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Experiments on particle flow in a
newly developed mixed-tflow dryer

geometry

To preserve large mass flows of grain for long term storage, mixed-flow dryers (MFD) are in-
creasingly used worldwide. Design elements which are unfavorably constructed or arranged can
cause broad residence time distributions. Hence, locally different drying conditions occur fol-
lowed by inhomogeneous drying. As a result, the specific energy consumption increases accom-
panied by economic and quality losses. With the objective of saving product quality and increas-
ing energy efficiency a new dryer geometry was developed. To compare and evaluate the new
design with the traditional geometry regarding solids transport, a series of semi-technical parti-
cle flow experiments were performed using wheat as bed material and colored tracer particles
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mm A mixed-flow dryer consists of a vertical drying shaft, at
the top of which the cleaned, free-flowing grain is charged.
Roof shaped inserts are arranged uniformly over the entire
height distributing the drying air. The moist material flows
down vertically due to gravity. At the bottom of the dryer, a dis-
charge device is installed to control the residence time of the
product in the dryer. The uniformity of drying is determined
by shape, size, number and arrangement of the air ducts for
inlet and exit air. Besides the airflow, this installation will sig-
nificantly influence the motion behavior of the bulk material.
Although the mixed-flow dryer is state of the art, the apparatus
design remained almost unchanged over the past decades and
has not been subjected to any systematic procedural analysis.
Early studies on the influence of different air duct geom-
etries on the particle flow have been carried out by Maltry [1]
and Klinger [2] using colored grains. However, their conclu-
sions are just based on qualitative analyses. Chaabouni et al.
[3] examined the bulk movement in MFD based on a residence
time analysis with colored tracer particles. As they could dem-
onstrate experimentally for the first time, the particles in the
center of the dryer flow faster as particles close to the wall.

The majority of previous research papers focused on methods
to increase the dryer performance and to save product quality,
e.g. by improving dryer control [4-6]. Using analytical and nu-
merical models, different authors tried to describe the drying
process in mixed-flow dryers [7, 8]. In order to investigate the
bulk motion and thus the distributions of the particle velocity
and the residence time in a MFD precisely, Iroba et al. [9] and
Weigler et al. [10] developed two-dimensional models based on
the Discrete Element Method (DEM). Using the discrete calcu-
lations particle trajectories in a mixed-flow dryer were deter-
mined. The model predictions confirmed the experimental re-
sults obtained from particle flow measurements and confirmed
that particles in the center of the dryer flow faster than those in
the near wall regions. This phenomenon is known as core flow
effect causing inhomogeneous particle flow. As a consequence,
non-uniform drying occurs which is characterized by strong
fluctuations of the grain moisture distribution over the cross
section at the dryer outlet [11]. Particles having a higher veloc-
ity and lower residence time are under-dried, while particles
with a lower velocity and, thus, a high residence time are over-
dried. Therefore, it is necessary to optimize the geometry of the
mixed-flow dryer apparatus and to improve the drying process.
In this way, drying costs and quality losses due to over-drying
can be reduced and the formation of mold and toxins in storage
due to over-drying can be avoided.

Newly developed geometry

In the drying group of the Leibniz Institute for Agricultural
Engineering Potsdam-Bornim (ATB), a new dryer geometry for
the MFD [12] was developed (Figure 1, b and Figure 2, b). The
new geometry consists of a vertically arranged drying shaft
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a)

Schematic of the particle flow in a mixed-flow dryer: a) traditional
design, b) new developed geometry. The symbols (+) and (-) denote
inlet and outlet air ducts, respectively.

Test dryer with a) traditional design and b) new design (Photo: ATB)

with inclined walls and variable replaceable air ducts. The side
walls of a dryer section are inclined to the vertical by a certain
angle 3. This angle corresponds to the angle of inclination of
the diagonals axes running through the centers of the roofs.
The direction of wall inclination changes after each dryer sec-
tion. Therefore, the direction of the particle flow paths varies
from section to section. The particle trajectories are parallel
to the diagonal rows of ducts, resulting in an alternating flow
around hot inlet and cold air exit air ducts. This increases dry-
ing uniformity. The complementary angle of 3 is greater than
the angle of repose of most bulk materials, thereby, avoiding
bridge formation at the side walls. In addition, the new appa-
ratus design includes a multi-stage product cross-mixing. This
is attained by lateral displacement of the air duct rows at the
interfaces between the sections (Figure 2, b). The multi-stage
product mixing has multiple advantages: the drying potential
of the air is by far better utilized, strains of moist particles are
resolved, the drying conditions are homogenized and, hence,
the drying efficiency is increased.

With this arrangement, a systematic generation of regions
with low particle velocity near the dryer walls is possible since
the inclination increases the wall friction effect. If air ducts are
removed in addition, regions with low air velocity occur near
the wall. In Figure 1, b regions with low particle and air ve-
locities are highlighted in red. By adjusting particle and air ve-
locities in the near-wall regions and in the center of the dryer,
drying uniformity and particle moisture distribution are ho-
mogenized over the dryer cross section.

Experimental Investigation
The research on the development of the new dryer geometry is
divided into three parts:

m particle flow

m air flow

m drying
In the first two experimental series, the compartment process-
es of particle and air flow are examined as a start. Based on the
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first experimental results improvements of the new design have
already been made. The third part comprises the ,real” drying
process where all the compartment processes are coupled. Only
on the basis of practical drying experiments, the effects of de-
sign elements can be proved and actually evaluated. Wheat was
selected as bed material being as the major cereal in Germany.
As compared to corn, the particle size of wheat is small enough
to provide flowability in the down-scale semi-technical dryer.
Further development of the new dryer geometry and the mar-
ket launch is planned in a succsession project. The results will
be transferred to a large-scale demonstrator by scaling-up in
the measure of 1:5. The industrial plant shall be used for drying
of various products such as wheat, rye, barley, maize, sunflower
and other free-flowing grain crops. These products significantly
differ from each other in terms of particle shape and size. The
particle flow experiments were performed at, both, the tradi-
tional and the newly developed geometry on pilot plant scale
(Figure 2).

Both dryers have a clear cross section of 0.6 x 0.4 m (with-
out inlets). To visualize the particle flow the test dryers are
equipped with a wall made of acrylic glass. The dryer with the
traditional geometry (Figure 2, a) consists of a vertical shaft
with a height of approximately 2 meters, a width of 0.6 m and
a depth of 0.4 m. Roof shaped ducts for inlet and exit air are
arranged uniformly in the dryer shaft. The ducts have a width
of 0.1 m and a height of 0.13 m. The duct angle is 30° (angle
of inclination to the vertical). The horizontal duct interspace is
0.2 m. The rows are dislocated by a distance of a half duct. The
air ducts are opened at the bottom so as to allow the air to flow
into the bed or to escape from the bed. The dryer with the new
geometry (Figure 2, b) consists of a vertically arranged drying
chamber with inclined walls and is divided into six sections
where the direction of inclination changes from section to sec-
tion. The dryer shaft has a height of about 2 m, a width of 0.6 m
and a depth of 0.4 m. The trapezoid-shaped ducts with a width
of 0.05 m and a height of 0.055 m are arranged in horizontal
rows over the dryer shaft. The duct angle is 45°. A dryer sec-
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| Fig.3

Partikelstromungsprofil gefarbter Weizenkdrner in der herkémmli-
chen Apparategeometrie (Foto: ATB)

Fig. 3: Particle flow profile of the colored wheat particles in the test
dryer with traditional design

tion consists of 3 rows of air ducts. Each row includes 6 full and
one half air duct. The horizontal roof distance is 0.04 m. The
sections are identical in each case and mirrored alternately
about the vertical axis. The experimental pilot scale dryers are
provided with a pneumatically operated discharge, which is
based on the principle of the rotary valve and ensures a con-
stant volumetric discharge. With this discharge system, a uni-
form mass flow over the outlet cross section is guaranteed. In
order to determine the influence of the discharge device, flow
experiments were conducted without discharge system. The
results showed a similar flow profile within the dryer which,
however, was more pronounced because of the higher parti-
cle velocities as in the experiments with discharge system.
These results will not be discussed further in this work. To
visualize the particle motion, a layer of colored wheat grains
150 mm in height (Figure 2) was introduced into the bed. The
reproducibility of the experiments was confirmed by repeating
the experiments. This was only possible by using stock wheat
of consistent quality. The moisture content was 15% w.b. and
the bulk density p; = 780 kg/m?3. Another reason for selecting
stock wheat was the low storage capacity of farm-fresh grain
at our institute.

Results

The experiments show the qualitative comparison of the meas-
ured particle flow profiles of the colored particles. Figure 3
depicts the particle flow profile of bulk wheat in the traditional
dryer geometry after 4 seconds of continuous flow (discharge
open) [13]. It is clearly visible that the colored particle lay-
er has a pronounced flow profile due to the influence of the
wall. The particle stream through the center of the dryer has
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Particle flow profile of colored wheat particles in the test dryer with
new design and maximum number of air ducts (Photo: ATB)
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Farticle flow profile in the new designed dryer geometry with opti-
mized number of air ducts (Photo: ATB)

a higher velocity than the vertical particle stream close to the
wall. The long tails near the walls show the influence of the
dryer wall and half the air ducts. By observing the color pro-
files inside the air ducts, a similar particle flow profile was
determined over the depth of the dryer, which is caused by the
delay of the particle motion at the front and back walls. The
influence of the walls particularly increased in the corners of
the cross sectional area. The observed flow behavior is analog
to the core flow in a silo.

The first experiments on the new dryer geometry were
performed with the maximum possible number of air ducts
(six full air ducts and one half air duct per row). Figure 4 il-
lustrates the particle flow profile of the colored particle layer
in the newly developed dryer geometry after 4 seconds of con-
tinuous flow. In the center of the dryer, a homogeneous flow
profile of particles can be seen. At the same time, the particles
near the side walls were significantly retarded in flow which
is due to the small distance between the ducts near the wall
and the inclined dryer wall. To reduce the high tailback of the
particle flow near the side walls, two full air ducts near the
wall and two opposite half air ducts were removed per section
(Figure 5). The positions of the extracted air ducts are marked

LANDTECHNIK 69(1), 2014



33

in yellow in the image. Thus, the particle flow was significantly
accelerated near the wall. The photo shows the colored grain
layer after 4 seconds of continuous discharge. In the center of
the dryer, a homogeneous particle flow was observed which
was slightly delayed in the near-wall regions. The profiling
over the dryer depth could not be prevented but reduced at
least. The change of the wall inclination from section to section
associated with a change of the particle flow direction leads to
an increased back-mixing in the dryer. Thereby, the average
residence time is increased indeed, however, the drying is ho-
mogenized. In addition, by the removal of the air ducts regions
with lower air flow are created near the walls where streaks
of grain flow with low particle velocity. Using this effect, the
drying rate can be influenced in order to avoid over-drying in
the near-wall region.

Conclusions

With the newly developed geometry, it is possible to locally ad-
just both particle and air velocities so as to counteract over-
drying near the walls. The multi-stage product cross-mixing
increases the drying efficiency. With a homogenized drying,
energy can be saved and also the product quality can be im-
proved. The positive effects of the new dryer geometry on en-
ergy demand and product quality could not be verified in this
experimental investigation so far. This verification can be per-
formed by drying experiments on the new dryer geometry, car-
ried out in a succession project.

References

[1]  Maltry, W. (1966): Einige Untersuchungen zur Aufklarung des Verhaltens
von Getreide im Dacher-Schachttrockner. Archiv fiir Landtechnik 5(3),
S.223-264

[2] Klinger,J. (1977): Einige thermodynamische und stromungstechnische
Untersuchungen zur Modellierung der Vorgénge in Dacherschachttrock-
nern fiir Getreidekorner; Ph.D. Dissertation, TU Dresden

[3] Chaabouni, M.; Flick, D.; Techasena, O. (1992): Particles flow in industrial
grain driers. In: Proceedings of the 8th International drying Symposium
(IDS’92), A.S. Mujumdar (Ed.), Drying '92, Montreal, Canada, August 2-5,
1992, Amsterdam: Elsevier Science Publishers B.V., pp. 1409-1418

[4] McFarlane, N.J.B.; Bruce, D.M. (1991): Control of mixed-flow grain driers:
Development of a Feedback-plus-Feedforward Algorithm. Journal of Agri-
cultural Engineering Research 49, pp. 243-258

[5] Courtois, F.; Nouafo, J.L.; Trystram, G. (1995). Control strategies for corn
mixed-flow dryers. Drying Technology 13, pp. 147-164

[6] Liu, X;; Chen, X.; Wu, W.; Zhang, Y. (2006): Process control based on prin-
cipal component analysis for maize drying. Food Control 17, pp. 894-899

[7] Cao, C.W,; Yang, D.Y.; Liu, Q. (2007): Research on Modeling and Simulati-
on of Mixed-Flow Grain Dryer. Drying Technology 25, pp. 681-687

[8] Giner, S.A.; Bruce, D.M. (1998): Two-dimensional simulation model of
steady-state mixed-flow grain drying. Part 1: The model. Journal of Agri-
cultural Engineering Research 71, pp. 37-50

[9] Iroba, K.L.; Mellmann, J.; Weigler, F.; Metzger, T.; & Tsotsas, E. (2011):

Particle velocity profiles and residence time distribution in mixed-flow

grain dryers. Granular Matter 13, pp. 159-168

Weigler, F.; Scaar, H.; Mellmann, J. (2012): Investigation of particle and air

flows in a mixed flow dryer. Drying Technology 30 (15), pp. 1730-1741

Mellmann, J.; Troba, K. L.; Metzger, T.; Tsotsas, E.; Mészaros, C.; Farkas, 1.

(2011): Moisture Content and Residence Time Distributions in Mixed-

Flow Grain Dryers. Biosystems Engineering 109, pp. 297-307

Mellmann, J.; Weigler, E.; Scaar, H.; Teodorov, T. (2011): Ddcherschacht-

trockner zur Trocknung von Schiittgut (Mixed-flow dryer for drying of

bulk solids). European patent, EP 11180103

Mellmann, J.; Teodorov, T. (2011): Solids transport in mixed-flow dryers.

Powder Technology 205(1-3), pp. 117-125

[10]

(1]

[12]

[13]

LANDTECHNIK 69(1), 2014

Authors

Dr.-Ing. Fabian Weigler is a researcher, Dipl.-Ing. (FH) Holger Scaar
and Dipl.-Ing. (FH) Georg Franke are test engineers and Dr.-Ing.
Jochen Mellmann is head of the working group drying at the Leibniz
Institute for Agricultural Engineering Potsdam-Bornim (ATB), Department
postharvest technology, Max-Eyth-Allee 100, 14469 Potsdam, Germany,
e-mail: fweigler@atb-potsdam.de

Acknowledgement

The authors thank the Federal Ministry of Education and Research
(BMBF /PTCA) for the promotion of SME innovative collaborative project
GETRO (FKZ: 02PK2158).




