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Abstract Non-uniform moisture content distribution of
grains at the discharge of Mixed-Flow Grain Dryers is one of
the sources of product quality loss during subsequent stor-
age. Unfavorable design of this kind of dryers may cause
uneven residence times of single grain portions resulting in
non-uniform drying. It is then of paramount importance to
understand the physical phenomena that control the flow of
grains in a mixed-flow dryer to guarantee their quality and
minimize the risk of quality loss and waste of energy, thereby
optimizing the process drying condition. With this objective,
a two dimensional simulation model for the grain mass flow
in a mixed-flow dryer based on Discrete Element Method
(DEM) has been developed. The influences of the side walls
and air ducts on solids mass flow were studied by evaluat-
ing the residence time distribution (RTD), particle velocity
profiles and particle trajectories. The simulation results were
validated with experiments using a semi-technical dryer test
station with transparent Plexiglas front wall. The obtained
results revealed the complexity of the drying process, the
influences of the wall friction and half air ducts positioned
directly on the wall on the bulk particle movement. Grains in
mixed-flow dryers have different vertical velocities resulting
in different residence times of every single portion of grains.
The experimental validation confirms and verifies the DEM
calculation ability for predicting particle flow.
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List of symbols

A Cross-sectional area (m2)

d Diameter (m)
E Modulus of elasticity (N m−2)

k Stiffness (N m−1)

n Total number of time intervals, see (2)
N Number
Ṅ Dimensionless particle discharge rate
Pn Probability of tracer particles being discharged
t Time (s)
�t Time interval (s)
Tm Mean residence time (s)
x, y Cartesian coordinates (m, m)
τ Dimensionless time

Indices
B break-through
cont continuous
i current number of time interval
m mean
n normal
P particle
s shear
st step
t total
T P tracer particle

1 Introduction

Grain drying is often conducted in continuous mixed-flow
dryers (MFD) who are known for their high performance. It
is well known that even small changes in grain properties or
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process conditions for the drying of grains can have a great
influence on its quality. Hence, the development of models to
simulate and investigate the flow of grain is a topic of great
relevance to post-harvest engineering. Concerning mixed-
flow dryers, many papers are focused on how to increase
the dryer performance and to save product quality, e. g. by
improving the dryer control. Bruce [1] applied a multiple-
bed computer simulation to model the dryer as a series of
concurrent and counter-current elements. This model was
successfully employed to predict the general behaviour of
the dryer and the influence of operating variables on dryer
performance. Different control strategies for mixed-flow dry-
ers have been developed including model-based control, see
for example [2–4]. The airflow patterns in MFD were exper-
imentally investigated by Cenkowski et al. [5]. The authors
discovered that about 30% of the dryer shaft volume oper-
ates in cross-flow configuration. Cao et al. [6] investigated
the influence of the size and shape of air ducts, spacing
between two air ducts, number of rows of air ducts and col-
umn height. They concluded that small air ducts are better
than large air ducts, because the spacing between air ducts
and effective bed depth are smaller for the small air ducts.
Under the same height of dryer column the number of air
ducts must be less for big air duct dryers. Therefore, with the
increase in the air duct size the evaporation rate is decreased
and the specific heat consumption is increased. Mellmann
et al. [7] developed a model for the heat and mass trans-
fer in MFDs which has been tested based on semi-technical
experiments for the hot-air drying of wheat. For the grain
mass flow, a simple plug-flow approach was adopted. Exper-
imental investigations of the influence of air ducts and side
walls on grain flow are reported by Kocsis et al. [8]. The
authors measured the particle velocity profiles in different
layers over the vertical dryer cross-section. The influence of
the mentioned structural parameters on residence time dis-
tributions in this type of dryer has not been studied so far,
however. Despite the above mentioned experimental investi-
gations and some continuous models, there are still a number
of problems associated with MFDs resulting in non-uniform
moisture distribution of grains at the outlet.

DEM simulations are based on force balances with sim-
ple models of inter-particle forces. The motion of particles
is modeled in a discrete way, described by Newton’s laws
on an individual particle scale [9]. The Discrete Element
Method was introduced by Cundall [10] for the analysis
of rock-mechanics problems and then applied to soils by
Cundall and Strack [11]. The DEM has been used in different
applications: flow and mixing of granular materials [12–15],
packing structure, wall load, granular flow and combined
heat transfer in silos and hoppers [16–18]. Also, DEM has
been successfully applied to describe mixing of particles in
rotary drums [19] and heat transfer from the wall in contact
equipment [20].

The MFD is one of the most widely used grain dryers
worldwide. Although it has been subject of much commer-
cial development, there is no published report of application
of discrete models, especially with the DEM to this dryer.
Therefore, in the present work a two-dimensional simulation
for the grain flow in a MFD was developed based on the
DEM. To this purpose commercial software was applied [9].
The influences of air ducts and the side walls of the dryer on
grain flow were investigated. To validate the model, experi-
ments were conducted at the semi-technical dryer test station
in Leibniz Institute of Agricultural Engineering Potsdam-
Bornim (ATB), Germany, using wheat as the bed material.

2 Modes of operation

Industrial mixed-flow dryers are operated quasi-continuously
in a record-by-record (interrupted) mode. During almost the
whole drying time the grain bed is at rest while it is vertically
moved only during ticks of time when the discharge device
is opened. To batch-wise release the grain and to control the
mass flow rate, different types of bottom discharge devices
are used. Although mixed-flow dryers are operated in this
interrupted mode, the flow behaviour of the grain through
the dryer shaft can be investigated more favourably in the
continuous flow mode [21]. This is the theoretical mode of
operation where the discharge device is steadily opened and
the grain flows out continuously. Hence, it was adopted for
the DEM simulation.

3 Dem simulation and experimental investigation
of particle flow

The DEM computes particle flow numerically by an explicit
time integration scheme with suitable boundary and initial
conditions. Here, the inter-particle force models are also
applied to the interaction between a particle and a wall with
the corresponding wall properties used. However, the wall is
assumed to be so rigid that no displacement and movement
result from this interaction. The dimensions of the simulated
and experimental dryers are depicted in Figs. 1 and 2, respec-
tively. The characteristics of bed material (moist wheat) used
in the experiment are given in Table 1. In PFC-2D the damp-
ing coefficients are applied to the equations of motion in order
to suppress the accelerating motion rather than velocity and
absorb vibration energy, therefore, reaching mechanical
equilibrium in a minimum number of cycles [9]. When a
dynamic simulation of compact assemblies is required, the
local damping coefficient should be set to a low value appro-
priate to energy dissipation of dynamic waves. For prob-
lems involving free flight of particles and/or impacts between
particles, local damping is inappropriate. Hence, the local
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Fig. 1 Schematic of the simulated dryer. 1, 2—Layers where particle
velocities were monitored. 3, 4—Fixed and moving parts of bottom
discharge device, respectively

damping coefficient was set to zero and viscous contact
damping was used.

The actual shape of wheat is nearly ellipsoidal. This parti-
cle shape was used by Markauskas et al. [22] to simulate the
piling problem. The authors adopted a multi-sphere model to
compose ellipsoidal particles. However, multi-sphere model
results in an increase in the number of particles with longer
simulation time, while non-spherical particles requires more
advanced algorithms and are more difficult to model [23].
Hence, mono-sized spherical particles were used for the sim-
ulation. In this work, the linear contact model was applied
because it is the easiest, simplest and fastest contact model.
Thus, normal stiffness kn and shear stiffness ks was set equal
to each other according to Itasca [9]. The particle size used
is big enough, so that van der Waals forces play no role. The
kn and ks values were obtained as [24]

kn = ks = E · AP

dP
(1)

where Ap is the particle cross-sectional area (m2), E is mod-
ulus of elasticity (N m−2), and dp is particle diameter. The
mean equivalent spherical particle diameter and the bulk

Fig. 2 Photograph (a) and
schematic diagram (b) of the
pilot-scale MFD test station
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Table 1 Characteristics of the
bed material (wheat) and
process parameters used
in the simulation

Characteristic / parameter Symbol Unit Value Ref.

Mean particle diameter particle shape: spherical dP m 0.0042
Particle density ρp kg m−3 1300 [25]
Gravitational acceleration g m s−2 9.81
Particle friction coefficient μP 0.433 [26]
Wall friction coefficient μW 0.364 [27]
Modulus of elasticity E N m−2 3.31 × 109 [26]
Normal stiffness kn N m−1 1.83 × 105

Shear stiffness ks N m−1 1.83 × 105

Time step �tst s 4.508 × 10−6

Local damping coefficient ld 0.0
Viscous damping coefficient, normal vn 0.9
Viscous damping coefficient, shear vs 0.9
Number of particles generated NP 39,000

density of wheat were obtained from own measurements,
the other properties were taken from literature [25–27].

Table 1 Characteristics of the bed material (wheat) and
process parameters used in the simulation.

The assumptions involved in the simulation of the particle
flow can be summarized as follows:

1. The geometry of the dryer is constant over the depth,
hence, two-dimensional model was adopted.

2. The dryer geometry simulated comprises 1/2 of the width
of the test dryer.

3. The length of flow in the simulation is about 1/4 of the
length of flow in the experiment, see Figs. 1 and 2.

4. The single wheat grain is modeled as a spherically shaped
particle.

5. The continuous flow case is considered.
6. It is assumed that there is no air flow.

Only a part of the real dryer geometry was modeled in order
to save computational time. The computational domain is
placed above the discharge device. The cross-sections of the
air ducts and the bottom discharge device are consistent with
the real dimensions of the test dryer. In the simulation three
parameters were investigated: the particle vertical velocities,
the residence time and the trajectories of the particles. The
simulation conditions are the same for these three parame-
ters except that the tracer particles were not considered for
the velocity profile investigations.

3.1 Particle velocity profiles

3.1.1 Simulation

At first, the described two-dimensional dryer geometry was
implemented. A simulation was started with the random
numerical generation of particles without overlaps at the top

of the dryer, followed by gravitational settling to form a ran-
dom packing. Thereafter, the bottom discharge device was
opened with a speed of 0.1 m s−1 which corresponds to the
speed of the moving part of the test station discharge device.
Due to the assumed spherical shape of particles, bridging
occurred at the bottom discharge device. However, bridging
did not occur at the test dryer. This is due to the ellipsoi-
dal shape of the wheat grains flowing lengthwise through
the bottom discharge device where the smaller grain diam-
eter is active. To avoid bridge formation in the simulation,
the fixed part of the discharge device was set into vibration
(4 m s−1 over a distance of 0.000002 m). This imitates the
realistic behaviour of the discharge device of the MFD test
station during operation. A time of 0.113 s was left to elapse
for the particles to attain steady state outflow from the dryer
before monitoring the velocities. The velocity distributions
were then calculated at two different layers of the vertical
dryer cross section, these layers were discretized into units
of �x = 1 cm in the horizontal. The results are shown in
Fig. 3. The particles are continuously refilled and allowed
to settle by acceleration due to gravity, 1,000 particles were
generated every 0.375 s throughout the simulation.

3.1.2 Experiment

The experimental investigation of particle flow was con-
ducted using the MFD test station. The front wall of the grain
flow study equipment is made of transparent acrylic glass
(Fig. 2) so that the movement of the particles can be opti-
cally observed. At the lower end a pneumatically operated
slide bottom discharge device is employed. All experiments
have been conducted with moist wheat as bed material with
an average moisture content of about 18% w.b. (wet basis)
and a bulk density of 783 kg m−3. To measure the particle
velocity profiles a digital video camera was employed. The
video was evaluated with video and picture software Adobe
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Fig. 3 Particle velocity profiles
calculated from simulation:
a layer 1, centre; b layer 2, left
(see Fig. 1)

Premiere (version 6.5). This software records pictures at a
rate of 30 pictures per second. The velocity distributions were
determined at different layers over the entire cross-section in
order to measure the complex grain flow in the dryer. As these
measurements revealed there is a nearly symmetric flow pro-
file over the width related to the vertical center line of the
dryer [8]. This makes clear that the friction effects are almost
the same at both side walls. For comparison with the simu-
lated results, hence, two layers have been selected close to the
discharge device: one central layer between two air ducts and
one layer between the left side wall and the adjacent air duct.
For accurate and proper evaluation of the particle velocities
through the transparent acrylic glass front wall, these layers
were divided in the same manner like in the simulation. The
paths of the particles were followed over a vertical distance
of �y = 5 cm.

The computational and experimental results obtained
from the particle velocity investigations revealed that wall
friction and the air ducts play an important role in the flow pat-
tern of grains in MFDs, with a large effect on the bulk particle
movement. As Figs. 3 and 4 show, the results obtained are
qualitatively similar and Fig. 5 shows comparison between
the simulation and experimental velocity profiles. However,
the vibration implemented in the simulation to avoid bridge
formation plays a significant role, because it affects the
particle-particle and particle-wall interactions with a trend
towards increased particle velocities. Grains in the center
of the dryer have relatively high velocities and are delivered
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Fig. 4 Experimental velocity profiles

faster while grains close to the side walls have reduced veloc-
ities because of wall friction. The effect of the full central air
duct can be seen in Figs. 3a and 4 (layer 1, center). This
air duct reduces the vertical velocity of particles that flow
directly above its tip. Figures 3b and 4 (layer 2, left) show
the particle velocity profiles between side wall and full cen-
tral air duct. Higher velocities are obtained in the center of
the respective gap with small fluctuations resulting from the
half air duct below layer 2 and also from the fixed part of the
bottom discharge device. The half air ducts at the side walls
pose the largest obstruction to the free flow of grains. Particles
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Fig. 5 Comparison of particle velocities obtained from simulation and
experiment in layer 2, left

that flow close to the side walls are displaced towards the side
walls by particles that flow through the center. Hence, these
particles reside in respective corners (between two half air
ducts) for longer time than necessary. It, therefore, becomes
evident that every single grain in a MFD has no uniform
vertical velocities as they flow down the dryer resulting to
different residence times.

3.2 Residence time distribution

The differences in particle movement between the near-wall
and central regions have been further investigated by deter-

mining the RTD in the dryer with the help of tracer particles,
which were introduced at the top of the equipment. This is
because the residence time of the particles as they flow down
the dryer is a function of their positions over the width of the
dryer.

3.2.1 Simulation

In the RTD simulation, 400 mono-dispersed yellow colored
grains were generated and used as tracer particles. The geom-
etry of the dryer employed and the layer of yellow tracer
particles at the beginning of the RTD simulation are shown
in Fig. 6a. To save computational time, any particle that was
discharged from the dryer was deleted. The length of flow of
the tracer particles amounts to 0.505 m. This corresponds to
about 1/4 of the length of flow of the tracer particles in the test
dryer. The whole simulation lasted for 7.36 s. The histories
of the y-positions with time of the tracer particles were mon-
itored. The number of particles deleted and the time it took
for each of them to travel from the top lattice position to the
bottom of the dryer were monitored and computed, respec-
tively. This time corresponds to the residence time of the
yellow tracer particles. The graphical representation of the
calculated residence time distribution is given in Fig. 8 with
dimensionless axes. The break-through time tB of the tracer
particles was at 2.25 s. This is the time the first tracer particle
leaves the dryer. At the end of the simulation, 99% (396) of
the yellow particles used for residence time calculation were
recovered from the dryer while 1% (which represents four
particles) was left in the dryer.

Fig. 6 a Layer of tracer
particles at the beginning of the
RTD simulation: 1—Starting
position of tracer particle layer.
b Deformation of the tracer
particles stripe in the course of
the simulation
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Fig. 7 Calculated vertical
trajectories of selected tracer
particles:
A first set of tracer particles
leaving the dryer. B tracer
particles discharged at about
Tm .C, D, E = contributors to
the long tail of the RTD. F tracer
particles still in the dryer at the
end of the simulation. 1 starting
position of tracer particle layer.
a, b inflection points due to flow
obstacles under the half air ducts

Tm =
∑n

i=1 NT P · ti · �t
∑n

i=1 NT P,i · �t
(2)

The mean residence time, Tm was calculated with a time class
interval (�t) of 0.10 s using (2), resulting in a value of Tm =
2.97 s. NT P is the number of tracer particles discharged at a
particular time (t).

3.2.2 Particle trajectories

To further study the flow behavior of discrete particles, the
trajectories of the 400 yellow tracer particles were monitored
during the simulation. The starting point of the tracer parti-
cles corresponds to position 1 depicted in Fig. 6a. This is
where the tracer particles were positioned at the beginning
of the simulation. The trajectories of selected tracer parti-
cles are presented in Fig. 7. The first trajectory (A) repre-
sents the set of particles that first leave the dryer. From the
plot, it can be seen that these tracer particles move down
the dryer with low friction effect and obstruction from the
air ducts and side walls. This trajectory depicts the break-
through time, which is the time the first tracer particle leaves
the dryer. The second trajectory (B) indicates particles that
leave the dryer almost at the same time as the calculated
mean residence time. Trajectories (A) and (B) represent par-
ticles that flow through the center of the dryer (main flow)
with relatively high velocity. The next three trajectories (C,
D, and E) characterize the flow of particles that contribute to
the long tail of the RTD, see Fig. 8. Trajectory (E) shows
the last tracer particle that left the dryer during the sim-
ulation. The trajectory (F) illustrates the flow behavior of
tracer particles that have not left the dryer before the simu-
lation ended. The trajectories C-F depict tracer particles that
experience a lot of hindrances and obstructions in the dryer
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Fig. 8 Comparison between simulated and experimental RTD

caused by friction effects, side walls and air ducts, so that
they need a longer time to travel down the dryer. As can
be seen from Fig. 7, these trajectories show two significant
inflection points due to the influence of the half air ducts.
These inflection points located at about y = −0.49 m (posi-
tion a) and y = −0.78 m (position b) correspond exactly
to the positions of the lower ends of the half air ducts, see
Fig. 7, left (y = 0 represents the position where the par-
ticles were generated in the simulation). As could be well
observed both in experiment and in the simulation (video),
particularly the corners under the half air ducts posed dead
zones to the particle flow where the tracer particles resided
extremely long. This flow pattern results from horizontal dis-
placement of grains towards the side walls by the main flow
through the center of the dryer thereby increasing the wall
friction.
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Fig. 9 a Layer of red colored tracer particles at its starting position. b Flow pattern of the tracer particles

3.2.3 Experiment

To measure the residence time, 2,400 colored wheat grains
were used as tracer particles. The tracer particle layer was
visible at the front of the dryer. The residence time distri-
bution was measured by counting the colored particles in
the discharged grain samples. The experiment was recorded
using the above mentioned digital video camera. As can be
seen from Fig. 9 (a & b), the initial distribution and the flow
pattern of the colored grains are shown, respectively. The dis-
charged mass of grains per loop was always weighed with a
balance and the numbers of tracer particles in each discharge
sample were carefully counted by spreading each sample on
a wide flat tray. The discharge continued in this sequence
of single loops until about 73% of the tracer particles had
left the dryer after 18 h experimental time. Throughout the
experiment the dryer was continuously refilled. In this man-
ner the RTD has been measured as shown in Fig. 8. The
break-through time tB of the yellow tracer particles was at
24.3 s. Using (2) with a time class interval (�t) of 0.30 s,
the mean residence time Tm was determined to be 32.6 s. It
was computed only for the 73% discharged colored tracer
particles (in total 1,756) that were collected from the dis-
charge samples. The remaining 27% (644) were trapped at
the side walls of the dryer between the half air ducts (cor-
ners). The present design of MFDs creates corners at the side
walls between the half air ducts positioned directly at the side
walls. Particles are trapped and reside in these corners for a
long time. As a result, they are delivered with significant
delay at the discharge, which can lead to excessive over-dry-

ing and loss of product quality. It should be noted that after
the experiment the dryer was emptied and during this step-
wise discharge, colored grains were still found even in the
last discharged portion.

For the purpose of direct comparison of the residence time
distributions obtained from simulation and experiment their
coordinates are transformed into dimensionless discharge
rate and time. The dimensionless time (τ ) of the particle
flow was obtained by dividing the actual times t by the cor-
responding mean residence times Tm as

τ = t

Tm
(3)

The dimensionless discharge rate of tracer particles ṄT P is
given by

ṄT P = Pn

�τ
= NT P,i · Tm

NT P,t · �t
(4)

where Pn is the probability of tracer particles being dis-
charged

Pn = NT P,i

NT P,t
(5)

The term NT P,i represents the number of tracer particles dis-
charged per time interval �t and NT P,t the total number of
tracer particles discharged. The dimensionless time interval
�τ can be written as

�τ = �t

Tm
(6)
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As is clear from the graphs in Fig. 8, the measured and calcu-
lated dimensionless residence time distributions are in good
agreement. The flow profiles of particles in the simulation
and in the experiment are consistently similar. The peaks rep-
resent the tracer particles that flow through the center of the
dryer with higher particle velocities and lower friction effect.
The long tails revealed the influence of wall friction and the
half air ducts positioned directly at the side walls on the grain
flow. These particles travel with lower vertical velocities due
to higher frictional effects. As a result, grains have differ-
ent residence times in the dryer. The consequence of this is
that an uneven moisture distribution will result from drying,
with the risk of product quality loss during subsequent stor-
age. Grains with higher velocities may be under-dried and
those with lower velocities may be over-dried depending on
the required drying time. If the residence time of the grains
is less than the drying time, then under-drying occurs, and
if the residence time of the grains is higher than the drying
time the grains will be over-dried. Over-drying is costly in
three ways:

• There is excessive shrink, and less weight is sent to the
market;

• There is extra drying cost (energy) for removing too much
moisture;

• Thermal damages may occur.

Under-drying can cause the formation of mould and toxins
during subsequent storage. The tail of the RTD for the sim-
ulation is longer than that for the experiment because 99%
of the tracer particles were recovered from the simulation
and only 73% from the experiment. This means that if more
than 73% were collected and evaluated, then the trapped 27%
tracer particles would have prolonged the tail for the exper-
iment.

4 Conclusion

Residence time and particle velocity distributions were inves-
tigated in order to better understand the physical phenom-
ena that control the particle flow in MFDs. The comparison
between simulated and experimental results revealed that the
DEM can adequately predict the main features of particle
flow. A 2-D DEM model and commercial software have been
employed in the present work to study the flow behavior at
the particle scale. The results obtained show that two regions
exist in MFDs, the near wall region with low particle veloc-
ity, and the central region with high particle velocity. Wall
friction has a large effect on the bulk particle movement.
Wall friction dominates in the near wall region whereas par-
ticle-particle forces are dominant in the central region. Thus,
grains in MFDs have different vertical velocities, resulting in

different residence times. The half air ducts pose an obstruc-
tion to the free flow of grains. It is expected that this behav-
ior can lead to the following consequences in case of drying
operation:

◦ A broad moisture content distribution at the outlet (inho-
mogeneous drying) with the risk of product quality loss
during subsequent storage;

◦ Extra drying costs (energy) for removing too much mois-
ture.

In general, the analysis shows that the present design of
MFDs does not provide an adequate amount of cross-mix-
ing. Therefore, the future goal will be to develop new, better
designs of MFDs. 2-D DEM can be used to this purpose,
since it has shown to properly capture all flow patterns and
residence time distributions which are important for prod-
uct quality, however with over prediction of the velocity
profiles. 2-D DEM does not predict accurately the abso-
lute values of particle velocity, which may be due to the
vibration imposed on the bottom discharge device and the
spherical particle shape used in the simulation. Therefore,
optimization of the process is required in the subsequent
studies. Application of a more realistic ellipsoidal particle
shape and multi-sphere model will be considered. Addition-
ally, air flow, heat and mass transfer, which have all been
neglected in the present preliminary work, should be imple-
mented.
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