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Numerical Simulation of Conveying Fine Powders in a Screw Conveyor Using the Discrete
Element Method

Marko Motaln*, Tone Lerher

Abstract: Due to their high efficiency and spatial utilization, screw conveyors are widely used in pharmacy, agriculture, and industry. Recently, this has made it a popular research
subject in the numerical modelling of the transport of bulk solids. Modelling of granular systems at the level of individual particles is mainly possible due to the use of discrete
numerical methods. The most common is the use of the Discrete Element Method (DEM), which is still limited from the point of view of simulations on an industrial scale, as
increasing the size of the system also increases the cost of simulation. Certain powders with low density, large angles of repose, poor fluidity, and bad flowability can accumulate
during transportation, causing inaccurate and non-uniform movement. Additionally, the friction and impact between the particles can cause wear. To address these issues, the
present study utilizes the discrete element method to simulate and analyse powder transportation in an inclined screw conveyor using the commercial software ANSYS-ROCKY.
Numerous phenomena that arise while transporting and feeding small-sized or irregularly shaped particles, often present in industrial processes, remain insufficiently investigated.
This paper aims to analyse the transportation process of adhesive powders in a screw conveyor, with a focus on evaluating the impact of different screw blade speeds on transport.
Multiple simulations were conducted, along with the implementation of an additional wear model, to better understand the transport phenomena and wear. An example was used
to demonstrate the impact of screw speed on the wear of the transporter due to the interaction between the material and the structure of the conveyor, power consumption, and

performance.
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1 INTRODUCTION

In many industrial processes, it is crucial to maintain
accurate control over the transportation of solid materials.
Modern approaches to the numerical modelling of transport
systems are based on advanced numerical methods. To
adequately describe the transport of bulk materials and
powders, it is necessary to understand and describe various
phenomena that occur during the transportation of different
bulk solids [1-3] in order to transport materials to the desired
location, production plant, or machine. During transport, we
deal with mixing, agglomeration of transported material, the
flow behaviour of granular material, recirculation, wear, and
many other phenomena that need to be utilized, suppressed,
or applied for desired use [4-6].

One of the most commonly used methods for
transportation of granular material and powder is the screw
conveyor, which is widely utilized in the food,
pharmaceutical, chemical, agricultural, and other industries
due to its high efficiency, low cost, compact structure, and
ability to provide uniform and precise feeding [7-9]. Screw
conveyors are primarily utilized for transporting and lifting
bulk materials and powders over short distances. The
structure consists of an outer cylinder and an inner screw, but
despite their seemingly simple mechanical design, the
behaviour of granular solids and powders during transport is
quite complex. Simulations of granular flow and describing
phenomena that occurs during transport, such as wear,
mixing, flow, pouring, or particle compaction, have already
been included in the simulation in the past. It has been found
that we can influence these phenomena with an appropriate
design and construction of a transporter [3, 2]. There has been
significant interest among the scientific community in
studying the screw conveyor's conveying process. Therefore,
substantial efforts have been made to describe the conveyors'

transportation parameters through conventional methods
such as theoretical studies and experiments [7, 9]. Despite
considerable efforts in academic research and traditional
experimental techniques, a comprehensive understanding of
the mechanisms underlying granular flows and their impact
on the conveying performance of screw conveyors due to the
lack of particle-level information remains unknown. Gaining
deep insights into the system is challenging due to the
difficulty in obtaining essential details such as particle
collisions. With the rapid development of hardware,
numerical simulation has emerged as an attractive tool for
investigating and simulating complex particle systems.
Modified geometry has been considered in many studies that
have been conducted using spherical elements to
approximate particles. If we highlight only a few, we can see
that the first application of numerical modelling on a screw
conveyor was already implemented back in 2001 by Shimizu
and Cundall [10]. Since then, studies have been conducted
on mixing granular media during transportation [11],
granular flow, and performance with varying boundary
conditions. Recently, we have witnessed a notable increase
in the use of graphical processing units (GPU). The GPU-
based algorithms in the discrete element method (DEM) have
become increasingly popular for simulating complex and
full-scale industrial processes, thanks to advancements in
computer hardware. Several authors in their research have
demonstrated the capabilities of multi-GPU computation and
set benchmarks for successful simulations of large-scale
industrial processes. These simulations accurately capture
the behaviour of complex, non-spherical particles [12, 13].
As computer hardware, software, and numerical algorithms
advance, we are gaining deeper insights into powder
behaviour through complex geometries (e.g., polyhedral,
elliptical elements, or multi-spheres). Cohesion and adhesion
can influence the behaviour and flow of powder particles,
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varying from one type of powder to another. Moreover,
powders can often display characteristics of both liquids and
solids, making them difficult to handle [14, 15]. The studies
we have mentioned are based solely on spherical particles,
which are not typically present in natural systems. A much
more accurate approach is to capture the actual geometry of
particles, which has been shown to have a significant impact
on the granular flow of material [16]. Due to its exceptional
importance and economic benefits, special attention has been
given in the past to describing the wear during transport.
Roughly a quarter of the world's energy consumption is
derived from tribological contacts. Of this amount, around
20% is employed to conquer friction, while the remaining 3%
is dedicated to the refurbishment of worn-out components
and auxiliary equipment due to wear [17]. The economic
impact of abrasive wear extends beyond replacement costs,
encompassing expenses related to machine downtime and
reduced productivity. Since the friction and wear caused by
the movement of solid particles and powders during
transportation can affect both the surface and the particles,
accurate prediction of the location and magnitude of erosion
in the equipment is essential to prevent the failure of devices.
During the transportation of granules and powders, the
primary types of wear mechanisms are impact wear and
abrasion wear, which are also commonly observed in mining
chutes [18]. Researchers have conducted many experimental
and numerical studies to anticipate the wear of transport
systems [19-21]. A new, exciting model called SIEM (Shear
Impact Energy Model) has been recently proposed [22]. It is
suitable for analysing sparsely or densely packed domains
with particles in numerical simulations using the DEM
method. It is based on the relationship between the normal
and shear impact energy of a particle. The results show that
almost one-fourth of the shear impact energy is converted
into erosion and that the highest material removal rate is
achieved at 30 degrees of impact. Furthermore, the lifespan
of a chute heavily depends on the chosen material. Materials
that exhibit higher resistance to abrasion wear, such as high
chromium alloy and ceramics, are commonly chosen for this
application[23-26]. Despite the numerous theoretical
research and traditional experiments conducted in the past to
optimize screw conveyor performance, they have their
limitations in providing detailed particle-level information.
This information is crucial in understanding the underlying
mechanisms of granular and powder flows, which are
essential in comprehending the phenomena and performance
of screw conveyors. Additionally, powder flow is
particularly poorly described in the literature, making it
challenging to gain in-depth insights into the behaviour of
powders. While simplified cohesion, complicated particle
shape, and size distribution of particles are increasingly being
considered, our understanding of these factors is still far from
comprehensive. A study on screw auger is being conducted
with the intention of evaluating powder flow in different
screw auger speed regimes. A study is being conducted on
screw auger to evaluate powder flow in different speed
regimes. Coarse-graining techniques are being employed to
analyse the effects of speed on power consumption, mass
flow, and wear of the screw auger.

2 MATERIALS AND METHODS

Since the modelling approach is based on the Discrete
Element Method (DEM), it is appropriate to provide a brief
introduction to the DEM method in the following sections, as
well as the corresponding models and modern approaches
that were used in the numerical model.

2.1 Model Description

DEM is a widely used method for simulating the
behaviour of granular flow. It is based on the Lagrangian
description of individual particles, and the description of
kinematics based on the principle of Newton's second law.
The governing equations for individual particles can be
expressed as follows:

d -
m;d; =m; — m =« 1FU+Fg Fex ")
and
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I; 191' =1 > (‘)l Z}’El Tij + Tiang + TieXt (2)

Since the method employs the Lagrangian numerical
approach, each particle is represented as a separate entity
with unlque phy51ca1 characteristics, 1nclud1ng radius R;,
position xl, angle @;, translational Veloc1ty ¥;, angular
velocity @;, translational accelerationd;, and angular

acceleration 51-. The terms m; and I; are the mass and the
inertia tensor of the particle i. The inertia term in the
equation can be a scalar for spherical particles since they are
symmetric, meaning the moment of inertia is equal in all
directions. Due to the contacts with neighbouring particles,

additional forces 131- and moments Tl ; arise in the particle,

which is the sum of all neighbouring particle contacts. Due
to the gravitational field and other external factors, there are
also forces F8, FF*, and moments T8, T, being a result
of rolling fr1ct10n between partlcles or other external
moments between particles and geometry such as electro-
static, Van der Waals forces, or cohesive forces.

In the "soft sphere" approach model, we are dealing with
rigid particles where deformation is simulated using overlap
(superposition). We can introduce variables &;; and 65 ,
which denote normal and tangential overlap, respectlvely. An
incremental approach is required to calculate the tangential
overlap where D, denotes relative velocity in the tangential
direction.

8 =Ri+R; — |5 — % ©)

8ty = I, B dt 4)

Modelling a nonlinear viscoelastic model is currently
one of the most widely used constitutive models in many
software programs because it provides precise and efficient
descriptions of contact loads for DEM analysis. This model
incorporates nonlinear elasticity and enables the modelling
of particle collisions in the tangential direction. Contact in
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the normal direction is based on the work of physicist H.
Hertz while the credit for describing tangential contact is
attributed to the duo of Mindlin-Deresiewicz [27]. The used
model is schematically represented in Fig. 1.

YA

Figure 1 Hertz Mindlin contact scheme

The contact in the normal direction can be expressed as:

3 1
Fll = kn8™2 +1" §™3 L (5)

rel

kn = 2E*VR® (6)
M =217y kn, m* (7

Where E*, R*, and m" are effective Young’s modulus,
effective radius, and effective mass respectively. The
stiffness coefficient k,, and damping coefficient 7, are
represented in equations 5 and 6 [28].Where 1y is described
as the damping ratio and is for interested readers detailed
described in [29].

Similar follows for contact in the tangential direction
where the model in Rocky can describe friction coefficient u
where its value is set to static coefficient yg when no sliding
occurs and similarly value is set to the value of dynamic
coefficient u; when sliding occurs. The resulting force can
be described by the following equations [28]:

> 3\ &t 6um*FY 1
Fy=—uFj (1-¢) EN T

([ )
- st (9)

MAX
Where £ is the tangential damping ratio and can be calculated
from the coefficient of restitution as follows:

__ In(en)
'B - JIn2(c,)+m2 (10)

The variables ¥l and &%,y are representing relative
tangential velocity and maximal allowed tangential overlap,
respectively. The reader can quickly determine that the
variable ¢ in the equation becomes equal to 0 as soon as the
tangential overlap exceeds the allowed limit. At that point,

the model becomes equivalent to the Coulomb model, and
the force is equal to the product of y and F[} [28].

The behaviour and flow of powder particles can be
influenced by cohesion and adhesion. Several options are
available for handling cohesive particles in DEM
simulations. The most popular methods used in the
overviewed literature [4, 30] are the van der Waals model and
the JKR model. As a result of obtaining a material model
(refer to section 2.4), which was calibrated using a simplified
constant model, we have decided to adopt a similar model.
This model applies a constant force F?4" when separated
normal overlap —s, is smaller than prescribed adhesive
distance 8,4, . This model is the most basic one and can be
expressed using the following equation [28]:

Fadh — {0 if —5n 2 8aan (11)
' fadh ) min(ml' mz) if —Sp = é‘adh
We obtained a system of three vector equations usually
integrated in time using explicit time integration schemes.
The most used procedures include the explicit Euler and
velocity Verlet schemes because of their simplicity, stability,
and low memory usage.

Figure 2 Coarse graining scheme
2.2 Coarse Graining

Despite significant advancements in accelerating
discrete numerical simulations through GPU technology,
precise simulations of real-world industrial systems are often
unfeasible due to increasingly complex geometrical and
physical models that address contact. This engineering
challenge is particularly evident when using computationally
expensive methods like the DEM, where obtaining
sufficiently accurate results for a system at acceptable
computational costs is a common problem. This involves
introducing large pseudo-particles to represent a group of
original particles, significantly reducing the number of
particles needed for simulation [31]. The used method of
particle merging is well presented in the article [32] and relies
on correcting contact forces accordingly. The objective is to
develop a medium that can scale particle sizes and maintain
the same energy density and evolution of energy density as
the basic model. If the density and volume fraction of the
particle remains constant, the density of gravitational
potential energy is not affected by the grain radius. Thus, it
is necessary to maintain a constant density. In order to
preserve kinetic energy, the scaling process must not
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influence particle velocities. Similar studies have been
conducted in articles [31, 33-36].

2.3 Wear Model

In DEM most frequently used are Archard or Finnie’s
model. Finnie developed a mathematical model based on
mass, speed, and impact angle [18]. Archard's model, on the
other hand, is based on the ratio between the shearing work
and the overlapping volume and is also included in our
simulation model [5]. Archard's phenomenological principle
that correlates the loss of material volume to the energy
expended by frictional forces acting on the material's surface.
Typically, Archard's law is mathematically represented by
the following equation [28]:

_kwr

V=" (12)

Where V, Wz, H, and k respectively represent the total volume
of material worn from the surface, the work done by
tangential forces, the hardness of the material, and a
dimensionless empirical constant. The fact that precise
treatment of wear is a highly complex problem is confirmed
by the dependence of wear on the size, shape, and chemical
composition of particles. Increasing throughput performance
and particle velocity typically result in higher wear rates.
Based on the existing literature, it can be argued that the
influence of particle characteristics such as shape, size
(especially for powders), and adhesion on flow behaviours,
conveying performance, and wear patterns in screw
conveyors has not been thoroughly investigated.
Consequently, this field presents several open challenges and
research questions for future studies [16].

2.4 Simulation Model

The most reliable and verifiable models can be produced
by calibrating materials using experimental results. Proper
material calibration is essential, especially when there is
insufficient computing power to solve full scale problems.
For simulation previously described Coarse graining with
ratio of 10 is employed, and calibration is required to produce
the most reliable simulation data. For our numerical analysis,
we extracted data from work [37], where full material
calibration was performed with the inclusion of the coarse
grain method and particle size distribution grouping.

Table 1 Simulation parameters

Value Property
r =0,000724 Particle radius (m)
pp =712 Particle density (kg/m®)
pg = 7850 Geometry density (kg/m?)

E,=18,E,=210

vp=0.3,vg =0.3
,up=0,7,ug =0.35
u, :0,7,,uq =0.35

¢rp = 0,83, Crg = 0,8 Rest. Coefficient (-)
n = 43000 Particle count (-)
d =140 Screw diameter (mm)

Young's modulus (GPa)
Poisson ratio (-)

Sliding friction (-)

Roling friction (-)

Additionally, we repeated the calibration of the static
angle of repose containing a rigid plane and lifting cylinder
and used a constant adhesive model that is suficient for most
cases where the adhesive force is present which is true for
most substances such as fine pharmaceutical powder or wet
rocks. The parameters of the adhesive model were adjusted
based on repeated calibration.

Figure 3 Repetition of calibration with enlarged particles

A three-dimensional model of a typical powder steel
screw conveyor has been modelled. A full geometry model
can be shown on Fig. 4 and is assembled from a housing,
screw, flanges, inlet, outlet chutes, and other standard
elements like motor which are not shown. The inlet and outlet
can typically be customized to meet the specific requirements
of the work site. For the purposes of this simulation, a fixed
inclination angle of 45° has been set. Properties or
characteristics not visible in Fig. 4 can be found in Tab. 1.

Figure 4 Full inclined screw conveyor geometry

In addition to increasing the number of particles, an
additional limitation was imposed for the purpose of
numerical simulation due to limited computational power. To
describe the behaviour of particles during transport, it was
not necessary to model the entire transporter at full scale.
Therefore, a simplified model was created which includes a
feed port, a helical body, and a housing. To minimize
computational power while ensuring that the flow resulting
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from scattering or disposal sites has already stabilized in the
observed area, the model was designed to reduce the length
of the screw conveyor by an additional 2/3, while still
maintaining an equivalent description of the original system.

Figure 5 Simplified screw conveyor geometry

The simulation model for this research was created using
Ansys-ROCKY 2022/R2. In a simplified model using a
volumetric formula for particle creation at the point of the
scattering site, an initial quantity of 4 kg of particles is
generated. This quantity represents approximately 30%
filling of the model container. This was followed by the
activation of the screw rotation with variation of three
rotational speeds (100 rpm, 300 rpm, and 500 rpm). Once the
screw starts rotating, there is an initial transient state where
the particles settle, and the stresses stabilize. The flow is
allowed to stabilize before any measurements are taken. The
simulation is repeated multiple times in different
configurations of rotation speed and with or without an
adhesion model. Simulation is continued until the container
is emptied. Additional measuring points were created to
provide a more detailed analysis of the geometric
components and particles in different phases of the particle
flow. Furthermore, measuring points based on Euler statistics
were installed at the midpoint of the transporter tube (Fig. 5).

3 RESULTS AND DISCUSSION

The results are presented in two sections, with the first
section focusing on mass flow and power consumption, and
the second section describing the results of wear analysis.

3.1 Mass Flow Rate

Fig. 6 shows the results of an analysis on the relationship
between the rotational speed of the screw and the measuring
area void fraction. The analysis reveals that increasing the
rotational speed of the screw results in a higher void fraction.
This is because particles have less time to fill the void in the

Measuring area

pitch of the screw at higher rotational speeds. Theoretically,
the proportion of voids could be reduced by using an
extended charging inlet in the hopper, but this is often not
feasible in practice. Similarly, from Fig. 7, we can observe
the void fraction as function of time. The peaks demonstrate
a stable flow at maximum filling. Furthermore, as the
rotational speed increases, we can observe a decrease in the
height of the stable flow peak. This may be attributed to the
decreasing weight of particles in the feed hopper over time.
Therefore, the weight or amount of material in the hopper
also affects the void fraction.

Figure 6 Flow of particles within a screw conveyor and the direction of particle flow
when viewed along the axis of the conveyor.
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Figure 7 The void fraction of the control volume as a function of time

Despite the highest void fraction at the highest rotational
speed, the results in Fig. 8 show that the mass flow rate of
material is still the highest at the highest screw speed. The
increase in mass flow rate seems to be nonlinear, as there is
very little increase in mass flow rate between 300 and 500
revolutions per minute compared to the increase at lower
angular speeds. The mass flow rate is calculated based on the
calculation of the mass of particles that leave the control
volume in a time step. The calculation must take into account
the fact that some particles may return to the control volume
due to the inclination of the conveyor.

The influence of cohesion can also be seen in a limited
way in Fig. 8 which is denoted by the 'coh' sign on the graph.
Similar to previous studies results show that cohesion have a
significant effect on material flow. At the highest rotational
speed, it is visible that the powder with cohesion has a lower
mass flow rate, which is result of lower filling of the pitch.
Since our material has relatively low adhesive force, these
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phenomena are not particularly pronounced. It would be
interesting to increase the adhesion and monitor the influence
on porosity, filling, or other phenomena, such as arching.
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Figure 8 The Particle Mass flow rate in the control volume as a function of time

Through the application of DEM, one can conduct a
thorough analysis of the way energy is distributed within a
system. Specifically, the screw acts as a supplier of energy to
the particles, whereby a certain proportion of this energy is
dissipated, while the remaining portion is converted into
mechanical energy. Fig. 9 demonstrates the power
consumption of the screw auger at three different angular
speeds. It can be clearly observed that the power
consumption tends to increase with increasing screw rotation
speed. The graph was analysed to calculate the ratio of power
consumption to mass flow rate for all three angular velocities.
Based on the limited data, it can be concluded that beyond a
certain speed, the energy utilization changes less and tends to
a constant value. This graph also provides insights into
selecting the optimal angular velocity based on energy
consumption.
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Figure 9 Power of the screw conveyor over time with an additional dependence of
mass normalized to energy.

3.2 Wear Rate

Detailed information about the energy dissipated in each
collision during the simulated period can be provided. Shear
intensity refers to the amount of power that is transferred per
unit area, and it is calculated based on the work done by the
contact forces during a collision. This kind of energy is used

in abrasive wear models as the model is useful for
determining shear wear on geometric surfaces. The model is
applicable in determining shear wear on geometric surfaces
and can be directly linked to wear. Fig. 10 illustrates a similar
regime of increasing throughput performance and particle
velocity, resulting in higher shear intensity of the screw over
time.
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Figure 10 Shear intensity of the screw over time
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Figure 11 Screw wear rate distribution at 300 rpm
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Figure 12 Housing wear rate distribution at 300 rpm

Wear was also described using the Archard wear model
presented in section 2.4. It is particularly important to
emphasize that in order to obtain an accurate quantitative
description of wear, as shown in the images, it is necessary
to determine the empirical wear constant correctly. As we did
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not have access to this data within the scope of this study, the
default value was used, and the description of wear is
presented solely for the purpose of obtaining qualitative
results, resulting in numerical results that may not be entirely
accurate but are sufficient for an overview of the condition of
the housing geometry, as the arecas most exposed to damage.
Wear can be presented in Figs. 11 and 12 for the screw and
housing, respectively.

As shown in Fig. 11, the wear rate of the screw blade
increases from the screw shaft toward the edge. The
maximum wear occurs at the inlet where additional mass
acting on the screw, results in greater wear over the entire
surface. At the exit of the screw conveyor, only a few
contacts are detected, resulting in minimal wear. Reverse side
of the screw is due to its negligible amount of wear not
considered.

4 CONCLUSIONS

To gain a better understanding of transport phenomena
and wear of adhesive powders in screw conveyor, multiple
simulations were conducted, incorporating additional wear
models. A brief overview of the literature used is presented,
followed by a demonstration of the numerical modelling.

The void fraction and mass flow rate in the screw feeder
were examined and expressed as a function of time. When
varying the screw blade speeds, it was found that the void
fraction in the screw conveyor increases as the speed
increases. This phenomenon was attributed to the time
constraints as particles are unable to sort in time at higher
speeds. However, the mass flow rate increases with an
increase in the screw blade speed. Limited results also
demonstrate the impact of adhesion, resulting in lower mass
flow rates. Power consumption of the screw auger was also
evaluated for varying angular speeds, revealing that power
consumption tends to increase as the screw rotation speed
increases. The shear intensity and Archard wear model were
used to demonstrate qualitative wear on the screw conveyor
and housing. It was demonstrated that the system exhibits a
tendency towards increased energy consumption and wear at
higher particle speeds.

The study utilizes previously calibrated materials, which
may limit the accuracy and reliability of the simulations.
Further validation with real materials and simulation data is
necessary to support the simulations. It would be worthwhile
to explore the effects of increased adhesion on porosity,
filling, and arching.

Reliable models require calibration using experimental
results. With more precise input data and results, we can
expect better solutions for the design of screw conveyors,
reduced wear, and the selection of optimal rotational speeds.
In the future, we aim to investigate the impact of particle
wear without using coarse graining, using real particle
shapes, which would require more accurate input data.
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