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A b s t r a c t 

Flowability is of great importance to a lot of processes especially granular material handling 
and heat transfer. In the industry achieving the highest heating efficiency of granular material heat 
exchanger is the most important factor. Heating/cooling area size is one of the critical factors in heat 
transfer processes and is highly dependent on flowability. The complexity of optimizing flowability 
can only be solved in two ways, either through experiment or computational modelling. However, 
the simulation technique is more time efficient and cost effective compared to the experimental 
analysis technique. Nonetheless, the CFD methodology requires prior validation of the model with 
the experiment. This study comprises of the experimental and numerical analysis of granular 
material flowability, and it aims at establishing a balanced flow of spherical silicon particles in a heat 
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exchanger and developing a validated model that can be used for design optimisation. A Discrete Element 
Method (DEM) is employed in Simcenter STAR CCM+ to analyse the flow behaviour and is validated 
qualitatively and quantitatively from the experimental data. The results from both the simulation and 
the experiment exhibit a similar trend, indicating consistency between the two approaches. In both 
cases, the particle velocities are not uniform within the heat exchanger, as variations are observed 
across different regions, from 2 mm/s to 9 mm/s. Specifically, particles near the heat exchanger walls 
experience lower velocities due to higher frictional resistance, while those in the central flow stream, 
especially close to the outlet, move at relatively higher speeds. Quantitatively, the percentage difference 
between the simulation and experimental results is 9.53% for particle velocity and 5.61% for mass flow 
rate, which falls within an acceptable range for computational modelling of granular flow. This level 
of accuracy indicates that the simulation effectively captures the key flow dynamics within the heat 
exchanger, making it a reliable tool for further analysis. The study shows convincingly that the model 
was validated successfully, however investigated heat exchanger is highly inefficient but using the 
validated model can be optimized. 

The study comprises two parts. The first one presents the experimental and numerical particles flow 
analysis of the fluid (granular material), while the second one focuses on the experimental and numerical 
energy transfer (heating/cooling) analysis.

Introduction 

Granular flowability plays a crucial role in numerous industrial processes such 
as material handling, drying and granular material transportation, just to name 
a few. However, as stated by Fernandes et al. (2017), our knowledge of the granular 
material’s mechanics is still lacking and incomplete. For instance, Tahmasebi (2023), 
mentions that because of our lack of understanding of granular flowability, 40% of the 
capacity is estimated to be wasted in industrial operations. As defined by Santomaso 
et al. (2003), granular flowability is the ability of granular particles to freely and 
consistently flow on a regular basis. Numerous studies have investigated factors that 
affect flowability of granular materials in different processing devices such as hoppers 
and rotary drums. Some of these factors include particle surface roughness, Zhang 
et al. (2023), angle of repose, Beakawi Al-Hashemi and Baghabra Al-Amoudi 
(2018), particle size, porosity, particle shape and compressibility, Stanley-Wood 
(2009), just to mention a few.

Experiments conducted with rotary drums provides valuable insight into granular 
flow particularly in understanding particle mixing and segregation (Khan, Xu 2024). 
Zheng and Yu (2015) – have studied the flow behaviour of cohesionless granular 
materials with 100 mm diameter, 2000 kg/m3 density, 106 Pa Young’s modulus and 
0.3 Poisson’s ratio, using the Eulerian method. In this study, they observed a linear 
particle velocity distribution along the mid-cord of the particle bed, which aligns 
well with data previously published by Boateng (1998). Even though the study 
addresses how wall friction of the drum affects slipping, slumping and rolling of the 
particles, they do not address how altering particle friction parameters would affect 
the flowability. 

Khan and Xu (2024) have investigated the effects of varying the drum rotational 
speed, dynamic friction angle and damping ratios on the flowability of granular 
material of mono-sized and poly-sized particles in rotary drums. The study featured 
160 particles with 40 mm diameter, 700 mm particles with 25 mm diameter,  
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ad 2 800 particles with 14 mm diameter. It was observed that higher rotational 
speeds cause particles to collide more frequently thereby rearranging them 
where larger particles, due to their higher inertia, resist centrifugal force 
and tend to remain near the outer edges of the system, and smaller particles 
experience a stronger relative centrifugal force, causing them to migrate toward 
the center. They also observed that increasing the damping ratio enhances 
particle cohesiveness and frictional resistance, leading to reduced segregation 
and slower velocities. However, the study does not address the effects of shape 
irregularity on the flowability as well as varying particle friction factors. 

Jian and Gao (2023) have investigated the flow behaviour of differently shaped 
particles (spherical, non-spherical and their mixtures) in a flat-bottomed hopper 
with vertical walls. Their study looks at plastic ball, mung bean, wooden cylinder, 
wooden ball, wooden cubic and plastic cylinder particles with diameters ranging 
between 4-6 mm, length for cylindrical and cubic particles ranging between 
5-8.5 mm, and density ranging between 476-1592 kg/m3. The results indicated 
flat bottomed hoppers do not completely discharge but form an inclination angle 
at which particles settle relative to the corners of the hopper. The results also 
indicated that the discharge rate of a binary mixture does not always lie between 
the discharge rates of the two single-component particle systems, but if the 
properties of particles in a binary mixture are similar, then their residual 
inclination angles. However, this study does not consider the effects of inclining 
the angles of the hopper on the particle flow behaviour. 

On the other hand Balevičius et al. (2011) have investigated the flow patterns 
of pea grain with diameter ranging between 30-35 mm, density of 500 kg/m3, 
Elastic modulus of 0.3 MPa and Poisson’s ratio of 0.3 in differently shaped 
hoppers. Their study looked at flat bottomed, space-wedged and plane wedged 
hoppers with a fixed outlet size. 1980 particles were filled in each hopper while 
the bottom was closed and left to discharge by opening the outlet and allowing 
particles to free fall. They observed that a plane wedged hopper discharges 
faster compared to the other hoppers, whereas a space wedged hopper creates 
space retarded flow where particles dissipate their kinetic energy through 
contact. In these types of hoppers, particles have more contact with each other 
and their surroundings. They also observed that the flat-bottomed hopper does 
not completely discharge as some particles form a stagnation region along the 
corners. Although this study addresses how different wedged shapes affect 
the flow behaviour, it does not address the effects of varying particle and wall 
friction factors on the flow behaviour. It does not look at how different particle 
shapes would affect the flowability in these hoppers.

Based on the aforementioned studies, it is clear that the dynamic behaviour 
of granular materials can be analysed in two ways. Either through experiment 
or computational modelling. However, the simulation technique is more time 
efficient and economically advantageous when compared to the experimental 
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analysis technique. As stated by Balevičius et al. (2011), the Discrete Element 
Method (DEM) is the most widely used tool for analysing granular materials, 
as it offers a detailed understanding of the individual particle behaviour and 
the interparticle forces acting between them. Shi et al. (2024) states that Hertz- 
-Mindlin is the default model when simulating in DEM. The model consists 
of tangential and normal forces (Mindlin, Deresiewicz 1953), namely (Siemens 
Digital Industries Software 2023):

–	coefficient of rolling resistance;
–	static friction coefficient;
–	tangential restitution coefficient;
–	normal restitution coefficient.
These values are determined through experiments to accurately simulate 

a realistic scenario. Is indicated by Aela et al. (2022), the static friction coefficient 
can be determined using the angle of repose. McGlinchey (2008) defines the 
angle of repose as the angle formed between the slope of granular material 
that is dropped a known height and the horizontal plane. The relationship 
between the angle of repose and the static friction coefficient is given by Beakawi  
Al-Hashemi and Baghabra Al-Amoudi (2018) as shown in following equation.

	 µs = tan θ	 (1)

where:
θ	 –	the angle of repose,
µs	–	the coefficient of static friction.

In this study, a computer simulation based on Discrete Element Method (DEM) 
is used to analyse the flowability of granular material in a plane-wedged hopper 
heat exchange. An experiment is conducted to determine reference values for 
the DEM setup. The study will look at factors affecting flowability of granular 
material in a heat exchanger, then alter the factors to optimise the heat exchanger 
design. 

Experimental and Numerical Study  
of Granular Material Flowability in the Heat Exchanger

The aim of this study is to experimentally investigate the flowability of silicon 
particles in a plane wedged stainless steel heat exchanger that has a fixed 
opening and use the obtained results to develop a numerical model. The study 
determines the factors that affect the flowability and use the factors to optimise 
the design of the heat exchanger. 
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Theoretical Background

Calculations of particles physical parameters 

Calculation of material density is carried out by the following formula:

	 𝜌𝜌𝑏𝑏 =
𝑚𝑚𝑡𝑡
𝑣𝑣𝑡𝑡

 	 (2)

where: 
𝑚𝑡	– the mass of the weighed particles, 
𝑣𝑡	 – the volume of particles, 
𝜌𝑏	 – the bulk density of the particles. 

The volume of the particle is guided by the equation: 

	 𝑉𝑝 = 𝑉𝑉𝑝𝑝 =
4
3𝜋𝜋𝑟𝑟𝑝𝑝

3 	 (3)

where:
𝑉𝑝	– the volume of the particle, 
𝑟𝑝	– the radius of the particle (the diameter of the particle is 4 mm). 

The number of particles the heat exchanger occupies is calculated by the 
formula: 

	 𝑛𝑛 = 𝑉𝑉𝑇𝑇 ∙ 𝜂𝜂
𝑉𝑉𝑝𝑝

 	 (4)

where: 
𝜂 – the packing density fraction of the particles. 

The particle velocity at different areas of the heat exchanger were calculated 
by the equation, as follows:

	 𝜗𝜗 = ∆𝐿𝐿
𝑡𝑡  	 (5)

where: 
𝑣	 – the velocity of the particle, 
∆𝐿	– the distance travelled by the particle and is given as (∆𝐿 = 𝐿2 − 𝐿1), 
𝑡	 – the time taken by the particle to travel through the distance ∆𝐿.

Moment of inertia of the particle, with Newtons second law, the rolling 
resistance formula 𝜇𝑅 was derived to be: 

	 𝜇𝜇𝑅𝑅 = 𝑎𝑎
2𝑔𝑔 cos𝜃𝜃 	 (6)
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where: 
𝜇𝑅	– the rolling resistance coefficient of friction, 
𝑎	 – the acceleration of the particle, 
𝑔	 – the gravitational acceleration, 
𝜃	 – the inclination angle of the angle iron rod. 

The acceleration of the particle is determined using the kinematic equation 
as follows: 

	 ∆𝑠𝑠 = 𝑣𝑣𝑖𝑖𝑡𝑡 +
1
2𝑎𝑎𝑡𝑡

2 	 (7)

where:
𝑣𝑖	 – the initial velocity and is zero, 
𝑡	 – the average time taken for the particle to roll down,
∆𝑠	– the overall length of the stainless-steel angle. 

	 𝑎𝑎 = 2∆𝑠𝑠
𝑡𝑡2  	 (8)

Model meshing

Polyhedral meshes provide a balanced solution for complex mesh generation 
problems. They are relatively easy and efficient to build and occupy less discretized 
entities considering other traditional meshing approaches like tetrahedral and 
hexahedral considerations. The polyhedral meshing model utilizes an arbitrary 
polyhedral cell shape in order to build the core mesh. In Simcenter This mesh 
is constructed from an underlying tetrahedral mesh, utilizing a unique dualization 
scheme. The polyhedral cells that are created typically have an average of 14 cell 
faces. This high face count improves cell face-to-centroid orthogonality, which 
benefits this case by providing the capability for higher-order flow capturing.

Source smoothing using cell clustering is an important consideration in 
situations where high-density DEM flow is present. The solver requires a volume 
fraction of less than one, concerning polyhedral cell volume and particle volume, 
to both resolve particle trajectory and flow determination. Simcenter STAR-CCM+ 
resolves this high-density DEM flow by employing source smoothing using cell 
clustering. This mechanism spreads the effect of large particles across multiple 
cells, hence resulting in a lowered volume fraction while maintaining gaseous 
flow resolution in the background mesh.
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DEM model

Discrete Element Modelling (DEM) is a method to predict the interaction 
between discrete particles, particularly in cases where particle-particle interaction 
dominates the macro behaviour of a system. In this case, DEM is well suited 
to predict the many inter-particle interactions and particle-wall interaction as 
the ore particles into the experimental domain. DEM, however, can be very 
computationally intensive as each particle interaction must be calculated 
at every time step as the simulation progresses through time. To greatly 
save computational time, though, a mesh-less approach could be considered. 
This assumption only holds in scenarios where the gaseous phase has minimal 
influence on the particulate phase. This however is not the case for the simulation 
considered, there for a more traditional approach is considered with a well-defined 
background poly-dominant mesh. 

Multiphase interaction model

The results of a DEM simulation leverage heavily on specific particle- 
-dependent properties. Before a simulation is to be completed, a thorough 
investigation is to be conducted to determine:

–	 Tangential and normal Restitution coefficients;
–	 Static Friction coefficients;
–	 Youngs Modulus;
–	 Possible particle cohesion.
These values should be tuned to closely correlate with an experimental setup. 

This will then enable a high order of accuracy considering particle-particle 
interactions as well as particle-wall interactions.

The Hertz-Mindlin model is a commonly used contact model used to define 
particle and particle-wall interactions. This model is employed to simulate the 
contact behaviour between particles, taking into account the elastic and non- 
-elastic components of the contact force.

Experimental study of granular material flowability  
in the heat exchanger

Equipment description 

The numerical modelling of the heat exchanger to study the energy transfer 
from heating elements to the granular material requires knowledge of the 
particle’s movement inside the exchanger. A dedicated test rig was designed and 
built by Drytech International (Pty) Ltd to test the material flow behaviour inside 
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the exchanger. The dimensions of the developed device are shown in Figure 1a, 
an isometric view of the device in Figure 1b and the prototype of the test rig 
in in Figure 1c. The heat exchanger takes shape of the plane-wedged hopper 
which is made from 2205 stainless steel and glass wall (to facilitate observation) 
on one side. The overall dimensions of the heat exchanger were 430 mm length, 
80 mm depth, 200 mm width, and adjustable outlet, which for this experiment 
was fixed at 80 by 8.8 mm. Later shown, a tape measure was placed on the side 
of the heat exchanger to help measure the distance travelled by the particle. 
To ensure precision, a digital camera is employed to capture the dynamic flow 
of particles. The recorded footage is then analysed to determine particle velocities 
at various sections of the heat exchanger by measuring the time taken for 
particles to move between specific points. In this set up, the heat exchanger was  
fixed to a frame, leaving sufficient space between the outlet and the ground, 
to let the particles flow easily under the influence of gravity. The geometry also 
features five tubes at the positions indicated in Figure 1 that are to be fitted 
with the heating elements during the energy transfer experiment. At this stage 
of research (particles flow movement), the tubes are replaced with 2205 stainless 
steel cylinders. The particles are loaded into the heat exchanger at the top, 
through the inlet and are at discharged at the bottom through the outlet.

Material description

In this study, mono-sized spherical silicon particles with 4 mm diameter, 
112 GPa Young’s modulus and 0.28 Poisson’s ratio (MatWeb 2024) were used as the 
experimental material. Particles were coloured with four different colours (mainly 
brown, blue, green and white) prior to the experiment to enhance visualization 
and tracking of flow behaviour within the heat exchanger. This approach allows 
for a clearer distinction between different flow regions, stagnant zones, and 
velocity variations. This colour variation method helps improve the accuracy 
of flowability assessments, since the trends are easily observable. Other properties 
of the material, mainly the friction factors, had to be determined with an aid 
of experiment.

Particles size distribution

Material particles size of granular material generally is described in the 
form of normal particle size distribution (PSD) known as log-normal distribution, 
shown in Figure 2, based on Gaussian distribution, where x axis represents 
particles size and y axis represents volumetric/mass percentage of particles 
passing specific size in total volume/mass. The material in this experiment has 
PSD = 100 because all particles have the size = 4 mm. 



Technical Sciences	 28, 2025

44	 Samkelo M. Khumalo et al.

Fig. 2. PSD of granule material

Calculation of the material bulk and specific density

Silicon particles with the average diameter of 4 mm was the granular material 
under this study. Through the experiment, the bulk density ρb, which as defined 
by Kumar (2023), is the mass per unit overall volume occupied by the material 
(where the volume includes voids) was calculated by formula, Equation 2.

The calculation process was conducted as follows: 
1.	 A certain amount of particles was weighed inside a glass beaker as shown 

in Figure 3. The beaker was weighed first, so that its mass is removed from the 
total weight of the silicon particles. 

Fig. 3. Weighing the silicon particles
Source: Drytech International (Pty) Ltd
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2.	 Next the volume of particles in beaker was measured by reading a scale 
on the beaker. 

The weighed mass 𝑚b of the silicon particles in the beaker was: 

𝑚b = 1095.7 g. 

The measured volume 𝑣b of the particles in the beaker was: 

𝑣b = 500 ml. 

Therefore, the bulk density ρb of the silicon particles calculated by formula, 
Equation 2 becomes:

𝜌𝜌𝑏𝑏 = 1095.7
1000 ∙ 500 ∙ 10−6 = 2191.4 kg/m3. 

The specific density of the material was calculated in the following way. 
The beaker with particles inside was slowly filled with the water to level 
of particles occupied beaker. The amount of water 𝑣w used was 198 ml. 

The weighed mass of the silicon particles in the beaker was still the same: 

𝑚s = 1095.7 g.

The volume 𝑣s of the particles in the beaker this time was: 

𝑣s = 𝑣b – 𝑣w = 500 – 198 = 302 ml.

Using the formula, Equation 2 we can calculate the specific density ρs of the 
material:

 𝜌𝜌𝑠𝑠 = 1095.7
1000 ∙ 302 ∙ 10−6 = 3628.14 kg/m3. 

Measurements of the material angle of repose

The angle of repose, which as defined by McGlinchey (2008) is the angle 
that is formed by a pile of the granular particles on a horizontal platform, was 
measured to be 15°. The process of measuring the angle of repose requires that 
particles are dropped from a certain height onto a flat surface and then measure 
the pile angle. However, the spherical particles were difficult to contain at a single 
area, since they roll. To successfully obtain the angle of repose, a cylindrical pot 
was used to constrict the particles from rolling around as seen Figure 4, where 
only the piled part was measured. Based on Carr classification of flowability 
(Beakawi Al-Hashemi, Baghabra Al-Amoudi 2018), angle of repose lesser 
than 30° implies that the material is very free flowing. 
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Fig. 4. Measuring the angle of repose 
Source: Drytech International (Pty) Ltd 

Calculation of rolling resistance coefficient

An experiment to find the coefficient of rolling resistance was performed, 
where a 1319 mm long stainless-steel angle iron bar was placed at an angle 
of 2.7° is shown in Figure 5. In this experiment, a silicon particle with a diameter 
of 4 mm is released and left to roll down the length of the bar. The time taken for 
the particle to roll down along the length of the bar is recorded. The experiment 
was done 10 times, and the results were averaged for accuracy. 

Fig. 5. Experimental set up for rolling resistance calculation 
Source: Drytech International (Pty) Ltd 
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The averaged time was 11.60 seconds. Through the application acceleration 
was calculated by formula, Equation 8 and the rolling resistance was calculated 
by formula, Equation 6. 

𝑎𝑎 = 2 ∙ 1.319
(11.6)2 = 0.0196 m/s2 

𝜇𝜇𝑅𝑅 = 0.0196
2(9.81) cos(2.7) = 0.001 

Experimental procedures

The order of the experiment follows the determination of flow profiles, particle 
velocities and finish with particle mass flow rate. To achieve this, the procedures 
followed include:

–	calculation the number of particles in heat exchanger;
–	measurements of particles flow rate; 
–	measurements of particles velocities in selected areas of heat exchanger.

Calculation the number of particles in heat exchanger. For the 
flowability of granular materials test, the heat exchanger is filled with differently 
coloured particles as seen in Figure 6. To calculate the number of particles 
that the heat exchanger can retain, the volume of the heater exchanger and 
the volume of a single particle were used. The volume of the heat exchanger Vt 
is calculated by the formula, Equation 9. 

For simplification, a single rectangular prism with empty spaces is assumed. 
The empty spaces include the 5 cylindrical holes and the two triangular spaces 
at the bottom of the test rig. 

VT = volume of solid – volume of empty spaces

	 𝘝𝘝𝑇𝑇 = 𝐿𝐿 ∙ 𝑊𝑊 ∙ 𝐻𝐻 − 5 ∙ 𝜋𝜋𝑟𝑟𝑒𝑒2𝑥𝑥 − 0.5 ∙ 2 ∙ 𝑏𝑏 ∙ ℎ ∙ 𝑙𝑙 	 (9)

where: 
𝐿	 – overall length of the heat exchanger, 
𝑊	– overall width of the heat exchanger, 
𝐻	 – overall height of the heat exchanger, 
𝑟𝑒	– the radius of the radius of the heating elements, 
𝑥	 – the height of the heating element (equal to the width of the heat exchanger),
b	 – the base edge of the triangular section, 
h	 – the height of the triangular section, 
𝑙	 – the length of the triangular section. 
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Fig. 6. The heat exchanger filled with particles 
Source: Drytech International (Pty) Ltd 

𝘝𝘝𝑇𝑇 = 200 ∙ 80 ∙ 430 − 5 ∙ 𝜋𝜋(25.4)2(80) − 0.5 ∙ 2 ∙ (95.6) ∙ (80) ∙ (130), 
𝑉𝑇 = 5.075028033E+6 mm3. 

Figure 7 shows the calculated volume of the heat exchanger through 
Solidworks, which corresponds to the calculated volume above. 

Fig. 7. Volume of the heat exchanger calculated through Solidworks Software

The volume of the particle is obtained using the formula, Equation 3: 

𝑉𝑝 = 33.51 mm3. 

The number of particles that the heat exchanger occupies is calculated by the 
formula, Equation 3: Packing density measures how efficiently granular particles 
fill up the space within the given volume. As stated by Kallus (2016), for 
spherical particles with the same size, the packing density for random packing 
is approximately 64%, whereas Hao (2008) approximates it to 63%. Therefore, 
assuming the packing density of 63%, the number of particles in the heat 
exchanger is approximated to n=95,413 by using the formula, Equation 4: 
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𝑛𝑛 = 5.075028033𝐸𝐸+6  ∙ 0.63
33.51  

n ≈ 95,413 particles.

Measurements of particles flow rate. To determine the mass flow through 
the heat exchanger, three runs of flow measurements were conducted, each con-
taining five experiments for accuracy. The averaged measurements are presented 
in Table 1 and the graph of mass flow for all runs is depicted in Figure 7. It was 
calculated that the mass of one particle is 0.07343 g and the average material 
weight for all runs is 140.8 g/s, which results in a flowrate of 1917 particles/sec 
flowing out of exchanger. 

Table 1
Mass flow rates measurements

Runs Average mass 
[g] 

Average flow time 
[s] 

Average flow rate 
[g/s] 

Run 1 4398.27 30.83 142.65 
Run 2 3951.96 28.1 140.64 
Run 3 3950.72 28.4 139.11 

Fig. 7. Mass flow rates through the heat exchanger 

Measurements of particles velocities in selected areas of heat ex-
changer. A tape measure is affixed to the side of the heat exchanger (on the 
glass side), as illustrated in Figure 8. To ensure precision, a digital camera 
is employed to capture the dynamic flow of particles. The recorded footage 
is then analysed to determine particle velocities at various sections of the heat 
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exchanger by measuring the time taken for particles to move between specific 
points. To facilitate the observation of velocity profiles, the heat exchanger is 
filled with particles in four distinct colours, as depicted in Figure 8. Figure 8 
shows particles that are initially stationary and then when they begin flowing. 
The observations reveal that particle flow rates differ across sections of the heat 
exchanger, with some areas experiencing lower resistance than others. 

Fig. 8. Depictions of granular material movement in the heat exchanger
Source: Drytech International (Pty) Ltd

Particle velocity is an important parameter which characterises the flow. 
In the heat exchanger experiment, four areas were identified to measure particle 
velocity. These four areas are identified and named as presented in Table 2.

Table 2
Naming of areas for velocity measurements, see Figure 9

Symbol Name 
a area between two lower tubes 
b area between two top tubes 
c area between lower right tube and the wall 
d area between the top right tube and the wall 

For the sections listed in Table 2, a particle is tracked as it moves between 
two points, L1 and L2, while recording the time taken to travel between them. 
L1 serves as the starting point, and L2 is the endpoint. The time required for the 
particle to flow from L1 to L2 is carefully measured and recorded. The distance, 
L, is measured from the start of the glass wall to the outlet, as marked by the tape 
measure. Table 3 presents the experimental results, while Figure 9 illustrates 
how the video was utilized to determine both the travel time and the distance 
covered by the particle. 
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Fig. 9. Photographic frames of granular material flow: a – channel between two lower tubes,  
b – channel between two top tubes and c – channel between lower right tube and the wall,  

d – channel between top right tube and the wall
Source: Drytech International (Pty) Ltd
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Table 3
Distance and time taken for the particle to flow  
between two points across the heat exchanger

Area L1 
[mm] 

L2 
[mm] 

Time 
[s] 

Velocity 
[mm/s] 

a 252 352 11 9.09 
b 40 122 12 6.83 
c 220 290 43 1.63 
d 40 122 15 5.47 

The particle velocity at different areas of the heat exchanger were calculated 
by the formula, Equation 5. As a sample calculation the velocity in area (a) 
is calculated as:

𝜗𝜗 = 𝐿𝐿2 − 𝐿𝐿1
𝑡𝑡 = 352 − 252

11 = 9.09 mm/s .

Through observations from Figure 7, and calculations presented in Table 3, 
area (a) has faster flowing particles whereas area (c) has the slowest flowing 
particles. Moreover, the results obtained from the experiment, including the 
mass flow rate at the outlet, particle velocities at various sections, friction 
factors as well as the velocity profile, are used as reference values to calibrate 
the simulation. This ensures that the simulation produces results that closely 
match the experimental data. 

Numerical simulation of granular material flow  
in the heat exchanger 

This section demonstrates the flow behaviour of granular materials within 
a heat exchanger. It details the simulation setup in STAR-CCM+, outlines the 
relevant physics applied in the Discrete Element Method (DEM) simulation, 
required for validation the simulation results against experimental data. 
The experimental values are used as reference points for the simulation. Das 
and Gautam (2024) explains that when two bodies come into contact, they 
undergo a finite deformation. Hertz contact theory accounts for these deformations 
when they occur under external loading. As stated by Thornton et al. (2013) 
Hertz-Mindlin (also referred to as no-slip model) is a standard model used 
to describe interactions between particles and their surrounding geometry. 
This model provides an effective and accurate method for calculating contact 



Technical Sciences	 28, 2025

	 An Experimental and Numerical Investigation of Particles Fluid…	 53

forces between particles and geometrical surfaces (Shi et al. 2024). As stated 
by Li et al. (2023), this model is a foundation in DEM analysis.

The main forces in DEM analysis are: 
–	static friction coefficient; 
–	coefficient of rolling resistance; 
–	normal restitution coefficient; 
–	tangential restitution coefficient. 
These forces are determined through the experiment. The static friction 

coefficient 𝜇𝑠 depends on angle of repose and is given by formula, Equation 1: 

𝜇𝑠 = tan θ,

where: 
𝜇𝑠	– the static friction coefficient, 
θ	 – the angle of repose (through the experiment, it has been found to be 15°).

Therefore: 
𝜇𝑠 = tan 15 = 0.268. 

The rolling resistance coefficient , calculated in the previous section is 0.001.
Restitution coefficients as stated by Wang et al. (2024), is a very important 

particle property, especially in granular material simulation, where it governs 
the kinetic energy loss when particles interact through collisions. Ahmad et al. 
(2016) adds that this parameter describes the amount of energy that is lost 
during contact in particle dynamic collisions. The parameter ranges between 
0 and 1, where 0 indicates complete energy loss and 1 indicates no energy loss. 
The values used in the model are discussed later.

Model geometry and meshing 

Figure 10 shows the isometric view and the meshed view of the heat exchanger 
that is used for the simulation. The main geometrical parameters of the heat 
exchanger are an overall length of 430 mm, thickness 80 mm and width 200 mm. 
The geometry surfaces were split by patch into the heater elements, inlet, outlet 
and walls. The geometry has five hollow secular sections at different locations as 
shown in Figure 10. An automated mesh with the selected Meshers of Surface 
Remesher, Automatic Repair and Polyhedral Mesher was used to mesh the 
heater geometry. The base size of the mesh was selected as 0.01 m with a Target 
Surface Size (percentage of Base as 45%). The model contains a number of 35,480 
polyhedral cells. 
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Fig. 10. Wedge-shaped heat exchanger (hopper) geometry: a – Isometric view, b – meshed view 

Continua physics 

A physics continuum comprises of several physics’ models, including material 
models, flow solvers of choice and other relevant models. Every physics continuum 
denotes a single material that exists in every area covered by the continuum. 
For this simulation, the required physics models in the continuum are: 

–	Gas; 
–	Segregated Fow; 
–	Gradients; 
–	Three Dimensional; 
–	Constant Density; 
–	Implicit Unsteady; 
–	Laminar (Viscous regime); 
–	Gravity; 
–	Lagrangian Multiphase; 
–	Discrete Element Model (DEM); 
–	Multiphase Interaction; 
–	Solution Interpolation.

DEM (Lagrangian Multiphase) model 

A Lagrangian Multiphase model is used to define the interaction between 
the discrete phase of solid granular particles and the continuous background 
phase of the gas domain within the heater geometry. The granular particles are 
chosen from the Lagrangian phases, using the following models: 



Technical Sciences	 28, 2025

	 An Experimental and Numerical Investigation of Particles Fluid…	 55

–	DEM Particles (Particle type); 
–	Pressure Gradient Force (selected automatically); 
–	Spherical particles (particle shape); 
–	Solid (Material); 
–	Constant Density; 
–	DEM Trap Walls (Optional models). 
The selected material is silicon with the calculated density of 3628.14 kg/m3, 

and the Poisson’s ratio of 0.28. The Lagrangian multiphase is set to be bounded 
by stainless steel walls (just as with the experiment). 

Multiphase interaction 

This continua model describes the interactions between the Lagrangian 
phases and the boundary conditions. The boundary interactions defined for this 
model are the particle-to-particle and particle-to-wall interactions. The following 
models were selected within the interaction: 

–	DEM Phase Interaction; 
–	Hertz Mindlin; 
–	Rolling Resistance. 
Hertz-Mindlin parameters (the friction coefficients), are the key parameters 

that affect the macroscopic behaviour of the non-cohesive bulk material 
(Wensrich, Katterfeld 2012). These parameters need to be calibrated well 
in the simulation based on the experimental data, to give more realistic results 
corresponding to the experimental data. The obtained values for the Hertz- 
-Mindlin frictional factors through the experiment are: 

–	Static friction coefficient (obtained as 0.268); 
–	Coefficient of rolling resistance (obtained as 0.001). 
Restitution coefficients were varied between 0.4 and 0.65 based on  

studies (that involve similar material as Silicon) conducted by Qin et al. (2019) 
(assumes 0.77), Jiang et al. (2025) (assumes 0.5), Staron, Hinch (2007) 
(assumes 0.5), Grima, Wypych (2011) (assumes 0.55). Through trial and error, 
the normal and tangential restitution coefficients were set to 0.5, which agrees 
with Jiang et al. (2025), who uses material with same diameter and the particle 
density as this study.

Regions 

The faces of the heat exchanger are assigned to regions. Only the inlet and 
the outlet boundaries are set to pressure inlet and outlet. 
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Field functions 

Field functions allow for access to fields such as vector or scalar data evaluated 
at boundary faces or cells. Field functions may be used to specify boundary and 
regions values. The following are the field functions that have been set for this 
simulation: particle flow_rate (12/${TimeStep}) and particles to retain (95,000). 
The particle flow rate function stated that 12 particles are injected into the 
geometry per each TimeStep set up to 0.01 s. 

Reports 

Reports to count the number of particles maintained inside the heat exchanger, 
the mass flow rate of particles at the outlet, and the particles to be replaced 
have been created. These reports are then monitored and plotted against time. 

Injector 

Particles enter the fluid continuum by injectors. The injectors determine 
where, in what direction, and at what frequency the particles enter the domain, 
whereas the Lagrangian phase specifies which particles enter and how they 
behave. A part injector was selected for the injection of this simulation. This part 
injector generates a cloud of injection points that are positioned in accordance 
with the geometry of the parts that are selected. Figure 11 shows the conditions 
and values that apply to the assigned Lagrangian phase, which in this case 
is silicon particles. The values have been set as follows, the particle diameter 
is 0.004 m, particle flow rate is constant and is defined by a field function 
${Particle replacement_rateReport} with dimensions as per time. 

Fig. 11. Injection manager conditions
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Results and discussion of model’s flowability simulation

Initially the outlet is closed to let the geometry be filled with the particles. 
The inlet is then opened to let the particles flow in. These are 4 mm diameter 
silicon particles are subsequently given an initial velocity of 0.5 m/s. Figure 12 
shows the filing process of the particles into the heat exchanger. 

Fig. 12. Particle filling with the outlet closed

To fill up the heat exchanger, the inlet is opened while the outlet is left closed 
till particles completely fill it up. The number of particles is then counted using 
the Particle count report. The counted number of particles retained in the heat 
exchanger is averaged to 94,650 as shown in Figure 13. This is the number 
of particles when the flow is balanced. For the particle flow to be balanced, the 
heat exchanger’s outlet is opened to let the particles flow out, while simultaneously 
filling through the inlet. The balanced flow is attained when there is a constant 
number of particles maintained in the heat exchanger without creating any 
empty spaces. From Figure 13, it is clear that a balanced flow is attained 
at about 2.5 seconds. 

A replacement report and monitor are also created to determine the number 
of particles needed to be replaced (move their position) in the heat exchanger to 
keep it balanced. Figure 14 shows a relationship between the particle replacement 
rate into the geometry and time. Figure 13 and Figure 14 show an inverse 
relationship, where the replacement rate decreases with an increase in the 
particles being counted in the heat exchanger. This trend significantly shows 
that the number of particles needed to be replaced in the heat exchanger will 
decrease when the number of particles counted in it is getting closer to 94,650. 
When the number of particles decreases, the replacement rate monitor will 
increase to meet the number of particles needed. Once the replacement rate 
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monitor and the particle count report are stabilized, the flowrate of the particle 
into and out of the geometry will also stabilize. 

When the replacement rate monitor and particle count report have stabilized, 
the particle flow rate entering and exiting the heat exchanger also stabilizes. 
Figure 15 illustrates a balanced particle flow within the heat exchanger. 
Particles in red represent fast flow with velocities exceeding 0.009 m/s, while 
particles in blue indicate slower flow with velocities near 0 m/s. It is also clear 
in Figure 15 that particle flow is most intense at the centre of the heat exchanger 
and diminishes toward the sidewalls. 

Additionally, a report was generated to monitor the mass flow rate at the 
heat exchanger’s outlet. Figure 16 shows the mass flow rate of the particles 
at the outlet of the heat exchanger per unit time. The average mass flow rate 
of the particles was obtained as 133.16 g/s as shown by the average particle 
mass flow legend in Figure 16.

Fig. 13. Number of particles counted in the heat exchanger for a given time

Fig. 14. Relationship between particle replacement rate and time
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Fig. 15. Balanced flow in the heat exchanger

Fig. 16. Particle mass flow rate at the outlet of the heat exchanger 
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Model validation 

The validation of the simulated results confirms that the model’s geometry 
is identical to that of the experimental apparatus. The model exhibits identi-
cal mechanical and geometrical properties to those of the experiment. The fit-
for-purpose CFD model was successfully validated and can further be applied 
for further studies on the performance of granular material heat exchangers. 
Through the experiment and an assumption of the packing density of 63%, the 
calculated number of particles was 95,413, however, through simulation it has 
been obtained as 94,650, which is reasonably close, 0.8%. Just as with the exper-
iment, velocities at different sections of the model were determined. Areas a to d 
are named in the same order as presented shown in Figure 17 and in Table 2. 
The simulated velocities are compared to the experimental data and presented 
in Table 4. It is clear from the comparison that the velocities are close just as 
expected. The calculated mass flow of the particles through the experiment 
is 140.85 g/s, whereas through the simulations it has been obtained as 133.16 g/s. 

Fig. 17. Naming of areas in the model for velocity comparison between the experiment  
and the simulation (description in text)

Table 4
Particle velocity comparison between the experiment and the simulation

Area Simulated velocity range 
[mm/s] 

Experimental velocity 
[mm/s] 

a 9 to 11 9.09 
b 6 to 7 6.83 
c 1 to 2 1.63 
d 5 to 6 5.47 
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Through inspection, it is observed that velocity profiles of particles flowing 
through the heat exchanger are also similar. Figure 18 shows that highest 
particle velocities are experienced at the centre of the heat exchanger. 

Fig. 18. Velocity profile: a – simulated model, particles position in two-time instances,  
b and c – experimental model 

Conclusion 

Through the successful model validation process was proved the main 
objective of this work, namely “CFD technology, in this case (STAR CCM+) 
can be successfully employed in optimizing the heat exchanger flowability by 
evaluation of granular material flow through changing its geometry and that 
of the heating elements”. Additionally, was observed the following:

–	The heat exchanger performance is greatly dependant on the geometry 
of the heating elements and their installation configuration as well as the size 
of the outlet.

–	To maximise performance, the particles must flow uniformly through the 
exchanger and there must not be any blockages to the flow.

–	The contact area (heating element and material) must be as large as possible 
with particle velocities passing the heating elements at uniform velocities.

–	The efficiency of the heat exchanger strongly depends on the type of material, 
especially the material flowability parameter.
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