TRANSACTIONS

New Series, Volume 44, Number 2, 2016




FME TRANSACTIONS

Editor:

Bosko Rasuo
University of Belgrade

Associate Editor:

Stevanovi¢ Vladimir
University of Belgrade

Editorial Board:

Avellan Frangois

Swiss Federal Institute of Technology, Zurich, Switzerland
Dulikravich S. George

Florida International University, Miami, USA

Pordevi¢ Viadan

University of Belgrade

Ehmann F. Kornel

Northwestern University, Evanston IL, USA
Felix Hong

Wayne State University, Detroit, USA
Gabi Martin

Karlsruher Institut fur Technologie (KIT), Germany
Gaji¢ Zoran

Rutgers University, USA

Jakirlic Suad

Technische Universitat Darmstadt, Germany

Jovanovi¢ Jasmina
University of Belgrade

Kartnig Georg

Technische Universitat Wien, Austria

Klimenko A. Sergei
National Academy of Sciences, Kiev, Ukraine

Komatina Mirko
University of Belgrade

Meerkamm Harald

Friedrich-Alexander-Universitdt Erlangen-Numberg, Germany
Mester Gyula

University of Szeged, Szeged, Hungary

Minak Giangiacomo
Alma Mater Studiorum - University of Bologna, Iltaly

Nedié Novak
University of Kragujevac

Plan¢ak Miroslav
University of Novi Sad

Putnik Goran
University of Minho, Portugal

Radovanovi¢ Miroslav
University of Nis

Sedmak Aleksandar
University of Belgrade

Soutis Constantinos
The Unversity of Manchester, Manchester, UK

Stamenovi¢ Dimitrije
Boston University, Boston, USA

Technical Editor:
Sedmak Simon
University of Belgrade

Published by:
University of Belgrade
Facuity of Mechanical Engineering

ISSN 1451-2092 UDC: 621
Volume 44, No 2, 2016, pp. 109 - 216

CONTENTS PAGE
Milan M. Petrovic, Viadimir D. Stevanovic 109

Two-Component Two-Phase Critical Flow

Mirko 8. Kozic, Slavica S. Ristic, Suzana Lj. Linic,
Toni Hil, Srdja Steti¢-Kozic

Numerical Analysis of Rotational Speed Impact on Mixing
Process in a Horizontal Twin-Shaft Paddle Batch Mixer
with Non-Newtonian Fluid

lvan Bozié¢, Radisa Jovanovié

Prediction of Double-Regulated Hydraulic Turbine On-

Cam Energy Characteristics by Artificial Neural Networks
Approach

M.Kanthababu, Rajes Ram M, Peter Nithin
Emannuel, R Gokul, Radhik Rammohan

Experimental Investigations on Pocket Milling of
Titanium Alloy Using Abrasive Water Jet Machining

T.G. Loganathan, R. Krishna Murthy, K.
Chandrasekaran

Damage Characterization of GFRP Composite on
Exposure to Cyclic Loading by Acoustic Emission

Ana Pavlovic, Francesco Ubertini

Equipment Qualification in Testing the Flexural
Resistance of Bended Ceramic Tiles

Marko Ristic, Radica Prokic-Cvetkovic, Mirko Kozic,
Slavica Ristic, Mirko Pavisic

Numerical Simulation of Multiphase Flow Around Suction
Plates of Ventilation Mill in the Function of Extending its
Remaning Working Life

Srdan Zivkovié

NX CAM Post Processing Errors: Machine Data File
Generator vs. Post Builder

Milan S. Caji¢, Mihailo P. Lazarevi¢

Determination of Joint Reactions in a Rigid Multibody
System, Two Different Approaches

Michael Eder, Georg Kartnig

Throughput Analysis of S/R Shuttle Systems and Ideal
Geometry for High Performance

Purnomo, Rudy Soenoko, Agus Suprapto, Yudy
Surya Irawan

Impact Fracture Toughness Evaluation by Essential Work
of Fracture Method in High Density Polyethylene Filled
with Zeolite

M. P. Nagarkar, G. J. Vikhe Patil

Multi-Objective Optimization of LOR Control Quarter
Car Suspension System using Genetic Algorithm

Rajesh M. Darji, Munir G. Timol

Similarity treatment for MHD free convective boundary
layer flow of a class of Non-Newtonian Fluids
Radoslav Z. Rajkovi¢, Nenad . Zrni¢, Snezana D.
Kirin, Branislav M. Dragovié

A Review of Multi-Objective Optimization of Container
Flow Using Sea and Land Legs Together

Milena Papi¢-Obradovié, Branislava Jefti¢, Lidija
Matija

Papanicolaou Stained Cervical Smear Analysis Using
Opto-Magnetic Imaging Spectroscopy

115

125

133

139

146

154

159

165

174

180

187

197

204

212



l

V["ﬂ

rack

Vshuule

Al

Ashuitle

Yoad/ unload _lift
ioad unload _ shustle

W" estore

1

restore

n
K

Greek symbols

S %

System

T2

FME Transactions

length of the rack
velocity of the lift

velocity of the shuttle

acceleration of the lift

acceleration of the shuttle

loading/unloading time of the lifts

loading/unloading time of the
shuttles
probability for restoring a container

expected time for restoring a
container

number of storage levels
capacity of the queuing system

throughput of a storage level
throughput of the whole
shuttle system

utilization rate

arrival rate

service rate

AHANN3A KANALUTETA CKNAOULWI HUAX
WATIT CUCTEMA N UOEANHA TEOMETPUJA
3A NOCTU3ARE BUCOKUX MEP® OPMAHCHU

M. Enep, I'. KapTHur

[Iatn cucTeMH ce TPUMEELYjy KOJ ayTOMAaTH30BaHUX
CKNIa[MIIHAX CHCTEMAa BHCOKHMX nephopMaHcu 3a
jenmHuuHe Tepere. CBakM HHMBO CKJIAJMINTA CE
OICIIYXKYje jeAHHM TPaHCIIOPTHHM BO3WIOM. IlocToju
AUdT 33 CKIAAMIOTEHe Ha NpPEAmOj CTpaHH
cwianuuHor  cucreMa.  HMamehy mudToBa m
oaroBapajyfiux HHBOA [OCTOjU  pasMYHT  6poj
mehynpocropa. OBakBH cucremu ¢y Beh 6umm
kopruifieHM y pasIMuUMTHM HAy4yHAM pafioBHMa, a
nocroje 1 VDI npenopyke, ajiu caMo 33 aHaJIMTHYKH
NpUCTYN ca 3a80BoJbaBajyfioM Taudomhy. [TpoGnem
KOjH CE jaB/ba KO CBUX METOA 33 OMMCHMBAMC IUATI
cucTeMa je reoMeTpuja perana. Koa ayromaruzoannx
CKJIANUIMHUX CHUCTEMA 33 jeAWHUYHE TepeTe OCHOBHA
reOMETpHja XONHMKA CKIAJMINTAa je KPHTHYHA ca
acmekTa KamauuteTa. MsmoxeHna cryamja TpebGa na
JONpPUHECE PElllaBakby NMOMEHYTOr NpobJieMa.
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BUIIK HEI0 Yy YCIOBMMa Mpaxmbema. 3a emeMeHT
NPaKHCHha OBAKBO CTalbe MpPEACTaB/ba KPUTHUHO
onrepelieme. IlpemMer oBor pajma je oapehusame
onrepeliclba M IOrOHCKE CHAare TPaKacTOr TPaHC—

278 = VOL. 44, No 3, 2016

noprepa Ha mpoGHom ctosy. VisBpmieHo je mopeheme
pesynrata mnpuxealieHUX  aHAIMTHMYKHX  MOJENa,
cuMyanmje U Mepema. IloceGHO ce aHaIM3Hpa YTHIA]
BMCHHE HCITyCHOF OTBOPA Ha MOTOHCKY CHary.
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INTRODUCTION

Drive Power of a Discharge Belt
Conveyor — Comparison of Calculation,
Simulation and Measurement

Usually there is a discharger under the hopper at the bottom of a silo (e.g.
discharge belt, discharge screw). It must be able to bear the load of the
bulk material and should achieve the intended interaction with the hopper
Jor optimum draw-down.

Immediately after filling the empty hopper, the vertical pressure in the
outlet opening is usually higher than in the emptying state. For a
discharger this situation represents the critical load.

Subject of this paper is the determination of loads and drive powers of a
belt discharger test stand. The results of recognized analytical models,
simulation results and measurement resulis are compared. In particular,
the influence of the outlet height on the drive power will be analysed.

Keywords: discharge belt conveyor, drive power calculation, filling state,
DEM simulation, measurement.

The aim of this paper is to discover how the outlet

Immediately after the filling of an empty silo or bin
(filling state) the vertical stress al the outlet is greater
than in the case of discharging (discharging state) [1].
Figure 1 illustrates what happens during the filling and
discharging of a silo. During filling the height h; and the
vertical stress o, at the outlet incrcase with time. As
soon as bulk material is discharged the vertical stress o,
at the outlet decreases suddenly. That means, that the
maximum discharge force £, occurs in the filling state.

- Y/ F

!

Figure 1. Filling height, vertical stress at the outlet and
discharge force vs. time [1]

For the determination of the discharge force there
are several analytical models available. The force is
dependent on the internal friction of the bulk material,
the friction between wall and bulk material as well as
the friction resistance of the belt. Forces of inertia are
usually neglected because of the low discharge speed.
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height influences the drive power. For this recognized
analytical models, DEM simulation results and
measurement results are compared. The tests were
carried out at a test facility (see figure 2), that was
provided by the company INOCON Industrial Plants.
The project was funded by the Austrian Research
Promotion Agency (FFG).

Figure 2. Test facility with a belt conveyor

2. ANALYTICAL EVALUATION
2.1 Vertical stresses

The determination of the discharge forces and drive
powers requires the calculation of the vertical stresses in
the bin. Three different cases must bc taken into
consideration:

e Calculation of the stress in the hopper for filling
state

e Calculation of the stress in the hopper for
discharging state

e Calculation of the stress in the vertical section of
the bin

FME Transactions (2016) 44, 272-278 272



In this paper the slice element method by Janssen [2]
was used for the calculation of the stress in the vertical
section. The stress in the hopper for filling state was
determined with the Moizkus [3] method and for the
discharging state the method of Arnold and McLean [4]
was used. These methods are applied in the Silo Stress
Tool (SSTOOL) of Schulze [5], which is an easy to use
software tool for the calculation of stresses in silos and
bins, consisting of a vertical section, a hopper below
this section, and another vertical section below the
hopper.

The slice element method considers a slice-shaped
volume element of infinitesimal height dz.

B = g A+d(Ac, T,g0 Ay
Il t I
@\ e

N

I _
HHlH#%ﬂAM
g A :

|

z |
gpAdz

777

Figure 3. Slice element in the hopper

The equilibrium of forces in z-direction for a wedge-
shaped hopper with a small length to width ratio, and
therefore with consideration of the friction at the end
walls (last term in (1)) yields:

d{Ao,}+ g pAdz =sinfo,,dAy, +

M
+cos Bt,,dAy, +27,,gdAg

The ratio of the normal pressure against the wall to
the average vertical pressure is expressed by

K, =0, /0, @)

The value of K, is dependent on the mode of
operation (filling, discharging). Thus the problem in the
application of the equation presented above is the
calculation of Kj,.

o A+do A
Y »*» { * * 1 ¥ t,Udz
dz _.4'llr-l- 2 *W o,Udz
n77LT b l b4l
‘ gpAdz o

Figure 4. Slice element in the vertical section

For a slice element of the vertical section of the silo
the equilibrium of forces in z-direction yields:

do,A+gpAdz=1,Udz 3)

The solutions of the differential equations (1) and
(3) are not presented in this paper. They can be found in
[1-4], [6].

The results of the Silo Stress Tool for the bulk
material used are shown in figure 5 and the material
data are listed in table 1.

FME Transactions

Table 1. Material data of the bulk material

Bulk material: Crushed rock (grain size 4/8 mm)
Bulk density (p) 1320 kg/m?
Effective angle of internal friction (6) 45°
Angle of wall friction between steel and 2350
bulk material (g,) ’
Stress ratio (K,=cy/6,=1.2-[1-sin(d)]) 0.35
A
L,=500
g\
: "~
Y
o |
g ]
Y =
jl T T ml
< 290 0 2000 4000 6000

vertical stress in Pa

~——filling state === discharge state

Figure 5. Vertical stress for filling and discharge state
2.2 Forces

The maximum discharge force of the belt conveyor is
given by the transmittable frictional force between belt
and bulk material

Fiymax = 0w Lybiy )

where ¢, = vertical stress acting on the belt, L, = length
of the hopper, b=width of the hopper and
g = coefficient of wall friction between belt and bulk
material.

The force to shear the bulk material is given by [6]

Fy=o0,,L,buy 4)

where o, = vertical stress in the shear zone and
Hr: = equivalent friction coefficient.

Various authors suggest different values for the
equivalent friction coefficient u.. An expression with
respect to the geometry of the shear zone is [7]

_ Hs cos() —sin(y)
cos(y) + pg sin(y)

(6)

K

where y is the release angle (see figure 6) and assuming
that the maximum shear stress corresponds to the failure
condition then the coefficient gy of internal friction on
the shear plane is normally taken to be [7]

i =sin(J) @)

The skirt plate resistance may be determined as
follows:
Hopper section:

O, +0
Fopn = Kyt (%) Lyh ®)

VOL. 44, No 3, 2016 = 273



where K, =ratio of lateral to vertical strcss at skirt
plates, u, = coefficient of wall friction and 4 = height of
the outlet.

Guide plate section:

Fipe = 2K, 25 LI ©

where L, = length of guide plates.

L, L,

i
RN,

Figure 6. Release angle and other dimesions [6]
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The total discharge force is therefore

Fp=F+ F.\'ph + F.\'pe (10)

if the condition below [or non-slip is fulfilled:
Fimax 2 Fi (1

2.3 Drive power

The drive power is given by
P=(F,+Fy)v 11

where Fy; = no-load drive force and v = velocity of the
belt

2.4 Calculation results

The results of the analytical evaluation of the discharge
force and the drive power of the belt conveyor for filling
and discharge state arc listed in the figure below.

600
500
400 +— —
300 +4—

200 4— e
i Et
0 T T T T
20 30 40 80

15

Discharge force in N

Outlet height in mm
(illing state M discharge state

Figure 7. Results of analytical evaluation

3. DISCRETE ELEMENT METHOD SIMULATION

The discrete element method (DEM) is a numerical
method for computing the motion of a large number of
particles. In a DEM simulation for all particles, a
starting position and an initial velocity are specified.
The initial data and the appropriate contact model,
which describes the behaviour of the particle

274 = VOL. 44, No 3, 2016

interaction, make it possible to calculate the forces
acting on each particle. All these forces are aggregated.
An integration method is employed to computc the
change in the position and the velocily of each particle
during a certain time step in accordance with Newton's
laws of motion. Once the new positions and velocities
of each particle have been obtained the forces are
recalculated. This loop is repeated until the simulation
period is completed.

The default model in EDEM is the Hertz-Mindlin
contact model [8], which is also used in this simulation
of the discharge belt conveyor. All DEM simulations
were performed using the EDEM 2.7 particle simulation
software from DEM Solutions Ltd., Edinburgh,
Scotland.

3.1 Calibration of the simulation model

The unknown parameters of the Herlz-Mindlin contact
models, e.g. rolling friction coefficient, static friction
coefficient, coefficient of restitution, were determined
by statistical experimental design. For this a Box
Behnken experimental design was chosen.

The advantage over other experimental designs, e.g.
a {ull factorial experimental design, is that less testing
and evaluation is involved. Five factors (unknown
parameters) with three levels of parameter values of a
full factorial design requires 243 attempts and the Box
Behnken experimental design only 46.

In order to compare the results of experimental
designs with mecasurement results, a test stand was
developed [9]. It enables reproducible experiments Lo be
performed simply and easily to describe the bulk
behaviour (see shear-slip-fall test in figure 8 and figure
9). For this the shear force F,, the position of the contact
point h, the angle of repose B, and the throughput time
can be measured.

F

3 .

L&
95
LA 7777 %o

] [

‘éﬁ 7777 ,

Figure 8. Basic layout of the shear-slip-fall test stand

The individual tests (combinations of parameter
values) were simulated by the DEM software EDEM.
The analysis of the results of the Box Behnken
experimental design was carried out with the help of the
statistical software package JMP. The statistical
software obtained values for the parameters with the
smallest  deviations  between  simulation  and
measurement.

The tested bulk material (crushed rock) has a grain
size of between 4 and 8 mm. To get an idea of the
influence of the particle size in the simulation on the

FME Transactions



drive power according to the outlet height of the hopper
the particle diameter for particle model A was set at 14
mm and for particle model B at 8 mm. In order to obtain
timely results all particles in the simulation are spheres
of the same size. All values of the simulation parameters
are listed in the following table.

Figure 9. Picture of the shear-slip-fall test stand

3.2 Simulation parameters

Table 2. Values of simulation parameters

Particle | Particle
model model
A B
Diameter 14mm 8mm
Particle Properties Poisson’s Ratio 0.3 ‘ 0.3
Shear Modulus | 5%10° | 5*107
Density 2600 2400
Interaction SResEiugign - 8??; 00'25758
. 3 tatic Friction . b
Particle /Particle ¢ ing Friction | 0.1 0.1
Interaction Res?itutign. 0.261 0.261
Particle / Steel Static Friction 0.859 0.43
Rolling Friction 0.36 0.63
Interaction Res%ituti(_)n. 0.261 0.2
Particle / Belt Static Friction 0.859 0.63
Rolling Friction 0.36 0.63

3.3 Simulation model

The generated simulation model of the discharge belt
conveyor is shown in figure 10. For this purpose, all
previously determined properties are used. The motion
of the belt is implemented in EDEM as a so-called
moving plane. After the bin is filled, the belt accelerates
at 0.2s to the specified velocity of 0.2m/s.

EDEMA: vixiw
Figure 10. Picture of the simulation model

With a time step of 20% of the Rayleigh time step,
the computing time for 10s of simulated real time takes

FME Transactions

about 10 hours for particle model A and about 37 hours
for particle model B.

3.4 Simulation results

In the following the results of the simulation are
summarized. Figure 11 shows a section through the
discharge belt during the conveying process. The dark
particles move in the x-direction at a speed of more than
50% of belt speed. The shear angle previously
introduced in the analytical calculation is very easy to
recognize.

L.

EDEMAcademic

Figure 11. Simulated shear zone

The results for vertical stress and discharge force are
shown in Figure 12. In addition to the simulation
results, the values determined analytically for the filling
and discharge pressure are also entered here.

14000 « Simulation model A
E 12000 3 3
2 ® Simulation model B
10000 —3
o .
= H Calculation
2 8000
=
= 6000 +——0r
=
.2 4000 -
o
=~ 2000
n :
S e Pt N
F T e§5<'§ %ﬁﬁb
Q{.\ S
N &
f}{a“
Z.
=
3%
2
L
15
g
=
£
(@]

15 20 30 40 60 80
Outlet heigth in mm

i Simulation model A B Simulation model B
Figure 12. Results of the simulation

In contrast to the measurement results, a large
decrease in vertical stress and thus the belt force is now

VOL. 44, No 3, 2016 = 275



visible as the gale opening increases. It is also very
easy 10 see the influence of the particle diameter in
comparison to the slide opening. While both particle
models produce similar results for large openings, the
deviation is greater the smaller the outlet height.

In addition, for small slide openings the maximum
pressure in the silo occurs in the discharge state but not
in the filling state. This is also evident in the two
representations in Figure 13. The velocity vectors of
those particles whose z-component points upwards are
shown in black.

EDEMAcademic

Figure 13. Particle flow inside the bin — 15mm vs. 80mm
outlet height

With a large slide opening the bulk material caught
at the rear of the conveyor belt can be conveyed through
the gate, resulting in a homogeneous particle stream.
Otherwise, the bulk material has to be conveyed
upwards before the gale, and accumulates there. This
causes friction on the walls no longer reducing the
pressure downwards but preventing the particles moving
to the top, whereby the pressure on the belt is increased.

4. MEASUREMENT RESULTS

The actuation of the belt conveyor of the test facility is
effected by a synchronous servo brake motor with
electronic frequency converter from SEW, which makes
it possible to determine the values for power, torque and
velocity. Special software is required to record the
measured data. The results of the tests are transferred to
the MS Excel spreadshcet program for further
processing. Figurc 14 shows the measured data for a
outlet height of 30mm. In addition to the required total
dicharge force, the no-load drive force is also displayed.
This is approximately 650N and up to 1700N for the

276 = VOL. 44, No 3, 2016

starting process due to the measurement of the active
current.

2500
e e s [ [ s e e - 0,20
Z
5 2000 g
= - 0,15
8 1500 =
£ 1500 1f z
2 i L 0,10 T
201000 -+ S
ke il >
2 i - 005 3
A 500 r Uy 8
:
0 -+ 0,00
0o 1 2 3 4 5 6 7 8
total discharge force Time in sec

no-load drive force
----- belt velocitiy

Figure 14. Measurement results for the outlet height of
30mm

5. COMPARISON OF RESULTS

In figure 15 the simulated and the measured driving
force are compared over time. For the simulation result
the measured no-load drive force is added. Both the
starting process and the steady state can be reproduced
very well.

2500

2000 +—1-

Total discharge force in N

0 1 2 3 4

Time in sec

———— Simulalion Mcasurement

Figure 15. Measurement against simulation over time for
the outlet height of 30mm

Finally, Figure 16 shows a comparison of the
calculated, simulated and measured results for various
slide openings. For the small slide openings, particle
model A is too coarse and only produces adequate
results for slide openings greater than 40mm. The
situation is similar with the analytical calculation. The
driving power required for small slide openings can
only be determined with sufficient accuracy with the
DEM simulation of particle model B.

FME Transactions



300 ® Simulation mode] A

Simulation model B
250 +

B Measurement

® Calculation

200

Drive power in W
I
<

=
o
[=)

15 20 30 40 80
Outlet height in mm

Figure 16. Comparison of results

6. CONCLUSION

It was shown that good concordance is achieved
between simulation and measurement, however, the
existing computational methods mainly produce results
with impermissibly large deviations at small slide
openings. It was also found that in the discharge state
small slide openings can cause pressures on the bell,
which are greater than the filling pressures.

This effect should be investigated in future work and
should be prepared for analytical mathematical models.
Furthermore, the influence of the hopper outlet
geometry would secm to be interesting for further
investigations.
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NOMENCLATURE

b width of the hopper
F, discharge force

Fur no-load drive force
F, shear force

Fopn skirt plane resistance force under the

hopper

Fipe skirt plane resistance force beyond the
hopper

h height of outlet

K, ratio of lateral to vertical stress at skirt
plates

L, length of guidc plates
L, length of the hopper

v velocity of the belt

Greek symbols

) half hopper angle

é effective angle of internal friction

Ug coefficient of wall friction between belt
and bulk material

HE cquivalent friction coefficient

Us coefficient of internal friction on shear
plane

Uy coefficient of wall friction

P bulk density

Ouh vertical stress acting on the belt

Oys vertical stress in the shear zone

v shear zone release angle

NOrOHCKA CHAIA TPAKACTOI
TPAHCITOPTEPA 3A MNMPAXXHEHE -
NMOPEBEWE N3PAYYHABAHSA,
CUMYTNALWNJE N MEPEHA

K. Oexep, M. Erep, A. Xabep, K. MNunuxwamep

Ha puy cunoca, ucron neska, o6MYHO ce Haiazu
€NIEMEHT 3a NMpPaXIECHE (HMpP. TPaKacTH TpaHCHOpTep,
my>kHu TpaHcnoprep). OH Mopa Ja UMa KanaLuTteT .aa
HocH onrepehewe pacyTor Marepujana 4 Tpeba na
OCTBapH IUIAHHpaHy HMHTEPaKUHjy ca JIEBKOM Yy LHJBY
ONITUMMU3ALINjE ICHCABARbA MATEPHjalIa.

HemocpeaHo  mnociie  Mywewa  Npa3sHOT  JNIEBKa,
BEPTUKAIHH MPHUTHCAK Y MCIyCHOM OTBOPY je OOMYHO
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