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Abstract: In Europe, the weather patterns require harvested grain crops to be dried before storage to prevent sig-
nificant quality loss. The uneven movement of grains inside the drying equipment is a key issue affecting the drying 
process, causing under- or over drying the harvested crops and thus leading to quality degradation and ultimately to 
financial losses. To characterise the unevenness of material flow, we introduced a dimensionless displacement ratio. 
This dimensionless parameter was suitable for comparing the uniformity of the material movement processes within 
the dryer. Using experimental investigations and numerical simulations, we determined the effect of the lamella incli-
nation angle, the friction between the grain-wall and grain-grain on the uniformity of the flow. The linear functions 
approximating the quantitative relationships were determined in all the cases. Our findings indicate a significant 
variation in the displacement ratio ξ corresponding to different lamella inclination angles and friction values dem-
onstrating that the discrete element modelling approach provides further opportunities for determining the optimal 
operating parameters of mixed flow dryers.
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To maintain appropriate moisture levels for har-
vested grain crops in European climates, drying be-
fore storage is essential. Poor drying conditions can 
lead to significant losses and to the deterioration in 
the grain quality. A popular method for drying corn 
in Europe is the mixed flow dryer, which allows the 
simultaneous movement of air and grain in various 
directions within the drying equipment.

The arrangement of the internal structural ele-
ments that control the material flow significantly in-
fluences how seeds move within the dryer (Klinger 
1977; Mellman and Teodorov 2011). Non-uniform 
particle velocities, mainly caused by differences in 

the residence times, create difficulties in achiev-
ing consistent drying and avoiding under-drying or 
over-drying when assuming uniform airflow.

Extensive scientific investigations, both experi-
mental and numerical, have clearly shown how the 
mass flow affects grain drying. Mellmann et al. (2011) 
found that poor design choices in mixed-flow grain 
dryers can cause uneven residence time distributions. 
Weigler and Mellmann (2014) showed how the flow 
pattern of grains significantly influences the drying 
process. Moreover, Khatchatourian et al. (2014) cre-
ated a model representing soybean seeds as individu-
al entities and successfully matched their simulations 
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with real-world experiments. Their simulations high-
lighted significant variations in the particle velocity 
and residence time during continuous flow.

The discrete element method has greatly advanced 
the modelling of grain movement phenomena. Many 
researchers have focused on understanding how 
particulate matter flows in silos. Oldal et al. (2012) 
showed that arch formation and collapse in bins 
help maintain a steady discharge rate. Golshan et al. 
(2020) studied a wedge-shaped silo and found that 
particles near the outlet had the shortest residence 
times, while those on the inclined wall outside the 
outlet zone had the longest residence times.

Together, these discoveries suggest that the angle 
at which the lamellas, responsible for directing the 
drying air into the dryer, are inclined can greatly 
affect how evenly materials flow. Therefore, our ex-
perimental and numerical investigations aimed to 
establish a clear relationship between the angle of 
inclination of the lamellas and the unevenness seen 
in the material flow.

MATERIAL AND METHODS

Experimental investigations (industrial dryer). 
To study particle flow, experimental analyses can be 
divided into two main parts: measurements in a real 
industrial dryer and measurements in a model dryer. 
First, we examined the particle flow conditions in an 
industrial dryer through various experiments.

To study the material flow, viewing windows were 
installed along the sides of the grain channels in the 
dryer, enabling a visual observation of the particle 
movement during operation. The dryer is 16 metres 
tall and can hold up to 50 m3 of material. Video re-
cordings were made to document the flow behav-
iour. Additionally, during assembly, the particle mo-
tion within the modules was investigated. Figure 1 
shows the positions of the inspection windows and 
slots for the endoscope camera probe on the indus-
trial drying module.

Video recordings helped describe the particle mo-
tion in the duct by analysing the displacement pro-
files. To determine the vertical displacement values, 
we selected 8 corn kernels in a row on the recording 
(blue colour in Figure 2) and then searched for the 
same corn kernels again at a later time of the same 
recording (red dots). By knowing the two locations 
and the dimensions of the window, we were able to 
determine the value of the vertical displacement of 
the individual corn kernels.

To understand the particle dynamics during the 
drying module emptying, video footage was taken at 
three times, producing three vertical displacement 
profiles with slight magnitude differences. 

Particle displacement experiments were carried 
out on both an individual dryer module and within 
a working industrial dryer. A comparative analy-
sis showed no significant differences in the veloc-

Figure 1. Inspection windows and endoscope camera 
probe slots on the drying module

Figure 2. Vertical displacement value measurement 
method using video recordings
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ity and vertical displacement values between the 
two set-ups. The particle movement conditions re-
mained consistent, suggesting that the operational 
industrial dryer did not notably alter the observed 
particle dynamics compared to the stand-alone 
module. Based on the measurements conducted, 
two conclusions can be drawn:
(1) The presence of lamellae has a strong effect on 
the consistency of the grain flow. Patterns of particle 
displacement and changes in velocity suggest that 
the lamellae strongly affect the overall flow dynam-
ics, potentially causing uneven grain movement.
(2) The airflow within the operational dryer does 
not notably affect the grain movement. Similar ve-
locity and displacement values in both the stand-
alone dryer module and the operating industrial 
dryer indicate that airflow in the operational dryer 
does not cause significant changes in the observed 
grain movement behaviour.

These findings emphasise the significance of the 
lamellae presence in achieving uniform grain flow. 
Additionally, they suggest that the airflow in the op-
erational dryer may not play a significant role in in-
fluencing the grain movement.

Experimental investigations (model dryer). To 
overcome the difficulties of measuring within an op-
erational industrial dryer and ensure efficient plant 
operations, we decided to construct a model dryer. 
This model provides a more convenient platform for 
studying the effects of design changes compared to 
the original large-scale dryer. However, to ensure 

that the material flows in the model dryer accurately 
represent particle movements in the industrial dryer, 
we needed to conduct comparative measurements. 
Figure 3 illustrates the structure of the model dryer, 
which was specifically designed for this purpose.

Using a model dryer allowed us to investigate how 
different angular positions of the lamella affect the 
grain movement behaviour. There were two main goals 
with the measurements with the model dryer: firstly, to 
compare the material flow in the model dryer with the 
grain movement in a full-scale dryer, and secondly, to 
collect essential measurement data for validating the 
discrete element models we used in our research.

During the measurements on the model dryer, we 
used a technique to study material flow relation-
ships. By applying paint stripes to the particle as-
sembly, we could track their movement more effec-
tively. This method helped us determine the velocity 
relationships more easily. Refer to Figure 4 for the 
visual representations of this methodology.

To evaluate how closely the particle vertical dis-
placement distribution near the inclined air ducts of 
the industrial dryer matches that of the model dryer, 
we conducted a comparison. 

After a thorough analysis and comparisons, we con-
cluded that the model dryer is suitable for accurately 
modelling the material flow conditions observed in 
real dryers. The successful matching of the particle 
displacement distributions, comparable velocity re-
lationships, and grain movement behaviour between 
the model dryer and the industrial dryer confirms 

Figure 3. Main dimensions of the model dryer1 096.8 1 512.7
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the reliability as a representation of the real-scale 
system. These findings boost the confidence in using 
the model dryer for future investigations and simula-
tions concerning material flow dynamics in dryers.

Numerical model calibration. The influence of 
the tribological characteristics of the grain-grain 
and grain-wall interactions was analysed by creating 
a numerical model. The numerical model had to be 
able to take the discontinuities created in the granu-
lar assembly into account, therefore using the finite 
element method was out of the question. We also 
had to take the effect of the non-spherical shape of 
the particles into account, which precluded the use 
of the smoothed particle hydrodynamics method. 
In order to be able to analyse the interactions tak-
ing place inside the granular assembly at the level 
of individual grains, the use of the discrete element 
method seemed most appropriate. 

To simulate particle motion within the dryer, we 
used the academic version of the EDEM 2.7 discrete 
element software. The model we employed is based 
on the discrete element model initially proposed by 
Cundall and Strack (1979). In this model, contact 
forces arising between the particles are calculated 

using the “Hertz-Mindlin no slip” contact model. 
The material properties and contact parameters are 
crucial in determining the normal and tangential 
forces. The interaction forces and moments arising 
between the particles can be calculated using the 
equations given in (Keppler and Bablena 2024).

As previously noted, grain interactions are affected 
by different material parameters. Some of these pa-
rameters can be directly measured in experiments, 
while others require comparing experimental data 
from a simple mechanical process with a corre-
sponding numerical model. The process of finding 
the material parameters used in the discrete element 
method is called model calibration.

While we will not delve extensively into calibration 
here, for those interested in further exploration, we 
recommend investigating the significant contribu-
tions of Coetzee (2017) and González-Montellano et 
al. (2011) regarding discrete element method (DEM) 
parameter calibration. Coetzee and Nel (2014) as-
sessed the micromechanical properties of packed 
rock beds through various tests, while Derakhshani 
et al. (2015) utilised the angle of repose, a conical 
pile, and sandglass tests. Simons et al. (2015) em-
ployed a ring shear tester, and Keppler et al. (2016) 
utilised standard a shear testing technique to cali-
brate and evaluate the model’s sensitivity to different 
material parameters.

In some cases, it is necessary to gather the cali-
bration measurements at the experimental site. 
Methodologies like those demonstrated by Keppler 
et al. (2022) can aid in this process. However, due 
to the resource constraints and time limitations in 
our case, we had to rely primarily on the angle of 
repose test for the calibration. We also conducted a 
compression test on material samples to determine 
Young’s modulus, recognising that the angle of re-
pose test alone may not suffice in determining all the 
material parameters.

The shape of grains significantly affects their slid-
ing and rolling behaviour during interaction. Ac-
cording to our experience, the grain shape has a sig-
nificant effect on the values of the micromechanical 
parameters controlling the interaction processes. In 
the case of agricultural seeds, the first step of calibra-
tion is to create a geometry that sufficiently follows 
the real grain shape. Therefore, our first aim was to 
determine the appropriate grain geometry. We ana-
lysed a random sample assembly and carefully exam-
ined the shapes and distribution of grains within it 
(Figure 5). Based on our findings, we concluded that 

Figure 4. Distortion of the painted stripes due to  
the uneven particle flow
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employing four distinct grain shapes in the discrete 
element model would be suitable, given the observed 
characteristics and distribution patterns.

The average sizes of the four types of grain shape 
are shown in Table 1. Type 2 and 3 seem to be the 
same in the image, but their size ratios were different.

Figure 6 depicts a discrete element model repre-
senting the grain types that align with the size and 
shape characteristics outlined in Table 1.

To determine the material properties, we conducted 
a series of angle of repose tests and compression tests.

For the angle of repose measurement of the corn 
particle assembly, a steel cylinder with a diameter 
of D = 200 mm and height of h = 250 mm was em-

ployed. The cylinder, positioned on a concrete floor, 
was filled to capacity with corn, after which it was 
gradually raised to allow the corn to form a conical 
pile. Three measurements of the cone angle were re-
corded as follows: α1 = 19.2°; α2 = 18.8°; α3 = 17.4°. 
The estimation of certain material parameters uti-
lised in the discrete element model was derived from 
relevant literature sources.

The shear modulus value was not chosen based on 
the real-world conditions, but rather optimised for 
simulation. This choice had a negligible impact on 
the angle of repose, as confirmed by using a shear 
modulus value close to those for steel and concrete 
with a single adjustment. However, this specific con-
figuration was only used once due to significantly in-
creased simulation time. Also, to measure the angle 
of repose on a concrete floor, it was crucial to deter-
mine the contact properties of the concrete.

We calibrated the coefficient of static friction be-
tween the grain seeds using the angle of repose test. 
To calibrate the discrete element model, we used 
the same geometry as the measurement cylinder 
(Figure  7). However, it is essential to note that the 
depicted cylinder is about three times taller than 
the one used in the actual measurement. We made 
this choice to ensure that the measurement space 
could be filled with seeds, allowing them to settle 
under gravity. Using this increased height ensures 
that the settled pile’s height matches that of the 
measurement set-up.

Table 2 presents the grain-grain friction coefficients 
employed in the calibration simulations, along with 
the corresponding angle of repose values determined 
from the simulation outcomes depicted in Figure 7. 
Table 3 contains the interaction parameters deter-
mined by our test which were in good correlation 
with the results of (Pooja and Iaerapetritou 2020).

Following the simulation results listed in Table 4, 
we chose a value of 0.2 for the grain-to-grain fric-
tion coefficient. This relatively low coefficient was 

Length Width Thickness Incidence 
rate (%)(mm)

Flat (1) 12.1 9.1 4.7 36
Elongated (2) 11.8 8.0 4.7 20
Square (3) 12.0 8.5 5.8 32
Round (4) 9.4 9.0 7.6 12

Figure 5. Corn particle shape categories

Flat (1)Flat (1) Elongated (2)Elongated (2) Square (3)Square (3) Round (4)Round (4)

Figure 6. Corn particle DEM models

Figure 7. Determining the angle of repose of the particle assembly in the numerical model

Table 1. Corn particle average size
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selected due to the surface unevenness observed in 
the cluster of spheres. In this set-up, grains tend to 
interlock more easily within the model compared  
to real-world conditions.

Compression tests. To determine the shear 
modulus value, a compression test was conducted 
on the corn kernels. Young’s modulus was deter-
mined using an Instron 5965 testing machine (In-
stron GmbH, UK) specifically designed for testing 
agricultural materials. The tensile testing machine 

was equipped with a load cell capable of accommo-
dating a max. load of 5 kN.

Through an analysis of the linear section of the 
experimental test curves and employing simpli-
fications for the stress state, we were able to ap-
proximate the average value of Young’s modulus 
as E = 78 MPa. A study conducted by Moya et al. 
(2013) reported a value of 35 MPa for corn seeds 
with a moisture content of 14%. Considering that 
our corn seeds had an average moisture content 
of 10%, the approximate value obtained appears to 
be suitable for simulation purposes. Using a Pois-
son’s ratio of 0.31, we obtained a shear modulus of 
G = 29.77 MPa. Table 5 shows the values of the in-
teraction parameters used in the simulations.

Discrete element model of the particle motion 
inside the drying apparatus. The geometry of the 
constructed model dryer, as depicted in Figure 8, 
served as the foundation for studying the particle 
motion within the dryer.

In the numerical model, the height of the dryer 
was set to 2 000 mm to account for particle gravi-
tational settling. To ensure a reasonable simulation 
runtime, only a 50 mm thick slice of the dryer was 
tested. Initially, simulations were performed on  
a 200 mm thick model, which took several days to 
complete. However, comparing the particle velocity 
field obtained from the 200 mm thick model to that 
of the 50  mm thick model revealed no significant 
differences. Finally, the rotary discharge mechanism 
of the original dryer was simplified in the discrete 
element model. In the numerical model, the emp-

Steel Concrete
Poisson’s ratio (–) 0.3 0.2
Density (kg·m–3) 7 500 2 400
Shear modulus (Pa) 106 106

Corn –steel Corn – concrete
Coeff. of restitution k (–) 0.1 0.1
Coeff. of static friction µ (–) 0.25 0.53
Coeff. of rolling friction f (–) 0.01 0.01

µ (–) α (°) 
0.15 17.07
0.2 20.05

0.25 21.86
0.3 23.21

Table 2. Material properties (Moya et al. 2013)

Table 3. Interaction parameters (Moya et al. 2013)

Table 4. Angle (α) of repose values (µ)

Micromechanical parameters Corn Interaction parameters Corn – corn Corn – wall
Poisson’s ratio (–) 0.31 coefficient of restitution (–) 0.1 0.1
Density (kg·m–3)  1 180 coefficient of static friction (–) 0.2 0.25
Shear modulus (Pa) 3 × 107 coefficient of rolling friction (m) 0.01 0.01

Table 5. Material and interaction parameters of corn seeds

Figure 8. Geometry of the numerical dryer model
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tying process begins by displacing the sheet cover-
ing the discharge unit. The flap moves horizontally 
at a constant speed of v = 0.05 m·s–1 for 1 second. 
During this period, the discharge unit fully opens, 
allowing seeds to flow out from the dryer (Figure 9).

After 0.5 seconds, the closing unit starts closing 
for 1 second at speed v, moving in the opposite di-
rection. Once the top flap closes, the bottom of the 
exclusion unit opens in 0.01 seconds at a constant 
speed v = 5 m·s–1. This allows seeds within the exclu-
sion unit to exit the simulation space, making them 
irrelevant for further considerations by the discrete 
element method software. Then, the bottom flap 

closes back in 0.01 seconds, maintaining the speed 
v = 5 m·s–1. Then this cycle restarts. To determine 
displacement ratio values in the discrete element 
model, we used painted layers similar to those in the 
model dryer experiments. Each simulation lasted 13 
seconds, covering four open-close cycles. At the end 
of these cycles, noticeable changes in the shape of 
the painted layers occurred (Figure 10).

RESULTS AND DISCUSSION

Experiments. Our particle flow related experi-
mental analyses can be divided into two main parts: 
measurements in a real industrial dryer and mea-
surements in a model dryer. First, we examined 
the particle flow conditions in an industrial dryer 
through experiments. Then, we compared the mea-
surements conducted on the model dryer with the 
results of the industrial one. The measurement re-
sults are shown in Figure 11.

Figure 11 illustrates how the lamella (positioned 
at 0 cm) affects both the velocity of the particle flow 
and the subsequent vertical displacements, indicat-
ing a significant impact. Figure 11 also shows the 
results of the model dryer measurements, reveal-
ing a high level of agreement between the displace-
ment values observed in the model dryer and those 
recorded in the industrial dryer. The close match 
between the two datasets indicates that the model 
dryer effectively replicates the particle behaviour 
seen in the industrial-scale counterpart.

Figure 9. Simplified discharge mechanism model

Time: 1.75 s

Time: 1.00001 s Time: 10 s Time: 13 s

Figure 10. Changes in the shape of the painted layers during four emptying cycles
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To determine the displacement ratio ξ in the sim-
ulations, the vertical y coordinates of the grains’ 
centre of gravity within the painted band were uti-
lised (Figure 10). Given that the considered time 
interval was consistent across all the cases, the 
displacement ratio ξ was derived using the follow-
ing equation: ξ = (ymax – ymin)/ymax. The displace-
ment ratio ξ measures the particle flow stability. 
When ξ is 0, the flow is steady and uniform. As  
ξ approaches 1, the flow becomes more erratic, 
with larger variations in the particle displace-
ments. It is crucial to use the same time intervals 
for all the cases when calculating ξ to ensure ac-
curate comparisons and analyses.

-7

-6

-5

-4

-3

-2

-1

0

0 1 2 3 4 5 6 7 8 9 10

V
er

tic
al

 d
isp

la
ce

m
en

t y
(c

m
)

Distance from the lamella x (cm)

Industrial dryer measurement 1

Industrial dryer measurement 2

Industrial dryer measurement 3

Model dryer measurement 1

Model dryer measurement 2

Model dryer measurement 3

Numerical simulations. The objective of our in-
vestigation was to examine the effect of the lamella 
inclination angle on the displacement ratio of the 
dryer apparatus. For the simulations, we consid-
ered the following inclination angle values α = 22°; 
α = 24°; α = 27°; α = 30°; α = 32°. Each simulation was 
repeated five times. The original lamella inclination 
angle of the model dryer was α = 27°. The influence 
of the lamella inclination angle on the displace-
ment ratio can be observed in Figure 12. The linear 
function describing the mathematical relationship 
between the displacement ratio and the lamella in-
clination angle (Figure 12) is ξ = 0.0372α – 0.665, 
22 < α < 32.

Figure 11. Vertical displacement values measured in a dryer channel

Distance from the lamela x (cm)
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Figure 12. Relationship between 
the displacement ratio and the 
lamella inclination angle
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To validate the accuracy of our findings, we addi-
tionally constructed lamellae with inclination angles 
of 23 and 31 degrees for the experimental dryer. The 
displacement ratio measurements obtained after in-
stalling the modified lamellae, depicted in red in Fig-
ure 12, demonstrate a notable agreement between 
the simulation and experimental results. 

Since the tribological properties of the grains to be 
dried can be significantly different, we also examined 
the impact of changes in the interparticle friction (Fig-
ure 13) and the particle wall friction (Figure 13) on the 
uniformity of the flow by systematically changing the 
coefficients of friction while keeping all the other mi-
cromechanical parameters the same.

The approximate linear function describing the ef-
fect of the particle-particle friction on the displace-
ment ratio in the interval 0  <  μparticle  <  0.4, with a 
particle-particle friction coefficient of μwall  =  0.25 
and a lamella inclination angle of α = 27°, is as fol-
lows: ξ = –0.8615 μparticle + 0.5845.

The approximate linear function describing the ef-
fect of the particle-wall friction on the displacement 
ratio in the interval 0.1 < μwall < 0.5, with a parti-
cle-particle friction coefficient of μparticle = 0.2 and 
a lamella inclination angle of α = 27°, is as follows:  
ξ = 1.6213 μwall – 0.018

CONCLUSION 

Using experimental investigations and numerical 
simulations, we determined the effect of the lamella 
inclination on the flow non-uniformity in the case of 
straight lamellae. The linear function describing the 
relationship, within the interval 22° < α < 32°, for fric-

tion coefficient values of μwall = 0.25 and μparticle = 0.2, 
is as follows: ξ = 0.0372α – 0.665. We also examined 
the effect of changing the friction between the grain-
wall and grain-grain on the uniformity of the flow. 
We found that the linear function describing the ef-
fect of particle-particle friction on the displacement 
ratio in the interval 0  <  μparticle  <  0.4 with a parti-
cle-particle friction coefficient of  μwall  =  0.25 and 
a lamella inclination angle of α = 27° is as follows:  
ξ = –0.8615 μparticle + 0.5845. We also demonstrated 
that the linear function describing the effect of parti-
cle-wall friction on the displacement ratio in the in-
terval 0.1 < μwall < 0.5 with a particle-particle friction 
coefficient of μparticle = 0.2 and a lamella inclination 
angle of α = 27° is as follows: ξ = 1.6213μwall – 0.018. 
Our findings indicate a significant variation in 
the displacement ratio ξ corresponding to differ-
ent lamella inclination angles and friction values. 
Specifically, smaller angles result in smaller ξ val-
ues. Consequently, the displacement ratios are ex-
pected to be minimal when the lamellae have an 
inclination angle of 0°, effectively minimising the 
presence of lamellae in the dryer. However, practi-
cal considerations must also be taken into account. 
A sufficient residence time of the seeds in the dry-
ing system is necessary to ensure an adequate dry-
ing rate, making the presence of lamellae essential. 
Additionally, the drying air must be introduced 
into the drying apparatus through ducts located 
beneath the lamellae openings. A larger inclina-
tion angle requires a greater volume of drying air 
to flow into the system. These conflicting require-
ments present an opportunity to identify an op-
timum solution, although determining this opti-

Figure 13. The effect of particle-particle fric-
tion on the displacement ratio
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mum is not the objective of our current research. 
The increase in the particle-to-particle friction co-
efficient causes the improvement of the flow uni-
formity because the high friction coefficient allows 
the seeds to move together with better adhesion 
and the effect of the increase in the wall friction, 
which impairs flow uniformity, occurs due to the 
braking effect of the walls.

In conclusion, it can be stated that the discrete 
element modelling approach provides further op-
portunities for determining the optimal operating 
parameters of mixed flow dryers. A further in-
crease in efficiency can be achieved by modifying 
the lamella geometry, although it could mean a sig-
nificant increase in the development costs related 
to the design of such new lamellae. In the longer 
term, it may also be possible to consider heat and 
air flow processes, as long as the available comput-
ing capacities allow this.
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