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Abstract: Bulk materials, which are transported on continuous conveyors, partly have a high energy content, depending on
the specified mass flow and the conveying velocity. At discharge points to a storage area or at transfer points from one
conveyor to another, the energy content often increases due to the elevation of the discharge conveyor. At these points it is
possible to recover a large part of the energy due to the mass flow (conveying velocity) and the drop height of the bulk
material. This energy is usually converted into "wear" of the conveying system or the bulk material at discharge or transfer
points. Furthermore, it is available free of charge and could be used to achieve more environmentally friendly continuous
conveying systems. This research paper is focused on a new method which has been developed and patented by the "Chair of
Mining Engineering and Mineral Economics - Conveying Technology and Design Methods" at the Montanuniversität Leoben /
Austria. This invention makes it possible to recover a large part of the above mentioned energy. The invented so-called "Solid
State Material Driven Turbine" allows the recovery of this energy directly to the conveying system using a traction drive, or to
the electric circuit using a generator. The paper describes the new method and presents turbine prototypes that have been
designed using simulations and tested under laboratory condition and in operational trials. Additionally, a discussion
concerning the costs and economical aspects of the invention is included. For a special application of such a turbine a
permanent magnetic safety coupling can be used. First test results of such a coupling are presented. The paper also includes
layout criteria for an overshot "Solid State Material Driven Turbine". All executed experiments showed, that a recovery of
energy from moving bulk materials using a "Solid State Material Driven Turbine" is possible. An efficiency of more than 50%
can be realised. The occurred challenges during the tests phase under real conditions can be managed effortlessly.
Keywords: "Solid State Material Driven Turbine", Bulk Material, Energy Recovery, Continuous Conveyor

1. Introduction
Bulk materials, transported on continuous conveyors,
partly have a high energy content, depending on the specified
mass flow and the conveying velocity. For instance, belt
conveyors can handle a mass flow up to 40 000 t/h with a
conveying velocity up to 15 m/s [1]. At discharge points to
storage areas or at transfer points from one conveyor to
another, the energy content often increases due to the
elevation of the discharge conveyor. It is possible to recover a
large part of the energy due to the mass flow (conveying
velocity) and the drop height of the bulk material at these
points. At the "Chair of Mining Engineering and Mineral
Economics - Conveying Technology and Design Methods" at
the Montanuniversität Leoben/ Austria a so-called "Solid
State Material Driven Turbine" [2] has been developed,

which allows recovery of this energy. This energy could be
transferred directly to the conveying system or to the electric
circuit. In order to illustrate the potential of such an energy
recovering system, a simple calculation can be carried out. A
mass flow of 40 000 t/h (11 111 kg/s) at a conveying velocity
of 8 m/s with a drop height of 2 m leads to a power content
of about 574 kW, which is stored in the moving bulk
material. This power content is equal to a small hydro power
plant [3]. Usually this energy or power will be converted into
"wear" of the conveying system or the bulk material at these
discharge or transfer points. This unused energy is available
free of charge and could be better used to achieve more
environmentally friendly continuous conveying systems.
Energy recovery for continuous conveying systems is a wellestablished method to improve the efficiency of these
systems. Usually it is only possible to recover energy during
downwards conveying. The potential energy of the bulk
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material is used for recovery. For example, belt conveyors
use regenerative braking during a downwards conveying
process [1], [4]. For this process a contact between the bulk
material and the conveyor is necessary. The new developed
system recovers energy from the moving bulk material after
leaving the conveying system. The functional principal is
similar to simple hydraulic turbines, but instead of liquids
bulk materials are used as an energy source. In a
comprehensive literature research, which was carried out
previous to the project start, no comparable publications
could be found. In the meantime De Graaf from the Delft
University of Technology in the Netherlands has published a
research work [5], which is based on an early stage
publication on this topic, written by Prenner and Kessler
from the Montanuniversität Leoben [6]. The publication
written by De Graaf critically questions the new technology.
Meanwhile, several new research results have been generated
by Prenner from the Montanuniversität Leoben. The
following article will give an introduction into this topic.
Further publications based on wear behavior, turbine types,
economy and additional benefits of "Solid State Material
Driven Turbines" are worthwhile for further research and
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publication (e.g. [7]).

2. Operation Theory of a "Solid State
Material Driven Turbine"
The functional principle of a "Solid State Material Driven
Turbine" is similar to a simple hydraulic turbine. Especially
the principles of water wheels (overshot, undershot, breast
shot or pitch back - Figure 1 [8]), cross flow turbines
(Ossberger turbine - Figure 2 [9]) or horizontally mounted
water wheels ("Stoßrad" - Figure 2 [10]) could be adapted.
The main difference between a water turbine and a "Solid
State Material Driven Turbine" is the wear behaviour. Bulk
materials induce significantly more wear to the turbine than
water. The turbine blades have to be lined with wear plates.
These necessary wear plates are difficult to machine and have
to be replaced frequently. The geometry of the turbine blades
should be constructed to be as simple as possible to reduce
the operational costs. A simple construction with highest
efficiency decreases the payback period.

Figure 1. Types of water wheels [8].

Figure 2. Crossflow turbine – “Ossberger turbine” (left side) [9], horizontally mounted water wheel – “Stoßrad” (right side) [10].

The "Discrete Element Method" (DEM) [11] was used for the design and calculation work. This simulation method was
developed to calculate the movement of a large number of particles and is predestined to calculate bulk material movements.
Figure 3 shows a simulation example of an undershot "Solid State Material Driven Turbine".
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Figure 3. Simulation example of an undershot “Solid State Material Driven Turbine”.

A mass flow of 1 600 kg/s was used for this simulation. At a turbine diameter of 2 360 mm, a driving speed of 18 rpm and a
belt speed of 5.2 m/s, a power output of 5.5 kW was calculated. The power content of the bulk material is 21.6 kW in that case.
This leads to an efficiency of about 25%, which is similar to an undershot water wheel (see Figure 1).

3. First Functional Test of a "Solid State Material Driven Turbine"
To get a better idea whether the principle works or not, a small laboratory overshot turbine was designed. Figure 4 shows the
turbine behaviour in a simulation.

Figure 4. Simulation of the laboratory turbine.
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The maximum power output of such a turbine depends on the mass flow, the belt speed and the drop height, but is also
influenced by the rotational speed of the turbine. Figure 5 depicts the correlation between the rotational speed and the power
output for a mass flow of 28.125 kg/s and a belt speed of 2.5 m/s by simulation. The geometric data are shown in Figure 4.

Figure 5. Power curve of the laboratory turbine at a mass flow of 28.125 kg/s [12].

A real turbine was built and installed in a belt conveyor
circuit at one of four transfer points (Figure 6), to verify the
simulation results. This simple test turbine was made out of 3
mm sheet steel without any wear plates. The recovered
energy was directly transferred to the discharge pulley of one
of the four belt conveyors via a chain drive.

4. Long-Time Test Under Operation
Conditions
To test the applicability of a "Solid State Material Driven
Turbine" it was decided to carry out a long-time test under
operation conditions. For this long-time test the company
W&P Zement GmbH provided a transfer point for lime stone
from a belt conveyor to a crusher, where it was relatively
simple to install a turbine in an existing plant. Figure 7
illustrates the position of the turbine at this transfer point.

Figure 6. First test turbine [12].

The power content of the moving bulk material (crushed
stone), which includes the power content due to the discharge
velocity and the drop height (turbine outlet) is 362 W. The
measured power output of the test turbine was 152 W. This
leads to an efficiency of about 42% at 20.1 rpm. The
difference between the actual test (152 W) and the simulation
(163 W) is based on losses due to the bearings, the chain
drive, the gear box and the electric motor. The power
consumption of the electric motor used at the discharge belt
could be reduced from 928 W to 776 W, which is a reduction
of about 16.4%.

Figure 7. Transfer point from a belt conveyor to a crusher.

The specified maximum mass flow of this discharge
conveyor belt was 400 t/h at a belt speed of 1.6 m/s. The
grain size distribution for the conveyed lime stone was
specified between 10 mass percent smaller than 4 mm and 10
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m% bigger than 70 mm with a maximum of 300 mm. Due to
the available space, it was necessary to design a breast shot
turbine with less efficiency. However, the efficiency was not
the main focus for the planned long-time test. Focuses were
on feasibility and durability. Due to the critical grain size
distribution and the very cohesive material conditions of fine
grained lime stone, for such an energy recovering system, the

chosen installation position was challenging.
4.1. DE - Simulation of the L
" ime Stone Turbine"
By using the DEM, a suitable "Solid State Material Driven
Turbine" was designed. A simulation of the final design is
shown in Figure 8.

Figure 8. Simulation of the final turbine design [13].

According to the simulation a maximum power output of 1 219 W at 37.9 rpm and 307 Nm torque (Figure 9) without any
losses should be expected. The power content of the bulk material at the lowest point of the turbine is 2 832 W, which implies
an efficiency of 43%.

Figure 9. Simulation result - torque at 37.9 rpm.

Earth Sciences 2019; 8(1): 20-44

4.2. Turbine Construction and Installation
After the design phase using DEM, the turbine was
calculated, engineered, manufactured and installed by a team
of scientists and students of the "Chair of Mining
Engineering and Mineral Economics - Conveying
Technology and Design Methods". In that case the recovered
energy or power was also directly transferred from the
turbine to the discharge pulley by using a chain drive. To
transfer the energy via a chain drive it was necessary to
install an additional single-stage spur gear box, because the
rotating direction of the turbine was clockwise and counter
clockwise for the pulley (Figure 10). Compared to an
overshot construction with the same rotating direction of the
turbine and the pulley, further losses due to this gear box
have to be expected. As already mentioned, focuses were on
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feasibility and durability. Steel wear plates (Hardox 400)
were used, to increase the durability of the turbine blades.
Lime stone causes significant less wear compared to iron ore
for example, so that wear of the turbine blades should be less
of a problem. The power output of the turbine was measured
by two semi-bridge strain gauges (HBM - Type 3/350
XY41), each of which was positioned on the opposite side of
the turbine shaft between the turbine and the gear box. A
single channel data logger with a rechargeable battery from
the company PJ Messtechnik GmbH was used for data
recording. The torque measurement system was calibrated by
a 50 litre barrel filled with water, which was mounted at the
outside edge of a turbine blade. The static torque could be
measured and calibrated by taking into account the barrel
mass and the turbine radius.

Figure 10. Test turbine during the manufacturing and installation phase [12].

4.3. Test Phase
The tests were carried out over two months with
remarkable results. The turbine was demounted after this
period, because a belt conveyor with higher capacity had to
be installed. At maximum mass flow of 420 t/h (20 t/h
beyond the specification), which was measured by the plant
operator, a maximum average turbine torque of about 200

Nm was measured. A corresponding torque plot is shown in
Figure 11. The rotational speed of the turbine was pre-set by
the ratio of the chain drive. This speed of 40.6 rpm was
checked with a high speed camera. The torque of 200 Nm at
a rotational speed of 40.6 rpm led to a power output of 850
W.
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Figure 11. Average torque at maximum mass flow [12].

The measured power output is significantly lower than the
prediction by the DEM - simulation. The reason for this
behaviour is a grain size distribution which differs from the
specification. Especially the percentage of the coarse-grained
particles was much higher than the specification.
Additionally the maximum grain size was higher than the
specified 300 mm. Figure 12 illustrates the actual grain size
distribution of the conveyed lime stone. Furthermore a

particle with a grain size way more than 300 mm can be seen
in Figure 12. During the impact against the turbine blades
this particle broke into pieces. The course grained particles
have a different trajectory than the fine grained particles and
could not be correctly received by the buckets. A torque
against the rotational direction of the turbine was induced by
the large grains.

Figure 12. Actual gain size distribution [12].
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4.4. Further Simulation of the Turbine
After analysing the actual grain size distribution a further DEM - simulation with the appropriate distribution was carried out
(Figure 14). The simulation also shows the same behaviour as the actual test (Figure 13 with Figure 11). A maximum power
output of about 850 W could be calculated. The turbine was designed for the specified and not the actual grain size
distribution. The actual grain size distribution differed from the specified, because the mining conditions in the lime stone pit
changed during the installation of the turbine. The grain size distribution changes were not communicated by the plant
operator.

Figure 13. Torque with actual grain size distribution.

Figure 14. Simulation result with actual grain size distribution [12].
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4.5. Occurred Challenges During the Test Phase
In addition to the lower power output, the large number of
grains bigger than 70 mm (more than 10 m%, rather 50 m%)
caused additional challenges at the turbine. Figure 15 shows
the challenges encountered at the turbine during the two
month operation. The main issue was the loosened bolts at
most of the eleven turbine blades. Due to the higher impact
force, based on the high number of large particles, the bolting
lost its pre-load whereby the threaded holes were deformed.
Some of the bolts got totally lost and had to be replaced at
certain time intervals. Due to the deformed threaded holes,
the problem got even worse, so that the bolts had to be
tightened once a week.
The weld seam breakages at the turbine blades were
mainly caused by the different steel grades used in
combination with the coarse grain contacts. The wear plates
of the buckets were made out of 10 mm Hardox - steel wear
plates and the side plates of the buckets out of 5 mm
structural steel. Both parts are weldable, but the material
combination was not suitable for the predominant load. Both
parts should be manufactured out of 10 mm Hardox. The
broken sealing slips were also made out of structural steel
and should also be replaced by Hardox. The sealing slips had

no support function and caused no failure of the turbine. All
other components of the turbine operated without any
problem. No wear at the turbine blades could be detected
during the two month operation. As expected, the limestone
did not cause any wear problems. The expected clogging
problems due to the cohesive fine grained particles of the
limestone were also not critical. Only during rain periods,
which caused wet bulk material conditions, the fines started
to stick at the turbine blades, but were knocked off by the
coarse grained particles over a short period of time.
The turbine geometry has to be slightly redesigned for the
actual grain size distribution of the conveyed lime stone. It is
necessary to increase the bucket size and thereby the turbine
diameter. Thus, it is possible to pick up the coarse grained
particles without any further losses or a torque affecting the
rotational direction of the turbine. The bucket bolting must
also be changed. The turbine blades may need to be strapped
so that they can support each other. The necessary
improvements could easily be achieved. An increased turbine
diameter will also slightly increase the power output of the
turbine. This will compensate for the higher costs due to the
increased turbine size.

Figure 15. Additional challenges due to the unspecified grain size distribution [12].

5. Turbine Costs and Payback Period
The turbine which is presented in chapter 4 was simulated,

calculated, designed, manufactured and installed by
employees of the Chair of Mining Engineering and Mineral
Economics - Conveying Technology and Design Methods.
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The costs for the turbine excluding the installation costs were
38 465 Euros and included an overhead of 87.51% for the
hourly rate of the employees involved. For the installation
about 160 man hours were necessary. With an hourly rate of
50 Euros (locksmith) an additional cost of about 8 000 Euros
was necessary. The total costs for this energy recovering
system prototype were about 46 465 Euros. The daily switchon time for the conveyor relating to the turbine was 12 hours
seven days a week. With a maximum turbine power output of
850 W a maximum of 3 672 kWh (five days maintenance per
year) could be recovered every year. Using 0.15 Euros energy
costs per kWh, approximately 551 Euros energy costs could
be saved. The payback period would be more than 85 years
for this machine.
If such an energy recovering system prototype were
implemented in a new conveying system with the same
mass flow, drop height and a non-critical grain size
distribution, the price could be significantly reduced
(Table 1). The turbine could be designed as an overshot
turbine, thus no additional single-stage spur gear box for
changing the rotational direction will be needed. There is
also no requirement for a safety coupling, as used in the
turbine prototype shown. The installation costs will also
decrease, as the turbine is installed into a new conveyor
plant. Table 1 shows the individual costs for such an
operation case.
Table 1. Costs for an 1.6 kW over shot turbine prototype [14].
simulation costs
design and calculation costs
material costs
manufacturing costs
installation costs
total costs

6529 Euros
6000 Euros
3600 Euros
8000 Euros
1200 Euros
25329 Euros

Using an overshot turbine about 1.6 kW of power could be
recovered. At the same daily switch-on time (12 h and 360
days a year) about 1 037 Euros worth of energy costs could
be saved per year. The payback period would be about 25
years without maintenance costs. For such applications with
low mass flows, a run production of the turbine is required to
significantly lower the costs. A payback time of about 10
years would be realistic then.
However, such an energy recovering system was intended
for much higher mass flows. Based on the costs for the
turbine prototype from chapter 4, the costs for a 100 kW
"Solid State Material Driven Turbine" were calculated (Table
2). The calculation for the material costs is based on the
turbine surface which increases with a factor 10 compared to
the 1.6 kW turbine. The manufacturing and installation costs
will be increased by a factor of 5 because the complexity of
the 100 kW turbine is similar to the 1.6 kW turbine. Only the
dimensions increase. Simulation costs will be the same and
the design and calculation costs will double. For the
calculation of the costs, bulk materials without critical
conditions will be required. Table 2 shows the costs
estimation for a 100 kW turbine.
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Table 2. Costs for an100 kW over shot turbine prototype [14].
simulation costs
design and calculation costs
material costs
manufacturing costs
installation costs
total costs

6 529 Euros
12 000 Euros
36 000 Euros
40 000 Euros
6 000 Euros
100 529 Euros

Using the same daily switch-on time (12 h and 360 days a
year) as for the 1.6 kW turbine 432 000 kWh could be
recovered every year. With the same electricity costs (0.15
Euros electricity rate and network fee) 64 800 Euros could be
saved every year. This leads to a payback time of about 1.55
years without maintenance costs. The wear plates costs for
the turbine prototype from chapter 4 are 822 Euros. Using the
described increasing factor of 10, a change of all wear plates
will cost about 8 220 Euros. The replacement interval of the
wear plates depends on the wear behaviour of the conveyed
bulk material and the wear plates used. For lime stone use an
interval of once a year will be realistic. If, for example, iron
ore is to be conveyed and Hardox steel wear plates are used,
in the worst case a weekly change interval has to be expected
[7]. The replacement costs will be much higher than the
savings. For such conditions, Hardox will be the wrong wear
protection material. Wear plates with higher wear resistance
have to be used.

6. "Solid State Material Driven Turbine"
in Combination with a Bulk Material
Stockpile
A further possible site for such an energy recovering
system would be a belt conveyor in combination with a bulk
material stockpile. Figure 16 shows an open-air stockpile for
sand and gravel which is excavated from the seabed.

Figure 16. Stockpile for sand and gravel.

The belt conveyor shown handles 1 000 t/h bulk material
with a belt speed of 2 m/s. The drop height is 15.16 m. The
energy which can be recovered mainly depends on the
useable drop height. To avoid storage losses it is planned to
spill the turbine with the bulk material. Figure 17 depicts the
design geometry for this stockpile turbine.
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Figure 17. Design of the stockpile turbine with the chosen drop height.

An additional guide plate was introduced (Figure 18) to increase the efficiency of the turbine. Using a guide plate, undesired
escape of particles out of the turbine, due to the bucket movement through the bulk material stream, could be avoided. The
turbine and the guide plate geometry were developed via the DEM.

Figure 18. Guide plate design for the stockpile turbine.

Earth Sciences 2019; 8(1): 20-44
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6.1. Efficiency of the “Stockpile Turbine”
To obtain the maximum efficiency of the turbine, the optimal rotational speed was calculated. Therefore the rotational speed
was decreased from 50 rpm down to 20 rpm in intervals of 5 rpm. The simulation results are shown in Figure 19.

rotational speed = 50 rpm

rotational speed = 45rpm
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rotational speed = 40 rpm

rotational speed = 35 rpm

Earth Sciences 2019; 8(1): 20-44

rotational speed = 30 rpm

rotational speed = 25 rpm
Figure 19. Rotational speed of the turbine decreased from 50 rpm down to 25 rpm.
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Figure 20 shows the torques, which were generated by the turbine at different rotational speeds. At about 35 rpm, which
leads to a torque of 1 881 Nm, a maximum power output of 6 893 W could be calculated. The power content of the bulk
material at the lowest point of the turbine is 12 426 W. An efficiency of 55% without any mechanical losses was calculated.
The complete power plot for different rotational speeds is shown in Figure 21. The simulations were carried out with a short
guide plate, which is shorter than the plate shown in Figure 18. The arc length was shortened by about 440 mm.

Figure 20. Torque of the turbine at different rotational speeds.

Figure 21. Power output at different rotational speeds.

The geometry of the bulk material heap is important for a stockpile. Due to the turbine used, the heap geometry changes.
Figure 22 shows the differences between no turbine, and a turbine with a short and a long guide plate at 35 rpm and 25 rpm. It
can be seen that the heap peak moves towards the pulley of the conveyor belt, when a turbine is used. When the turbine
operates with a short guide plate and a rotational speed of 35 rpm (maximum power output), the bulk material stream widens
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and particles get separated. This behaviour leads to a deformed bulk material cone and, especially with dry material condition,
due to the particle separation, dust generation has to be expected [15]. The longer guide plate was used to reduce this spraying
or separation behaviour. Reducing the rotational speed to 25 rpm further improves this behaviour, but reduces the efficiency of
the turbine to 51%.

without a turbine

short guide plate - 35 rpm
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long guide plate - 35 rpm

long guide plate - 25 rpm
Figure 22. Bulk material heap geometry of the stockpile with and without a turbine.

Especially for that conveyed bulk material (sand and

gravel), which is excavated from the seabed, dust generation

Earth Sciences 2019; 8(1): 20-44

is not an issue because the material is always wet. Due to the
longer guide plate, the efficiency of the turbine can be
slightly improved up to 57% at 35 rpm. The simulation leads
to a maximum power output of 7 061 W. Considering all the
mechanical and electrical losses, a power output of 5 kW is
realistic, if a generator is used. Using the daily operating time
of 13 h and 0.15 Euros for the electricity rate and the network
fee, about 3500 Euros could be saved every year. The
amortisation period will be less than 10 years, if a turbine
prototype is used.
6.2. Stockpile Turbine Spill
As mentioned before, it is planned to spill the turbine with
the bulk material to avoid storage losses. Figure 23 shows the
difference between the idealized bulk material cones with
and without a turbine spill. Without a turbine spill, the
storage capacity decreases to about 40%, which is
unacceptable for the plant operator.
The disadvantage of a turbine spill is the shorter operation
time of the turbine during the heap build-up. The operation
time is proportional to the storage losses without spilling the
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turbine. The energy or power, which could be recovered also
decreases to 40%, if the heap is totally filled up before being
reclaimed. This leads to a significantly longer amortisation
period. For such conditions it is absolutely necessary to
reduce the turbine costs. For turbines with a power output of
less than 10 kW a serial production of the turbine is needed.
An alternative solution would be a turbine, which moves
vertically with the growth of the bulk material cone. Such a
construction will be cost intensive. These additional costs
must be compared with the extra earnings due to the increase
of the sum of the power output and the increase of the
operating time.

Figure 23. Turbine spill by the bulk material heap.

6.3. Safety Coupling for a Turbine Spill

Figure 24. Standard permanent magnetic safety coupling [16].
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If the turbine is spilled, a safety coupling between the
turbine and the power unit is necessary. The power unit could
be a generator or a traction drive to the pulley of the
conveyor as shown in Figure 10. If the bulk material is
nonmagnetic, a permanent magnet coupling could be used as
a safety device and to transmit the energy from the turbine to
the power unit. A standard permanent magnetic coupling for
low torques is shown in Figure 24. Such a coupling has the
advantage to overspeed as soon as the torque reaches its
maximum transferable value. This happens, when the bulk
material heap reaches the turbine. The turbine immediately
slows down and due to the mass inertia the torque rises. If
that torque is higher than the maximum transferable torque of
the coupling, the system overspeeds and no further torque
can be transmitted. When the whole system (turbine and e.g.
generator) has stopped, it can be run up once again.
At the "Chair of Mining Engineering and Mineral
Economics - Conveying Technology and Design Methods"
tests with permanent magnet couplings were carried out.
Instead of a coupling with magnets installed at the face side
(Figure 24), couplings with magnets mounted on the surface
shells of the two cylindrical shaped coupling halves (Figure
25) were tested.

Figure 25. Permanent magnet coupling with magnets on the surface shells.

Such a system could be used as a speed transformer, if
different diameters of the coupling halves are used. The tests
were carried out without a speed transformation. Figure 26
shows the design of the coupling test stand. The test stand
consists out of an electric motor from the company Lenze Type MDFKAIG100 - 22 and a second one, which was used
as a generator. For torque and speed measuring, two torque
measuring flanges Type T10F from the Company HBM were
used. The air gap between the two coupling halves could be
adjusted by means of a positioning device.

Figure 26. Test stand for the permanent magnet coupling.

The two coupling halves had a diameter of 200 mm and were each equipped with 21 permanent magnets. The NdFeB magnets had a diameter of 32 mm and a height of 7 mm. The maximum adhesive force of a magnet was 294 N. The two
permanent magnet coupling halves, which were made out of plywood, had a separate bearing unit and were connected to the
generator and the motor via a claw coupling.
Figure 27 shows the test stand during operation. A minimum air gap of 0.75 mm was achieved due to the simple
construction of the coupling and the magnets used.

Earth Sciences 2019; 8(1): 20-44
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Figure 27. Permanent magnet coupling during operation.

Figure 28 illustrates the measured power transmission of the coupling at 1500 rpm and 500 rpm. The torque was gradually
increased until the maximum of about 5 Nm was reached. With an air gap of 0.75 mm a maximum power of about 770 W
(1500 rpm) was transmitted. At higher torques the coupling overspeeds. This well-known behaviour relates to the necessary
safety function of the turbine. The experiments were mainly carried out to learn more about the efficiency of such a coupling
type.

Figure 28. Power curve of the coupling.

The two coupling halves were pivoted on two pedestal
bearings, which are normally not necessary. The coupling
halves can be directly connected to the motor and the
generator shaft. The bearings were necessary to avoid any
damage to the torque measurement flanges. The bearings and
the additional claw coupling causes losses which normally do
not occur. These losses were separately measured via a noload test for the generator and the motor. Figure 29 shows the

efficiency of the permanent magnet coupling with and
without these losses. With the available measuring system no
losses due to the permanent magnet coupling were measured.
In Figure 29 an efficiency, without losses, of more than 100%
for 1 500 rpm can be seen. The reason for this behaviour is a
small zero point offset of one of the torque measuring
flanges, which occurred during this measurement.

40

Michael Prenner: Energy Recovering System for Moving Bulk Materials

Figure 29. Efficiency of the coupling.

The tests showed, that a permanent magnet coupling is
applicable for a spill-type "Solid State Material Driven
Turbine". Usually the torque of such a system (Figure 20) is
significantly higher than the measured transmittable torque of
the presented permanent magnet coupling. For safety
reasons, the best position for such a coupling would be
between the turbine shaft and the in-line power transmission
system. At this position the highest torque will occur. It is
doubtful that any permanent magnet coupling could handle
such a high torque. Therefore, a position with higher speed
and less torque, for example between a gearbox and a
generator, has to be used for the coupling installation. Also
the spillage behaviour should be tested. In cooperation with
the company RöchlingLeripaPapertech GmbH & Co. KG a
production oriented turbine prototype for the presented
stockpile application was built (Figure 30).
The presented turbine should generate more insight into
the turbine behaviour in combination with a generator.
The turbine development was carried out for the company
Lafarge Tarmac. Due to in-house reasons of the partner, the
cooperation was suspended. However, the continuation of
this project is uncertain.

Figure 30. Production oriented turbine prototype for a stockpile [17].

7. Layout Criteria for an Overshot
"Solid State Material Driven Turbine"
The following layout criteria apply to overshot "Solid
State Material Driven Turbines". Due to the higher
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efficiency, only overshot turbines were considered. Figure 31
and Table 3 show the necessary layout parameters. The

turbine layout should be verified by a DE - simulation.

Figure 31. Layout parameters.
Table 3. Layout parameters.
vA
v0 respectively vx
vy
a respectively a (y)
r
hs
x and y
xcentre of rotation and ycentre of rotation
yr
h
h0

Contact speed of the particles perpendicular to the bucket [m/s]
Bulk material discharge speed from the conveyor = conveying velocity or horizontal component of vA [m/s]
Vertical component of vA [m/s]
Contact angle [°]
Contact radius [m]
Half of the bulk material loading at the belt conveyor [m]
Horizontal and vertical component of the bulk material contact with the bucket relating to the discharge point [m]
Horizontal and vertical component of the centre of rotation relating to the discharge point [m]
Vertical component of r [m]
Total height [m]
Drop height [m]
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f
n
Nbuckets
V
e

Angle of elevation of the belt conveyor
Rotational speed of the turbine [1/s]
Number of buckets
Volume flow rat [m3/s]
Tilt angle of the inlet plate (see Figure 32)

The turbine design procedure, using the layout criteria, is as follows (the procedure is illustrated in Figure 32):
1. Calculating the trajectory parabola based on half of the bulk material loading and the conveying velocity, afterwards
transmitting the data to a 3D - CAD software

y(x) = h o + x * tan ϕ −

x2 * g
2

2 * v 0 * cos2 ϕ

(1)

2. Moving the trajectory parabola by half the height of the bulk material loading in both directions

Figure 32. Design procedure of an overshot: Solid State Material Driven Turbine.

3. Selecting the bucket size and the number of buckets (the bucket size depends on the bulk material volume, which has to
be picked up by each bucket)

y centre

of rotation

= y + yr

yr = r * sin α

xcentreof rotation = x − r * cos α
α(y) = atn

(2)
(3)
(4)

vo
2 * g * y

(5)

4. Selecting the bucket size and the number of buckets (the bucket size depends on the bulk material volume, which has to
be picked up by each bucket)
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bulk material volume per bucket =

min . bucket cross sec tion =

Vɺ
nbucket * n * fill factor

bulk material volume per bucket [ m 3 ]
bucket with [ m ]

bucket with = belt with [m] * safety factor
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(6)
(7)

safety faktor = 1,25

(8)

The length of the impact plate and the inlet plate could be
derived from the minimum bucket cross section. The
selected geometry data should be verified via the DEM. The
safety factor can be varied if necessary.
5. Positioning of the inlet plate and determination of the
inclination by using 3D – CAD
The inlet plate must be inclined at a certain angle to the
impact plate of the bucket in order to avoid premature escape
of the bulk material out of the buckets. The inclination of the
impact plate at a rectangular impact of the bulk material
towards the impact plate, is equal to the angle between
current velocity vector of the bulk material and the vertical
direction. The extension of the impact plateintersects the
projection of the axis of rotation of the turbine. Due to this
condition, no torque against the rotational direction of the
turbine will be generated during the inflow of the bulk
material into the buckets. The inclination point of the inlet
plate is equal to the intersection point between the impact
plate and the trajectory parabola, which isdisplaced outwards
by half of the bulk material loading at the conveyor belt (see
Figure 32). The trajectory parabolas for the outerand the
inner position will not becalculated separately, they will be
displacedby half of thebulk material load, since this is closer
to the actual bulk material movement. The particle trajectory
differs from the theoretical trajectory for the outer and inner
position due tothe particle interaction during the movement.
The tiltangle of the inlet plate must be chosen in such a way,
that it enters tangentially into the particle flow (see Figure
32). The design of the inlet plate will be tangentially aligned
to the inner trajectory.
6. Design of a 3D surface model of the turbine for
verification via the DEM
After the confirmation of the functional principle of the
turbine via a DE - simulation and possible slight adjustments,
the turbine could be designed and manufactured based on the
surface model.

conveyors [7]. Standard chutes can be replaced by turbines.
At transfer or discharge points particle size segregation
occurs. By using a turbine this problem could be avoided.
During the long-time test under real conditions (cf. Chapter
4) this behaviour was confirmed. Simulations also showed
that it is possible to realize a soft loading effect at a transfer
point from one conveyor to another by using a special turbine
design. By using such a transfer turbine also particle
breakage can be reduced. To investigate all these additional
benefits further research projects are in preparation.
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