was set to allow particles to discharge
freely under gravity. Gravity was set to 9.81 m/s? in the
negative vertical direction.

2.4, Physics Continuum

A physics continuum consists of multiple physics
models, such as material models, selected flow solvers,
and other applicable models. Each continuum represents
a single material that occupies the entire domain it
defines [14]. For this simulation, the main physics
models required within the continuum include
segregated flow, implicit unsteady formulation,
Lagrangian multiphase, DEM, multiphase interaction,
and constant density [14].

2.5. Simulation Results

Particles are injected into the heat exchanger through the
inlet while the outlet remains closed. Figure 2 shows the
filling process, with Figure 2a representing the initial
filling stage (t = 0.15 s) and Figure 2b representing the
fully filled stage (t > 1.2 s). Once the geometry is fully
filled, as shown in Figure 2b, the total number of
retained particles is 94,650. The outlet is then opened to
allow particles to flow out under the influence of
gravity.

Once a stable flow condition is achieved, the particle
flow profile is presented in Figure 3. Particles shown in
red indicate higher velocities exceeding 9 mm/s,
whereas particles shown in blue represent slower flow
velocities approaching 0 mm/s.
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Fig 2. Particles filling the geometry: (a) initial filling stage;
(b) fully filled stage.

Particle Velocity: Magnitude (mJs)

Fig 3. Particle flow velocity profile.

As expected, particles flow faster toward the centre
of the heat exchanger and slower toward the walls due
to particle blockages between the heating elements and
the side walls. Additionally, the particle mass flow rate
was measured and plotted against time, as shown in
Figure 4. Using the averaging method, the mass flow
rate was determined to be 133.16 g/s, as indicated by the

average particle mass flow rate in Fig 4.
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Fig 4. Particle mass flow rate over a period of 10
seconds.

3. Model Validation

The comparison of particle flow velocities between the
simulation and the experiment, as shown in Figure 5,
demonstrates a high degree of similarity. It is evident
that particle velocity is not uniform within the heat
exchanger. Higher flow velocities are observed at the
centre of the heat exchanger, as indicated by the
particles shown in red in the simulation model (Figure
5a) and by the particles shown in green in the
experimental results (Figure 5b). Figure 5 indicates that
the simulation model effectively captures the key
dynamics of particle flow within the heat exchanger.
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Fig 5. Particle flow velocity comparison between: (a)
experimental; (b) simulation data.

Using the same approach for identifying particle
velocities as in the experimental analysis, different
regions were selected and labelled, as shown in Fig. 6
The average velocities in these regions were recorded
and are presented in Table 2 for both experimental
measurements and numerical simulations.
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Fig.6. Particle velocity at different regions.
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Table 2. Particle velocity comparison in different
regions between experimental and simulation data.

. Simulation
Area Exp?rlmental velocity 'Percentage
velocity (mm/s) (mm/s) difference (%)
a 6.83 6.50 4.95
b 5.47 5.50 0.55
c 9.09 10.00 9.53
d 1.63 1.50 8.31

4. Discussion

As expected, Region C exhibits the highest particle
velocities, exceeding 9 mm/s. This behaviour is
attributed to particles near the centre of the outlet having
a direct path to exit, thereby experiencing less resistance
compared to particles near the walls. These findings are
consistent with the velocity profiles obtained both
experimentally and numerically, as shown in Fig 5.

The highest percentage difference between the
experimental and simulation velocity results is 9.53%,
which reflects a good level of agreement, considering
unavoidable experimental measurement errors and
modelling  assumptions inherent in numerical
simulations. Similarly, the mass flow rate of granular
materials was measured as 140.85 g/s experimentally
and 133.16 g/s in the simulation, resulting in a
percentage difference of 5.61%.

Furthermore, the number of particles calculated
experimentally—assuming a particle packing density of
63%—was 95,413, while the simulation yielded 94,650
particles. This corresponds to a percentage difference of
only 0.8%, further demonstrating the robustness and
accuracy of the numerical model.

5. Conclusions

Using experimental values as reference points, the
granular flow within the heat exchanger was
successfully simulated to closely replicate real-world
operating conditions. The Hertz—Mindlin contact model
proved to be an effective and reliable approach for DEM
analysis, particularly when frictional parameters are
carefully determined using experimental data and
supporting literature.

The results demonstrate that particles at the centre of
the heat exchanger flow faster than those closer to the
walls, confirming non-uniform velocity distributions.
The percentage difference between experimental and
simulated mass flow rates was 5.61%, while the
maximum percentage difference in particle velocity was
9.53%. These results validate the accuracy of the
numerical model and establish its reliability for further
analytical studies.

Consequently, the developed simulation framework
can be considered reliable for analysing particle
dynamics in heat exchanger geometries and may serve
as a useful tool for design optimization and performance
evaluation.
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