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PREFACE

Ladies and gentlemen, dear colleagues,

Welcome to Zlatibor, to the International Scientific Conference Heavy Machinery 2017.

This year the International Conference Heavy Machinery is held by the University of
Kragujevac, Faculty of Mechanical and Civil Engineering in Kraljevo from 28 of June to 1 of
July 2017.

It has gained a unique recognizable form for exchange of information, ideas and new
scientific researches. The Conference is held in the year when the Faculty of Mechanical and
Civil Engineering in Kraljevo celebrates the 58" year of university teaching in mechanical
engineering and sixth year of university teaching in civil engineering.

For 24 years of its existence it has acquired specific and recognizable form in domestic
and foreign scientific circles thanks to its scientific and research results.

The goal of the Conference is to make the research from the fields covered at the Faculty
of Mechanical and Civil Engineering in Kraljevo available and applicable both within
domestic and foreign frames. Also, our scientific workers will have the opportunity to learn
about results of research done by their colleagues from abroad in the fields of transport design
In industry, energy control, production technologies, and civil engineering through the
following thematic sessions:

- Earth moving and transportation machinery,

- Production technologies,

- Automatic control, robotics and fluid technique,
- Machine design and mechanics,

- Railway engineering,

- Thermal technique and environment protection,
- Civil engineering and materials.

High scientific rating of domestic and foreign participants as well as the number of
papers provide guarantees that the Conference is going to be very successful.

| wish to emphasize that this year we have a large number of papers, especially from
abroad. The program also contains 104 invited papers in the plenary session. The invited
lectures reflect the wide spectrum of important topics of current interest in heavy machinery.
The sponsorship by the Ministry of Education and Science of the Republic of Serbia is
supportive of efforts to promote science and technology in the area of mechanical and civil
engineering in Serbia. We would like to express our sincere thanks to all members of scientific
and organizing committee, reviewers, as well as to all participants including invited speakers
for coming to Zlatibor to present their papers.

Thank you and see you at the next conference.

Kraljevo — Zlatibor, June 2017 Conference Chairman,

Jaop T
Prof. Dr Mh{%ir Gasic, mech eng.
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Computer Modelling of a Digging Zone of a Single-bucket Excavator

Kudryavtsev E.M.
The Moscow state building university (Russia)

The paper shows the technique, algorithm and computer programs in system Mathcad for definition of a working
digging zone a single-bucket excavator with the working equipment a return shovel. The working zone of digging of a
ground a single-bucket excavator includes several sites. The each site of a zone represents with computer program and
graphically in system Mathcad. The offered algorithm of calculation and graphic representation of sites of a digging zone a
single-bucket excavator with the working equipment the return shovel allows to reduce on order use time and labour input
of such calculations, and also to make the corresponding researches connected about change of parameters of elements of

the working equipment.

Keywords: Digging zone, Single-bucket excavator, Technique, Computer program

1. INTRODUCTION

One of the important characteristics a single-bucket
excavator is the digging zone, which depends on
equipment type, sites of the working equipment, the sizes
of elements of the working equipment and corners of their
turn. We will consider as an example modelling of a
digging zone by excavator with working the equipment a
backdigger fig. 1. This digging zone consists of following
sites (arches): (0-1); (1-2);(2-3); (3-4); (4-5); (5-
6); (6 - 7) (7 - 0). Each of arches of a digging zone has the
radius, a turn angle and a center of arches.

Construction of a digging zone is difficult process. It
can be executed graphically or analytically. On Fig. 1 the
example of a digging zone of a single-bucket excavator
with the image of elements of the working equipment is
resulted.

10
9
B
7
3
(=
5{ 1 Hmax
| | &
L7~ [~
— i
-1
\\;'

2
-3 l", Hmin
4 it

L8
5 "u'""-"’"l

5
6 I
) - L a
3 5 i —

1 2 3 4 5 6 7 8 9
. Rmax N

Fig. 1. An example of a digging zone by excavator with a
backdigger

*Corresponding author: sdm@mgsu.ru>

2. KINEMATIC ANALYSIS

The digging zone a single-bucket excavator
represents certain sequence of the interconnected sites. For
each of sites are known values of turning angles all
elements of the working equipment (a boom, a bucket arm
and a bucket). The digging zone a single-bucket excavator
includes several sites:

- the first site (0 - 1) - is formed by turn only a bucket
from the maximum turning angle (a3max) when the end
of a tooth of a bucket moves from a point 0, to a point 1
laying on a line a boom passing through an axis and an
axis of turn of a bucket. Thus turning angles of boom
(almax) and the bucket arm (a2max) do not change;

- the second site (1 - 2) - is formed by turn only boom
from the maximum turning angle («1ma)x to the minimum
turning angle (a1min) with the maximum start of a bucket.
Thus turning angles of bucket arm and bucket do not
change;

- the third site (2 - 3) - is formed by turn only a
bucket from a point 2 to a point 3. The end of a tooth of a
bucket moves from a point 2, to a point 3 laying on a line,
a bucket arm passing through an axis and an axis of turn of
a bucket. The turning angle a bucket will make — (¢ fig. 4).
Thus turning angles of boom and bucket arm do not
change;

- the fourth site (3 - 4) - is formed by turn only bucket
arm from the maximum turning angle (a2max) to the
minimum turning angle (a2min) with the maximum start
when the end of a tooth of bucket moves from a point 3,
to a point 4. Thus turning angles of boom and bucket do
not change;

- the fifth site (4 - 5) - is formed by turn only boom
with change turning angle of a boom from the minimum
(a2min) to maximum possible (2max). The end of a tooth
of a bucket moves from a point 4, to a point 5. Thus
turning angles of a bucket arm and a bucket do not change;

- the sixth site (5 - 6) - is formed by turn only a
bucket with change of a turning angle from former
position to is minimum possible (a3min). The end of a
tooth of a bucket moves from a point 0, to a point 1. Thus
turning angles of a boom and a bucket arm do not change;

- the seventh site (6 - 7) - is formed by turn only
bucket arm from the maximum turning angle (a2max) to is
minimum possible (¢2min). The end of a tooth of a bucket



P.2 Proceedings of IX International Conference “Heavy Machinery- HM 2017, Zlatibor, 28 June — 1 July 2017

moves from a point 6, to a point 7. Thus turning angles of
a boom and a bucket do not change;

- the eighth site (7 - 0) - is formed by turn only a
bucket from is minimum possible (a«3min) to the
maximum turning angle (a3max). Thus turning angles a
boom and a bucket arm do not change.

As a rule, for simplification of the description of each
element of the machinery and the mechanism it is spent in
the local system of coordinates adhered to the projected or
investigated element (a boom, a bucket arm and a bucket).
However, for reception more product general
characteristics the  detailed description of the
interconnected elements already in the basic system of
coordinates is required.

3. MODELLING OF A DIGGING ZONE

Modelling of a digging zone of a ground includes:

- construction of a matrix of transition from local
system of coordinates of a bucket to local system of a
bucket arm;

- construction of a matrix of transition from local
system of coordinates of a bucket arm to local system of a
boom;

- construction of a matrix of transition from local
system of coordinates of a boom to the basic system of
coordinates of excavator;

- definition of values of angles of an inclination of a
boom, a bucket arm and a bucket in the set ranges;

- consecutive calculation of coordinates of each of
sites of a digging zone with use of the developed
algorithm of calculation both corresponding programs and
representation of results of calculation in a graphic kind

4. CONSTRUCTION OF A MATRIX OF TRANSITION
FROM ONE CO-ORDINATES TO ANOTHER

The basic system of coordinates 0oXoYo excavator - is
the system combined with a basic surface (ground) and an
axis of rotation of a rotary platform.

The working equipment of a single-bucket excavator
has three degrees of freedom. Each element of working
equipment (a boom, a bucket arm and a bucket) is defined
by function of three angular coordinates: i - a corner of
turn of a boom, a - a corner of turn of a bucket arm and
a3 - a corner of turn of a bucket. We will accept, that
positive value of angular coordinates of turn of each
subsequent system of coordinates corresponds to turn of
axes of coordinates counter-clockwise.

Each element of the working equipment has the local
system of coordinates: a boom — 0:X1Y1; a bucket arm -
02X2Y2; a bucket — 03X3Y3. The beginning of local system
of coordinates choose in the basic or connecting hinge of
the working equipment. Coordinates of each point of an
element of the working equipment to define in the local
system of coordinates much easier.

Let's consider in the beginning transformation of
coordinates of a point from local system of coordinates on
a boom in the basic system of coordinates of excavator.

On fig. 2 are presented the basic system of
coordinates 00XoYo  excavator and local system of
coordinates of a boom 0.X1Y1.

b1

Gj a1 Xgr v
Fig. 2. Connection of two adjacent coordinates

Assume, that coordinates of point 7' (Xir, Y17) in local
system of coordinates 0:X1Y: boom are known. It is
required to define coordinates of this point in the basic
system of coordinates 0oXoYo - system of coordinates of
excavator.

The coordinate of point 7 on axis X; in system of
coordinates 0oXoYo can be defined, using rectangular
triangles 01d4ds and d1dsT,

Xop =0d, -d,d, +al=04d, -d,d; +dl, (1)
where: 0:1d4 - a side of a rectangular triangle 01d4ds;
d.ds - a side of a rectangular triangle d.dsT;
al - coordinate of the beginning of coordinates of
system 0..X1Y1 0n axis Xp of system 0oXoYo.
Knowing value of a turning angle a; of system 01.X1Y1
concerning axis Xp of system 0oXoYo, it is possible to find
value of a side of a triangle 01d4 from a triangle 01d4ds.

0d, = X;; -cos(a,). )
It is possible to find value of a side of a triangle dids

from a triangle d.dsT
dydg =Yy -sin(a,). 3)

Substituting expressions (2) and (3) in initial (1), we
will receive expression Xor

Xor = Xy -€08(e) = Yy; -sin(ey) +al. 4)

The coordinate of point T on axis Yo in coordinate

system of 0oXoYo can be defined, using sides of a triangle
of rectangular triangles 01d4ds and d1ds7,

Yy =0d,d, +Td, +bl=d,d; +Td, +bl, (5)

where: d4ds - a side of a rectangular triangle 01d4ds;

7d; - a side of a rectangular triangle didsT;

bl - coordinate of the beginning of coordinates of
system 01.X1Y1 on axis Yo of system 0oXoYo.

Knowing value of a turning angle a1 it is possible to
find value of a side of a triangle d4ds from a triangle 01d4ds.

d,ds = X7 -sin(a,). (6)

It is similarly possible to find value of side of a
triangle Td, from a triangle d1dsT

Td, =Y -cos(ey). (7

Substituting expressions (6) and (7) in initial (5), we
will receive expression Yor

Yor = Xyp -Sin(e) +Y,; -cos(ey,) +bl. (8)

Kudryavtsev E.M.
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For modelling of movement of working body
excavator - a bucket in space we will take advantage of a
mathematical apparatus based on representation of
entrance and target data in the form of vectors of columns
and matrixes of transitions by dimension 4*4. Then, above
received expressions of transformation of coordinates of
moving, it is possible to present in the form of such matrix
expression

Xor| |cOS(e) —sin(ey) 0 al| Xy
T= Yor| _ sin(ey) +cos(e) 0 bl Y|
Zor 0 0 10 Zr
1 0 0 01 1
X 'Cos(al) ~Yir 'Sin(al) +al
| % -sin(a) + Yip -cos(a;) + bl

©)

ZlT

1

5. DETERMINATION OF A TURNING ANGLE OF A
BUCKET

Further we will define a turning angle of a bucket on
the first site of a digging zone - (0-1). On fig. 3 the scheme of
position of elements of the working equipment of excavator
for definition a turning angle of a bucket on the first a site of
a digging zone (0-1) is presented. A bucket turn on the first
site is made on a turning angle (osmax - @) at boom position
under a turning angle oimax and bucket arm under a turning
angle aomax to a line which are passing through an axis of turn
of a boom - 0; and an axis of turn of a bucket — 03, providing
the maximum start of a bucket.

vl
]
Yz
¥,
el
o Oqrez,o1) B ¢
a1
- - X
0, (0.0 Xz 0

Fig. 3. The scheme of position of elements of the working
equipment of excavator for definition of a turning angle of a
bucket on the first site of a digging zone (0-1)

Using position of the working equipment with as
much as possible lifted: a boom, a bucket arm and a bucket
fig. 3, we will define:

- coordinates of the centre of turn of bucket O3z (Xs,
Y3) in local system a boom 01X1Y1:

X, =0,B+BX; =L, -cos(e,,, ) + L, - COS( oy + Xomae )i
9)

Y, =0, A+ AX, =L, -sin(e ) + Ly - SIN( oy + Xopna )

(10)
- coordinates of the centre of turn of bucket O3(Xs1,
Y31) in the basic system 0oXoYo:

X1, = X, +al; (11)

Y1, =Y, +bl; (12)
- Distance from an axis of a boom to an axis of

bucket Lpc, m
L, = X2 +Y;7, (13)

- The corner of turn of a bucket 01 on a site (0 - 1)
will define from a triangle 010,03 fig. 3, using the theorem
KOCHHYCA.

L’ =L"+L," ~2-L, L, -cos(p); (14)
2 2 g2
go:acos(—l'2 Ly —h ); (15)
2 Lz ’ L12
Por = Ugpax — - (16)

Further we will define a turn corner of a bucket on
the first site of a digging zone of excavator - (2-3).

On fig. 4 the scheme of position of elements of the
working equipment of excavator for construction of a site
of a digging zone (2-3) by turning a bucket from a corner
0 to (-¢) is presented at boom position under a corner @imin
and bucket arm under a corner azmax.

On fig. 4 the scheme of position of elements of the
working equipment for definition of a turning anole of
bucket on the third site of a digging zone (2-3) is
presented. A bucket turns on the third site is made on a
corner (-¢) at boom position under a corner aimin and
bucket under a corner comax to a line which are passing
through an axis of turn of a bucket arm — 0, and an axis of
turn of a bucket — 03, providing the maximum start of a
bucket on a following site (3-4) at bucket arm turn.

%4 %

(B )
b1

0,0, t‘u 21

Fig. 4. The scheme of position of elements of the working
equipment of excavator for definition of a corner of turn of a
bucket on the third site of a digging zone of excavator (2-3)

Computer modelling of a digging zone of a single-bucket excavator
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6. COMPUTER MODELLING OF A DIGGING ZONE

The algorithm of computer modelling of a
digging zone by excavator with the working equipment a
return shovel in system Mathcad is presented below.

Input data:

- max and min turning angles of boom in X gYq plane,
degree. olmax = 50deg almin = —60deg

- distance between the axis of rotating platform and the
axis of boom swing, m al := 0.2

- distance between the natural surface of the ground and
the axis of boom swing, m bl = 2.C

- max and min turning angles of bucket arm in X 1Yq

plane, degree. a2max = —20deg  a2min = —180deg

- kinematic length of a boom, m L1 := 6.5

- max and min turning angles of bucket arm in X 5Yp
plane, degree: a3max := 30deg  a3min := —120deg

- kinematic length of a bucketarm, m L2 == 3.2

- kinematic length of a bucket, m L3 = 1.64
- vector of coordinates of a bucket tooth in local
coordinates O3X 3Y3 of a bucket, m

TZ=(30o01)

Calculation procedure

1. Steps of change of angles of an inclination of boom 4 «
1, bucket arm 4 « 2 and a bucket 4 « 3,radian

almax — almin

Aol =
N
oaZ2max — o2min
Ao = —— M8 —
N
admax — a3min
Aald = T

2. Calculation of the matrix M32(« 3) of transfer from the
co-ordinates of a bucket 03,X3,Y3 to the co-ordinates of a

bucket arm 05,X»,Yo and matrix M21(a 2) transfer from
the co-ordinates of a bucket arm 05,X»,Y5 to the co-
ordinates of a boom 01,X1,Yq

cos(a3d) —sin(a3) 0 L2

sin(a3) cos(a3) 0 O
M32(03) = | @3 cos(ad)
0 0 10
0 0 01
cos(a2) —sin(a2) 0 L1
sin(a2) cos(a2) 0 O
M21(a2) = | S(e2) cos(a2)
0 0 10
0 0 01

3. Calculation of the matrix M10(a 1) of transfer from the
co-ordinates of a boom 09,X1,Y to the main co-ordinates

of an excavator 0g,Xq,Yg

cos(al) —sin(al) 0 al

M10(od) = sin(al) cos(al) 0 bl
0 0 10
0 0 01

4. Coordinates of the centre of turn of bucket O 3 on a site
(0-1)

X31 = Ll-cos(almax) + L2-cos(almax + a2max) + al = 7.149

Y31 = L1-sin(almax) + L2-sin(almax + a2max) + bl = 8.579

5. Distance from an axis of a boom to an axis bucket arm
L12, m

112 = { (X31 — a)? + (Y31 — b1)° = 957

6. Value of an angle of turn of a bucket on site (0-1), rad.,
using the cosine theorem

122 + 1122 - 112
@ = acos = 0.234
212112

B0l = a3max — ¢ = 0.289

7. The program of calculation and the graph of a site (0-1)
a working zone of an excavator: turn of a bucket from an
angle o 3max to an angle g 01; a bucket arm under an
angle o 2max; a boom under an angle o 1max, radian

T0l:= [for j €0..N

a3 < admax —j-Aad
oa3) « o if a3 > pOL
adj < BOL if a3j < pO1
T2 « M32(03 )12

T1 « M21(a2max)-T2

T « M10(admax)-T1

Xj «~ Ty

Yj «— T

X
TO1 «
Y

The graph of a site (0-1) working zones of an excavator

Kudryavtsev E.M.
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8. The program of calculation and the graph of a site (0-1-
2) a working zone of an excavator: turn of a boom from
angle a 1max to « 1min; bucket arm under angle o 2max; a
bucket under angle g 01, radian

T12 = |T2 « M32(p01)-TZ

T1 « M21(a2max)-T2

for | €0..N

alj < almax —j-Aal
T « M10(alj)-T1

Xj <—To

Yj (—Tl

X
T12 «
Y

The graph of a site (0-1-2) working zones of an excavator
11
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9. The program of calculation of a site (2-3) and the graph
of a site (0-1-2-3) working zones of an excavator: turn of a
bucket from an angle 0 to 8 23; a bucket arm under an
angle o 2m a x ; a boom under an angle o Im in, radian

B23 = —¢ =-0.234
T23 = |for j €0..N
adj < B0l —j-Aa3
adj < a3 if a3 > p23
adj « 23 if a3 < B23
T2 « M32(03j)-TZ
T1 « M21(02max)-T2
T < M10(almin)-T1
Xj «To

Yj <—T1

X
T23 «
Y

The graph of a site (0-1-2-3) working zones of an
excavator
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10. The program of calculation of a site (3-4) and the
graph of a site (0-1-2-3-4) working zones of an excavator:
a boom under an angle o /m m ; turn of a bucket arm from
an angle o 2m ax to a 2min;

a bucket under an angle 0

Computer modelling of a digging zone of a single-bucket excavator
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T34:= |for j €0..N

a2j < o2max —|-Ao2
T2 « M32(B23)-TZ

TL < M21(a2; ) T2

T « M10(admin)-T1

Xj (—To

Yj <—T1

X
T34 «
Y

The graph of a site (0-1-2-3-4) working zones of an
excavator
11
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11. The program of calculation of a site (4-5) and the
graph of a site (0-1-2-3-4-5) working zones of an
excavator: turn of a boom from an angle a Imin to a
1max; a bucket arm under a angle a 2min;

a bucket under an angle 0

T45 = | for j €0..N

alj < almin +j-Aal
T2 « M32(B23)-TZ
T1 « M21(2min)-T2
T « M10(alj)-T1

Xj « Ty

Yj (—Tl

X
T45 «
Y

The graph of a site (0-1-2-3-4-5) working zones of an
excavator

11

9
0L, \\
T12, \

723, 3 \)
)

T34, A~
1
T45, / /
K /
il /
o000~ /
; /
- e
\_/
22 0 2 4 6 8 10 12
TO01q, T129, T23, T340, T454,al

12. The program of calculation of a site (5-6) and the
graph of a site (0-1-2-3-4-5-6) working zones of an
excavator: a boom under an angle o /m a x ; a bucket arm
under an angle a 2min; turn of a bucket from an angle 0 to
a 3min.

T56 = | for j €0..N

adj < B23 —j-Aa3

odj < a3 if a3 > odmin
adj « odmin if a3j < admin
T2 « M32(a3; )72

T1 < M21(c2min)-T2

T « M10(almax)-T1

Xj <—T0

Yj (—Tl

X
T56 «
Y

The graph of a site (0-1-2-3-4-5-6) working zones of an
excavator

Kudryavtsev E.M.
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13. The program of calculation of a site (6-7) and the
graph of a site (0-1-2-3-4-5-6-7) working zones of an
excavator: a boom under an angle a /m a x ; turn of a
bucket arm from an angle a2max to o2min; a bucket
under an angle a3min

T67 = | T2 « M32(a3min)-Tz

for | €0..N

a2j < a2min +j-Ao2
TL  M21(a2) )-T2

T « M10(almax)-TL

Xj (—To

Yj (—Tl

X
T67 «
Y

The graph of a site (0-1-2-3-4-5-6-7) working zones of an
excavator
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14. The program of calculation of a site (7-0) and the
graph of a site (0-1-2-3-4-5-6-7-0) working zones of an
excavator a boom under an angle o 2m a x ; a bucket arm
under an ungle a 2m a x ; turn of a bucket from an angle a
3m in to a 3m ax

T70 = | for j €0..N

odj < admin +j-Aa3
T2 « M32(03 )12
Tl < M21(a2max)-T2
T « M10(almax)-T1

Xj « Ty

Yj (—Tl

X
T70 «
Y

The graph of a site (0-1-2-3-4-5-6-7-0) working zones of
an excavator
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7. CONCLUSION

The offered algorithm of calculation and graphic
representation of sites of a digging zone excavator with the
working equipment the return shovel allows to reduce on
order with system Mathcad use time and labour input of
such calculations, and also to make the corresponding
researches connected about change of parameters of
elements of the working equipment.

Computer modelling of a digging zone of a single-bucket excavator
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An Experimental Study on the Fatigue Response of 15-5 PH Stainless
Steel Built by DMLS

D. Croccolo!, M. De Agostinis!, S. Fini!, G. Olmi'*, A. Vranic?, S. Ciric-Kostic?
"Department of Industrial Engineering (DIN), University of Bologna, Bologna, Italy
Faculty of Mechanical and Civil Engineering in Kraljevo, University of Kragujevac, Serbia

The present study is focused on the fatigue strength of 15-5 PH stainless steel parts built by DMLS. Four sets of
specimens were manufactured, mechanically and thermally treated, and tested under rotating bending fatigue. The
samples of the first two sets were built with their longitudinal axis perpendicular or parallel to the vertical stacking
direction. In both cases, a Imm allowance was uniformly distributed. The samples of the third and the fourth sets
were similarly generated, with the same orientations. The samples of the last two sets were built with cylindrical
shape and with 3mm allowance at gage. The results, processed also by analysis of variance tools, indicate that,
considering the first two sets, the fatigue limit, approximately 39% of the ultimate strength, is almost independent of the
build orientation. Conversely, the samples with incremented allowance, which required significant machining at gage,
exhibit a much higher fatigue limit, very close to the commonly accepted reference value of one-half of the ultimate
strength. This is quite an interesting result, as machining seems to be able to remove the process-induced irregularities,

thus making it possible to achieve comparable properties to those of wrought material.

Keywords: Fatigue strength, Stainless steel, Additive manufacturing, Direct Metal Laser Sintering, Build

orientation, Machining

1. INTRODUCTION

Nowadays, there is an increasing interest towards
Additive Manufacturing (4AM) techniques, as this
technological process is potentially capable of producing
even complexly shaped parts in a relatively short time [1].
In addition, the parts can be easily built, starting from a
CAD model, which is automatically processed to
determine the main manufacturing parameters and the
required amount of material. The parts are built layer by
layer in a similar manner to rapid prototyping of plastic
materials: a high-power laser beam scans over a metallic
powder bed and selectively melts the powder. The melted
powder solidifies and forms a layer: upon the completion
of each layer, powder is added, laser scanning is repeated
and a subsequent layer is deposited [2-4]. The unused
powder may be partly recycled for a further process. A
possible drawback of AM techniques consists in the
residual stresses that may be generated during part
building. Therefore, suitably shaped supports are usually
applied to safely attach the built part to a rigid base-plate,
thus preventing its movements through the powder bed or
distortions induced by the residual stress field [2]. Direct
Metal Laser Sintering (DMLS) by EOS and Selective Laser
Melting (SLM) by MTT Technologies Group can be
mentioned among the most important AM processes for
metals [4].

The aforementioned base-plate is usually placed on
a horizontal plane, and the parts are generated along a
vertical stacking direction. A number of studies, involving
different materials and AM processes have been focused
on the possible effect of the build direction on the
mechanical static and fatigue responses of the
manufactured parts. Some researchers investigated a
possible influence of the angle between the main axis of
inertia (namely, the longitudinal axis of the specimen) and
the stacking direction on the part strength. Intensive

studies were performed on selective laser melted Ti6-Al-
4V samples. The results indicated that the build orientation
may significantly affect the fatigue response, in particular
the endurance strength in the finite life domain. A higher
life for the same load entity was retrieved for the build
orientation where the layer plane is parallel to the loading
axis [5]. A similar effect was also observed on fracture
toughness [6]. The possible effect of the build direction on
the fatigue response, considering both the fatigue limit and
the fatigue strength in the finite life domain was also the
topic of a previous study by the same authors. This
research involved MS1 Maraging steel parts, built,
considering three different orientations, with post-
manufacture mechanical and heat treatments. An extended
experimental campaign led to the result that the fatigue
response is not significantly affected by the build
direction, since, for Maraging steels, post-manufacture
treatments have a great role at removing sources of
anisotropy [7].

Further research in the literature was focused on the
mechanical behaviour 15-5 PH stainless steel parts. This
type of steel is commonly used in applications such as
aircraft components, or for parts under high pressure or
working in harsh corrosive environments, including
valves, shafts, fasteners, fittings and gears [2, 8]. A lack of
studies on the effect of the build direction on the fatigue
properties of this steel can be pointed out. In particular, the
research in [2] was focused on the build orientation effect
on the static response only. Experimental results indicated
that the response is enhanced, when the load direction acts
along the layer plane, but the fatigue properties for
different build directions were not investigated. Other
studies are documented in [9-10], but are more oriented to
the effects on technological issues like machinability,
rather than to the outcomes on the fatigue strength.
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The subject of this paper consists in an
experimental study on the fatigue response of 15-5 PH
stainless steel parts fabricated by the DMLS process. Two
factors were considered: the build direction and the
fabrication procedure. In particular, two different build
orientations were considered, with the main axis of inertia
of the parts being aligned to the load direction or
perpendicular to it. Regarding the fabrication procedure,
the effect of allowance and subsequent machining was
studied: in one case, a conventional lmm allowance was
considered, whereas, in the second one, a larger allowance
was adopted with the consequent need of machining to the
core of the part. Issues of novelty arise from the lack of
studies dealing with fatigue on this steel. Furthermore, the
general absence of investigations on the effect of
allowance on the properties of AM processed parts of any
material must be emphasized.

2. MATERIALS AND METHODS

The experimental campaign was performed under
rotating bending, following the ISO1143 [11] Standard.
Specimens were designed accordingly with reference to
the cylindrical smooth geometry (with uniform cross
section at gauge). The smallest dimension suggested by
the standard, 6mm diameter at gauge was chosen as a good
compromise between standard requirements and the need
of reducing production costs. A drawing of the specimen is
shown in Fig. 1, with indication of all its dimensions and
tolerances. The chemical composition of 15-5 PH stainless
steel (by EOSGmbH - Electro Optical Systems,
Krailling/Munich, Germany) is provided in Table 1 [12].
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Figure 1: Specimen with 6 mm diameter at gage in
agreement with I1SO 1143 Standard [11]

Table 1: Chemical composition of 15-5 PH Stainless Steel
by EOS

Cr Ni Cu Mn Si Mo Nb C Fe [%]
[%] | [%] | [%] | [%] | [%] | [%] | [%] | [%]
14- 3.5- 2.5- <1 <1 < 0.15- < Balance
15.5 5.5 4.5 0.5 0.45 | 0.07

The specimens were manufactured by EOSINT
M280 system (EOS GmbH - Electro Optical Systems,
Krailling/Munich, Germany), equipped with Ytterbium
fibre laser with 200W power and emitting 0.2032mm
thickness and 1064nm wavelength infrared light beam.
The process takes place in an inert environment and the
scanning speed may range up to 7000 mm/s. The layer
thickness was set to 20 um. A parallel scan strategy with
alternating scan direction was adopted: for the subsequent
layers the scanning direction was rotated to 70°, in order to
prevent or reduce in-plane property variations. Some
examples of the scanning patterns are shown in Fig. 2,

where arrows indicate the different scan directions at
different stages of production and on different layers. A
contour line was finally scanned, in order to complete the
part shaping and to make its external surface as smoother
as possible [13]. The machine features a working space
with 250 x 250mm dimensions on the horizontal plane and
a maximum height of 325mm.

Figure 2: Some examples of the scanning patterns as the
specimens are being built (arrows indicate the scan
directions)

All the specimens underwent surface cleaning by
micro-shot-peening: this treatment is usually performed in
order to close the pores that may be induced by laser
sintering. Afterwards, H900 heat treatment was performed
[2, 12]: it consists in gradual heating in oven from room
temperature to 482°C in 1 hour time, afterwards this
temperature is kept constant for 2 hours. The parts are
finally taken out of the oven and cooled in fresh air. This
treatment, which is particularly effective at reducing the
residual stresses, thus enhancing the fatigue response of
the built parts, was performed maintaining the samples
attached to their supports to prevent them from bending.
Finally, the specimens underwent machining and refining
by grinding with the aim of achieving the surface
roughness requested by the ISO 1143 Standard [11] and of
improving the fatigue performance.

Four specimen sets were manufactured: those of
types #1 and #3 were built while lying horizontally on the
base plate, therefore the angle between their longitudinal
axis and the vertical stacking direction was 90°. Whereas,
those of types #2 and #4 were built along the vertical
direction: in this condition, the angle between their main
axis of inertia and the stacking direction was 0°. The
difference between the samples of sets #1 and #3 is that
the first ones were produced with the same shape as shown
in Fig. 1 with a Imm allowance both at the gage (diameter
increased from 6 to 8 mm) and at the heads (diameter
increased from 10 to 12 mm). The samples were then
machined to meet the drawing specifications, regarding

D. Croccolo, M. De Agostinis, S. Fini, G. Olmi*, A. Vranic, S. Ciric-Kostic



Proceedings of IX International Conference “Heavy Machinery- HM 20177, Zlatibor, 28 June — 1 July 2017 P.11

dimensional and geometrical tolerances and roughness.
Conversely, the samples of set #3 were built with a
cylindrical shape with 12 mm diameter over their entire
length. It means that the allowance was Imm at the heads
and 3mm at the specimen gage. These samples were also
reworked to meet the same specifications of the drawing in
Fig. 1. The same difference applies also to sets #2 (built
with uniform allowance and reduced section at gage) and
#4 (built with cylindrical layout). Each set was composed
by 7 to 10 samples, considering that some samples were
unfortunately damaged during manufacturing. Some stages
of production, with reference to the aforementioned
sample sets, are shown in Fig. 3.

(c) ;
Figure 3: Some stages of sample production: (a) Set #1
samples just after DMLS manufacturing and before the
heat treatment, (b) Sets #2 and #4 samples during residual

powder removal with internal gage (top) and cylindrical
shape (bottom), (c) Set #3 samples after machining and

finishing, just before the beginning of the fatigue
campaign

The fatigue campaign made it possible to obtain the
S-N curves and the fatigue limits (FLs). A staircase
method was applied to determine the FL: for this purpose,
the series of failure and not-failure events was processed
by the Dixon method [14-17]. A life duration of 107
cycles was set as run-out, based on the few available data
on the fatigue response of sintered 15-5 PH stainless steel
[2]. The Dixon method is an abbreviated staircase method
that makes it possible to estimate FL even from a short
series of nominal trials at staircase (four to six in this
work). The estimation of the standard deviation makes
also possible to provide an estimation of the uncertainty of
the FL and to determine a confidence band to be applied to
it. The data in the finite life domain were processed
according to the Standard ISO 12107 [18]: the stress and
life were linearly interpolated in logarithmic coordinates.
The lower and upper limits of the S-N curve were been
determined, based on the standard deviation of the
logarithm of the fatigue life, and considering, respectively,
probabilities of failure of 10% and 90% and a 90%
confidence level.

3. EXPERIMENTAL PROCEDURE

All the samples were initially measured, in order to
check the accomplishment of drawing requirements from
the points of view of dimensions and roughness. For this
purpose, a micrometre screw gauge, a digital calliper (both
with the resolution of 0.0lmm) and a portable surface
roughness tester (with the resolution of 0.01 pm,
Handysurf E-30A; Carl Zeiss AG, Oberkochen, Germany)
were used. The heads at both ends and the sample gauges
were measured at 90° angled points with 4 replications.
Similar measurements were performed at specimen gages
with 6 replications. The averaged values are collected in
Tables 2-5, referred to the left-side head of the four sample
sets. Regarding roughness, it has also been measured,
considering 90° angled points around full diameters at
both specimen heads with 8 replications. Similar
measurements were then carried out at the gages after
sample breakage. The averaged values are included as well
in the same Tables. All the yields are generally well
consistent with the requirements in ISO 1143 [11] and
with drawing specifications. The samples were also
checked for hardness: HRC Rockwell hardness was
determined on all the samples with three replications. The
average values, ranging from 42 to 43.5 HRC confirm an
Ultimate Tensile Strength (UTS) from 1325 to 1375 MPa,
which is in the order of that indicated in [12, 19-20] of
1310 MPa.

Table 2: Measurement outcomes for the sample type #1

Gauge diameter Head diameter

Speci Mean St dev. Rough Mean St dev. Rough
men ness ness
D [mm] [mm] [m] [mm] [mm] [1m]
1.1 6.01 0.064 0.190 10.04 0.014 0.44
1.2 5.89 0.106 0.200 9.93 0.055 0.52
1.3 6.09 0.064 0.296 10.06 0.005 0.27
1.4 6.06 0.022 X 10.06 0.010 0.39
1.5 6.05 0.029 0.289 10.03 0.012 0.59
1.6 6.07 0.031 0.128 10.04 0.021 0.60
1.7 6.00 0.039 0.178 9.99 0.020 0.17

Table 3: Measurement outcomes for the sample type #2

Gauge diameter Head diameter

Speci Mean St dev. Rough Mean St dev. Rough
men ness ness
ID [mm] [mm] [um] [mm] [mm] [um]
2.1 6.03 0.035 0.400 10.01 0.005 0.38
2.2 6.01 0.029 0.323 10.01 0.002 0.30
2.3 6.02 0.036 0.413 10.01 0.004 0.31
2.4 5.98 0.044 0.246 10.01 0.005 041
2.5 6.02 0.027 0.425 10.01 0.003 0.35
2.6 6.00 0.026 0.338 10.00 0.002 0.35
2.7 6.01 0.035 X 10.01 0.002 0.37
2.8 6.02 0.036 0.340 10.00 0.003 0.35
2.9 6.01 0.025 0.370 10.00 0.003 0.36

2.10 6.00 0.038 0.308 10.00 0.010 0.44

An Experimental Study on the Fatigue Response of 15-5 PH Stainless Steel Built by DMLS




P.12 Proceedings of IX International Conference “Heavy Machinery- HM 2017”, Zlatibor, 28 June — 1 July 2017

Table 4. Measurement outcomes for the sample type #3

Table 7: Data retrieved from the tests on the sample type

Gauge diameter Head diameter #2
Speci | nrean | stdev. | ROUBM | nrean | stdev. | ROugh Specimen | Load [N] Stress Life [N] Failure
nllIe)n [mm] [mm] [l:f:lsl [mm] [mm] [I:le;s] ID [MPa]
3.1 6.01 0.014 0.270 10.02 0.002 0.64 2.1 197.2 651 4,834,809 Y
32 | 601 _| 0016 | 0340 | 1002 | 0005 | 048 2.2 215.4 711 1,871,476 Y
33 6.01__| 0.011 X 1001 | 0.003 | 071 2.3 178.7 590 108,926 Y
34 6.00 0.009 | 0260 [ 1002 | 0.009 0.65 24 178.7 590 68,686 Y
3.5 6.01 0.010 X 10.02 0.003 0.50 2.5 142.8 470 - N
3.6 6.00 0.014 | 0440 | 10.02 | 0.005 0.59 26 169.6 560 43,729 %
3.7 6.01 0.008 0.250 10.02 0.003 0.63 27 160.6 530 — N
3.8 6.01 0.009 0.400 10.02 0.003 0.64 28 169.6 560 2,807,208 Y
3.9 6.00 0.012 0.350 10.02 0.004 0.63 59 160.6 330 2,564,861 %
Table 5: Measurement outcomes for the sample type #4 2.10 151.5 500 5,047,111 Y
- Gauge diameter Head diameter Table 8: Data retrieved from the tests on the sample type
SIE:;] Mean St dev. l:::slsgh Mean St dev. 1:loelslsgh f #3 piep
1D [mm (mm] [pum] [mm| [mm] [wm] Specimen | Load [N] Stress Life [N] Failure
4.1 6.03 0.041 0.300 10.00 0.002 0.22 1D [MPa]
42 6.00 0.019 | 0369 | 10.00 | 0.003 0.28 31 206.0 680 N
43 6.00 0.028 X 10.00 0.003 0.23 32 215.4 711 3,274,162 Y
4.4 6.01 0.040 0.363 10.00 0.003 0.30 33 206.0 680 . N
45 6.00 0.036 X 10.00 | 0.002 0.32
4.6 6.01 0.040 0.398 10.00 0.003 0.31 3451 5(1)23 Z;(l) 8’36_‘_"_’965 ;
4.7 6.01 0.026 X 10.00 0.003 0.25 . .
48 6.02_| 0032 | 0328 | 1000 | 0003 | 027 3.6 2424 800 183,582 Y
4.9 600 | 0019 | 0478 | 10.00 | 0.003 0.24 3.7 2333 770 368,551 Y
4.10 6.00 0.018 0.280 10.00 0.002 0.23 3.8 224.2 740 297,241 Y
The specimens were tested under rotating bending 3.9 2242 740 2,850,771 Y
fat1gue by a rotary bendl?‘g testing machmp, where .the Table 9: Data retrieved from the tests on the sample type
specimen is loaded in the four-point bending -
configuration, so that bending moment keeps constant over Specimen | Load [N] Stress Life [N] Failure
the entire sample length, and in particular at its gage [14]. D [MPa]
The sample was pinched at its ends by a pressure of 4.1 196.9 650 6,082,766 Y
approximately 70 MPa [21-22]. All the tests were 42 215.4 711 7,366,205 Y
conducted under fully reversed bending load (stress ratio R 43 242.4 800 532,725 Y (NOT
=-1) at the frequency f of 60 Hz. At the end of the VALID)
experimental campaigns, some samples were cut and resin 4.4 178.7 590 - N
embedded. In particular, transverse sections of the gages 4.5 187.8 620 1,256,019 | Y (NOT
and longitudinal sections of the heads were considered. VALID)
Micrographic analyses were performed both at the gages 4.6 187.8 620 8,932,232 Y
and at the ends, following chemical attacks according to j; };g; 2 Zg g 39_;216 I;I
this recipe. 20 cc of Glycerol (C3HsO3) and 10 cc Nitric 4'9 > 42' 2 200 2 %0 9 a Y
Acid (HNOs) were mixed together and the same was done 1 1 0 233'3 770 503’33 2 Y

with 20 cc of Chloridric Acid (HCl) and 10 cc of
Hydrogen peroxide (H,O,). These two mixtures were
finally 50%-50% mixed together.

4. RESULTS

The results of the fatigue tests for type #l
specimens (horizontally built, with Imm allowance) are
collected in Table 6: in particular, sample identifier, the
load level in terms of the applied force and of the nominal
stress at gage, the observed life and the test outcome are
reported.

Table 6: Data retrieved from the tests on the sample type

#1
Specimen | Load [N] Stress Life [N] Failure

ID [MPa]

1.1 127.2 420 -—- N
1.2 166.6 550 144,726 Y
1.3 158.8 524 167,829 Y
1.4 151.5 500 -—- N
1.5 151.5 500 728,708 Y
1.6 143.9 475 8,423,284 Y
1.7 197.2 651 47,315 Y

The results of sets #2 (vertically built, with uniform
allowance), #3 (horizontally built, with greater allowance
at gage) and #4 (vertically built, with greater allowance at
gage) are respectively reported in Tables 7-9, where the
same data are present. A not failure outcome indicates that
the trial was stopped upon run-out without breakage
occurrence. In the case of failure, it was of course checked
that specimen separation had occurred at gage.
Afterwards, the fracture surfaces were observed to make
sure that a fatigue initiation and propagation mechanism
was actually responsible of the observed failure. Most
failures regularly occurred at gage, but in two cases, for
the same sample set (Set #4), unusual and unexpected
failures at specimen heads were observed. One of these
failures is depicted in Fig. 4. It must be remarked that this
outcome is not completely new, as it had also been
observed (again in two cases) in the previous research
regarding Maraging steels. In that study, an analysis by
dye penetrants had indicated the presence of some spots of
unconformable roughness, which were likely to have
triggered the crack in combination with the clamping
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pressure. In the present study, the roughness at sample
ends was carefully checked by multiple measurements and
was found to be consistent with specifications. The
analysis was therefore deepened by micrographic analyses,
as described in the previous Section.

F igufe 4: Unexpected failure at sample head

The samples that were involved in the
aforementioned outcome were of course discarded for
further processing regarding the fatigue response. The
final outcomes of these two trials are therefore tagged as
NOT VALID in Table 9. The other results were anyway
sufficient to determine both the sloping part of the S-N
curve and the fatigue limit.

5. DISCUSSION

The results reported in the previous Section were
initially processed, in order to determine the fatigue curves
in the finite life domain. The S-N curves, retrieved as
linear regressions in double logarithmic scale, are plotted
in the graphs in Fig.s 6-9 for sets #1 to #4 respectively.
The corresponding equations that yield the expected life as
a function of the actual stress level are included in the
figures. The related maximum likelihood bands at the 90%
confidence level and the experimental data are also plotted
in the same diagrams, following the recommendations of
[18]. The experimental results can be generally well fitted
along a straight line with a linear correlation coefficient
(R?)up to 0.8.

The slopes of the interpolating lines were also
determined during the regression procedure. The angle
between the S-N line and the vertical axis is 86° for set #1,
88° for set #2, 88° for set #3 and 85° for set #4. The
resulting inclination can be compared to those of the S-N
curves determined for Maraging Steel MS1: considering
Ref. [7] the angles of the determined curves were ranging
between 75° and 80°. The generally higher angle retrieved
for stainless steel indicates that its S-N curves have a less
steep trend, where small variations of the state of load may
correspond to huge variations of the fatigue life, from the
order of 10° to almost 107 cycles. A great role seems to be
due to the level of roughness: as documented by the data
in Tables 2-5, related values were quite low in this study,
ranging from 0.2 to 0.3pum as an average. The
experimentations reported in [19-20] were performed on
samples of the same material and with comparable
roughness and led to a nearly horizontal curve, with a
similar slope. Conversely, the experimentations in [2],
involving the same stainless steel produced by SLM, were
performed on samples with a 10-time higher roughness
and led to a much lower fatigue resistance with a
particularly sharp drop of the curve for increasing life
(corresponding to a much lower angle).
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+ Exp. data
—S-N curve
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Tests under rotating bending pperboun
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1.00E+04 1.00E+05 1.00E+06 1.00E+07
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Figure 5: S-N curve for type #1 specimens (arrows
indicate run-outs)
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Figure 6: S-N curve for type #2 specimens (arrows
indicate run-outs)
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Figure 7: S-N curve for type #3 specimens (arrows
indicate run-outs)
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Figure 8: S-N curve for type #4 specimens (arrows
indicate run-outs)

The results of the trials at staircase were processed
by the Dixon method and led to the estimation of the FLs
collected in the bar graph in Fig. 10, along with related
confidence bands. The limit for the sample type #1 was
estimated as 480 MPa, a well comparable value to that for
type #2, 507 MPa. The other limits were conversely
significantly higher: 701MPa for type #3 and 605MPa for
the fourth sample set.

It is interesting to compare the determined FLs to
the UTS strength of the material according to [12, 19-20],
considering that a commonly accepted ratio (FL/UTS) is
approximately 50% for metallic materials [23]. The FLs
for horizontally and vertically built samples with Imm
allowance are quite close each other and correspond to
37% and 39% of the UTS. This isotropic behavior is
consistent to that reported in [7] for Maraging steels.
Moreover, the determined ratios to UTS are lower than
50%, but about ten points higher than the same ratio
determined for Maraging steel. It indicates that, on one
hand the DMLS processed parts have a lower fatigue limit
than expected, but that this detrimental effect is less
significant for 15-5 Stainless steel rather than for
Maraging steel.
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Figure 9: Bar graph summarizing the fatigue limits for the
four sample types along with their confidence bands

Regarding the FLs for sets #3 and #4, ratios to UTS
are respectively 54% and 46%. This outcome indicates
that a post-manufacture machining up to the material core
seems to have a beneficial effect on the fatigue response.
In particular, the post-manufacture machining seems to be
able to remove the irregularities at the surface layers,
where, as remarked in the Materials and Methods Section,
contour lines are scanned to complete the part shaping.

Type #2 Type #3 Type #4

These irregularities may be able to trigger fatigue cracks
and may therefore be responsible of the aforementioned
lower fatigue response of DMLS (and generally AM)
processed parts. As a consequence, the ratio to UTS is
significantly increased up to the reference value of 50%.
Moreover, the response is better, when the load direction
acts on the layer plane, which is consistent to the results in
[5-6] for Maraging steels and in [2] for the same steel
under static load

Figure 10: (a) Example of a void; (b) transverse crack
detected at specimen head

Finally, some micrographic and fractographic
analyses were performed on the samples, to check the
material structure and to investigate the possible reasons
for the unexpected failures at heads. It can be remarked
that some voids were observed: an example is shown in
Fig. 10 (a). These voids are likely to have triggered most
of these irregular failures, acting in combination with the
clamping pressure. In addition, it is interesting to observe
that a transverse crack was observed at the head of a
specimen of Set #4 that had regularly broken down at the
gage. It may indicate that another crack was propagating at
the head, but that separation at the gage occurred earlier.

The visual observation of the regular cracks at gage
by stereo and optical microspores indicated that pores with
30-40um diameter just beneath the surface (at about 80um
depth) were responsible for the initiation of most cracks.
An example is shown in Fig. 11.

Finally, some micrographies were devoted to the
observation of the microstructure generated by the
building process: the picture in Fig. 12 (a) was taken along
the build plane: it can be observed that laser scans on
contiguous planes are well visible and the related angle
(highlighted) is consistent with the process setting. A
micrography along a perpendicular plane (parallel to the
vertical stacking direction) is finally depicted in Fig. 12
(b), where the build direction is also indicated. These
outcomes indicate that the AM induced structure is still
well visible, even after the recommended heat treatments.
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Figure 12: Micrographic analyses on unmachined
horizontally built samples: (a) laser scans on the build
plane (contiguous planes are visible, relative angle
highlighted), (b) layers along the stacking direction

6. CONCLUSIONS

This study aims at defining the fatigue strength of
15-5 PH Stainless Steel manufactured by direct selective
laser sintering (DMLS) machine. Literature survey
indicated that Additive Manufacturing (4M) techniques,
such as DMLS or Selective Laser Melting are highly
effective at producing even complicated parts. Moreover,
there is a lack of data concerning the fatigue response of

AM processed parts of the aforementioned stainless steel.
Four sample sets were manufactured: horizontally and
vertically built with uniform allowance and with an
incremented allowance at specimen gage (manufactured as
cylindrical parts). This experiment can therefore be
regarded as a two-factor plan with two levels (2%). The
results indicate that the fatigue curves have a high
inclination with respect to the vertical axis and that the
fatigue limits of horizontally and vertically built samples
with uniform allowance are almost the same. The ratio of
the fatigue limits to the ultimate tensile strength is
approximately 38%. Conversely, when considering
samples with higher allowance, which required the
removal of a remarkable amount of material at gage, the
fatigue limit is averagely one-half of the ultimate strength.
Machining up to the material core seems to be able remove
the additive process induced irregularities at the external
layers that reduce the fatigue strength of AM processed
parts. Moreover, the limit was higher for samples where
the layer planes are parallel to the load direction.
Afterwards, fractographic and micrographic analyses made
it possible to provide explanations to the observed
outcomes, and to check the microstructure resulting from
the additive process.
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Tribological Properties of Detergents as Additives for Motor Oils

A.l. Dotsenko, V. D. Samusenko'”
! National Research Moscow State University of civil engineering

Conducted research in a wide temperature range anti-friction properties of detergent — phenolate and calcium
sulfonates of different levels of alkalinity as additives to polyalphaolefine oil. It is found that in the formation of a detergent
of boundary lubricating layers main role belongs to the calcium carbonate.

Keywords: detergents, lubrication oil; two-stroke petrol engines; temperature; coefficients of friction

1. INTRODUCTION

Detergent — it is a surface-active substance. It contains
molecules that are able to stick round grease particles and
rinse them from the surface.

The influence of surfactants as detergents is currently
studied adequately. At the same time, the issues associated
with the study of the tribological properties of the
detergents, as additives for motor oils, is not yet
sufficiently studied and are the subject of research in
National Research Moscow State University of civil
engineering [1].

Study of tribological properties of detergents was
realized for two-stroke petrol engines.

Two-stroke petrol engines are used mainly where
critical parameters of the choice are the high power
density, lightweight and low price (for example, drones,
scooters, chainsaws, construction equipment, outboard
applications, etc). One of the main features of operation of
two-stroke engines is absence of the lubrication system in
them. Almost in all two-stroke engines the total-loss
lubrication is applied. Oil does not circulate, and the
recommended amount of motor oil is diluted in fuel, and
through the carburetor this fuel and oil mixture gets to the
engine. Mixture passes through the engine with a high
speed, the part of oil in the form of a thin film settles on
details, and it lubricate. The rest of oil burns down
together with fuel in a combustion chamber. Simple
engines, use the way of mixing which is that the
corresponding oil quantity mixes up manually with petrol
concerning from 1:20 to 1:100.

In this regard increased requirements are imposed to
quality of oils for two-stroke petrol engines. Are the most
important: prevention of intensive wear and scuffing;
prevention of formation of deposits on details in a
combustion chamber [2]. Also big importance was gained
by ecological requirements.

During development oils for two-stroke petrol engines
the different research equipment — translatory oscillation
apparatus [3, 4], four-ball test machine [5] is applied to an
initial assessment of lubricant property.

As the important characteristic of motor oils exerting
considerable impact on lubricating property is their
thermal stability at friction. In this work, were used a
temperature method [5] for receiving temperature—friction
characteristics of the chosen oils. So using this method
theinverse correlation between critical temperatures of a

number of motor oils and wear of piston rings has been
established in four-stroke internal combustion engines [6].
The preliminary estimate in consequence of the analysis of
results the tribological tests of oils for two-stroke petrol
engines by this method allows to evaluate lubricating
properties of oils with the broad range of temperatures and
the level of deposits on details.

2. THE OBJECT OF THE STUDY

The objects of a study of the lubricating properties of
detergents were calcium sulfonates, which are one of the
most widely used detergents in current motor oils. The
used sulfonates differ in the value of the initial base
number, which varied in the range of 15-400 mg KOH/g
(Table 1).

To exclude the influence of the colloidal structure of
detergents on their tribological characteristic, they were
studied at a concentration of 1.0 vol %, which exceeds the
concentration critical micelle formation of the studied
compositions. The additives were introduced in poly alpha
olefin oil PAO-4 in the above concentration (vio = 4
mm?/s). This oil has a high purity and was chosen due to
the minimum influence of natural detergents on the
behavior of the studied additives.

It is known that calcium sulfonate forms a micellar
solution and is a colloidal dispersion of calcium carbonate
(CaCO0:s) stabilized by neutral sulfonate [8]. In turn, the
CaCOs dispersion has an average particle size of <10 nm,
a density of ~2200 kg/m® (versus 1200-1700 kg/m?® in
neutral sulfonate), and is characterized by a quasi-stable
(vaterite) form. On the whole, 60-70% of the alkali
reserve of the additive is determined by the CaCOs;
content; upon an

Table 1. Base numbers of the studied calcium sulfonates

Detergent Base number, mg KOH/g
C1 15
C2 150
C3 175
C4 370
C5 400

**Corresponding author: National Research Moscow State University of civil engineering, Moscow, 129337, Yaroslavl highway, 26
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Fig. 1. Dependence of the base number of calcium sulfonates on
the content of carbonates (CaCOs). Graph is developed according
to [9].

increase in the carbonate concentration, the base number
of the detergent increases (Fig. 1).

According to the structure and composition of
detergents, they are not supposed to demonstrate high
reactivity toward metals of a friction pair with the
formation of chemically modified layers that have a
noticeable influence on the friction and wear processes.
Under these conditions, the influence of dispersions
(CaC0s3) in the composition of detergents, which
determine their alkalinity, or other technological
admixtures is mainly apparent.

The detergent (calcium sulfonate) can be considered
to be a combination of three components, namely, neutral
calcium sulfonate, calcium carbonate (CaCOs), and base
oil. As mentioned above, the content of calcium carbonate
mainly determines the alkalinity of the additive: under its
increase, the base number increases. Neutral calcium
sulfonate causes a slight additional alkalinity of the
additive owing to CaO and Ca(OH).. It is assumed that the
used base oil does not noticeably influence the tribological
characteristics of the studied detergents.

3. METHODS

The tests were performed using a KT-2 (GOST 23-
221) four-ball friction machine [7], in which, in order to
prevent noticeable friction heating, low sliding speed in
the friction assembly is provided, and friction samples and
the surrounding oil layer are heated using an external heat
source. Samples were 100Cr6 steel balls with a diameter
of 7.94 mm. The axial load was 107.8 N, the contact load
on one ball was 44.2 N, and the pressure in the contact of
the upper and each of the lower balls (Hertz) was about 2.1
GPa. The sliding speed on the contact surface was 0.24
mm/s (Fig. 2).

The study was performed in the temperature range of
30-300°C, which is close to the oil temperatures in
internal combustion engines. The temperature of the
friction assembly increased stepwise using an external heat
source at a rate of 5°C/min. The coefficient of friction was
evaluated every 10-20°C. The duration of the experiment
at each temperature was 60 s. The estimated indicators
were the dependences of the coefficient of friction f on the
temperature T, i.e., the function f = F(T). The
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Fig. 2. The machine of friction: 1 — thermoelectrigue; 2 — nut; 3 —
tige; 4 — ball; 5 — oil; 6 — mounting; 7 — beaker for oil; 8 —
worming up; 9, 10 — support

curves were developed using the average values of three
tests.

The preference of this technique compared to other
methods for evaluating the friction and wear lies in the fact
that the change in f also helps to determine the energy of
the formation and destruction of the boundary lubricating
layers. The chemical composition of the surface layers
contacting bodies was determined using a FEI Quanta 200
scanning microscope with an Apollo 40 device for
elemental analysis by energy dispersive spectroscopy [10].

4. RESULTS AND DISCUSSION

The results of the experiments are shown in Fig. 3.
It follows from the obtained data that the addition of
detergents in base oil leads to a significant decrease in the
coefficient of friction in all the temperature interval; note
that, upon a increase in the base number of the detergent,
its tribological characteristics improve.
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Fig. 3. Dependence of coefficient of friction of
detergents with different alkalinities on the temperature: (1)
PAO-4; (2) PAO-4 + 1% C1; (3) PAO-4 + 1% C2; (4) PAO-4 +
1% C3; (5) PAO-4+ 1% C4; (6) PAO-4 + 1% C5. Hatching
denotes the zone of the sharp change in the coefficient of friction.
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Table 2. Testing results of the studied lubricant compositions

Lubricant composition Ty, °C Tz, °C Tis, °C frmax fmin Average dw,

pm
PAO-4 30 - - 0.41 0.1315 234
PAO-4 + 1% C-1 70 210 250 0.1875 0.116 222
PAO-4 + 1% C-2 70 210 - 0.155 0.11 212
PAO-4 + 1% C-3 - 210 - 0.135 0.0935 206
PAO-4 + 1% C-4 - 160 260 0.0745 0.023 207
PAO-4 + 1% C-5 - 160 270 0.078 0.021 205

The curves of the dependence of the coefficient of
friction on the temperature developed under preset
conditions are similar to the curves obtained as a result of
testing chemically active additives [8]. Denote the
transitional temperatures through Ty, Te, and T Assume
that Ty is the boundary layer destruction temperature, which
is caused by the sharp
increase in the coefficient of friction; Ty, is the temperature
at which a modified layer is formed of the friction surface,
which manifests in a decrease in the coefficient of friction
establishing it at a constant level in a certain temperature
range; T is the destruction temperature of the modified
layer, which manifests in a sharp increase in the coefficient
of friction. The values of the transitional temperatures and
the coefficients of friction at typical temperatures are shown
in Table 2.

In the case of PAO-4, the decrease in the coefficient of
friction at temperatures exceeding Ty is apparently caused
by the fact that, in the temperature range of 50-160°C, the
intense sharp change in the coefficient of friction occurs.
After the completion of this period, the stabilization of the
coefficient of friction follows, which is probably caused by
the breaking-in of surfaces.
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Fig. 4. Dependence of the coefficient of friction on the base
number of calcium sulfonate. (1) stable; (2) maximum

For low alkaline calcium sulfonate C1 and middle
alkaline C2, the presence of the intermediate temperature Ty,
which indicates the destruction of the adsoradsorption
boundary layer, is typical. In the case of detergent C3, an
insignificant increase in the coefficient of friction is
observed, which indicates the partial destruction of the

boundary layer. When testing highly alkaline calcium
sulfonates, the coefficient of friction is initially lower
and Ty is not registered.

In addition, in a certain temperature range, the
stabilization of the coefficient of friction at a certain
level is typical for the studied detergents, i.e., the
intermediate temperature Ty, which indicates the
formation of a modified layer on the friction surface.
Upon an increase in alkalinity, the temperature range
in which the boundary layers are stable also
increases.

In the case of highly alkaline detergents C4 and
C5, at Tw, the destruction of the modified layers
occurs at 300°C, and the coefficient of friction
remains lower than the coefficients of friction of
middle alkaline calcium sulfonates C2 and C3. For
middle alkaline calcium sulfonates C2 and C3, the
transition temperature Ty is not registered in the
studied temperature range.

In Fig. 4, the dependences of the coefficients of
friction on the maximum and the stable (assumed
equal to 220°C for all calcium sulfonates) base
number of the detergent are shown. It can be seen
that, upon an increase in alkalinity, the values of the
coefficients of friction decrease almost linearly.

Samples of five commercial oils applied to
lubricant of two-stroke petrol engines were tested
also. The basic characteristics of these oils are shown
in Table 3. Oils C, D and E of one manufacturer. Oils
D and E, according to the categories JASO and ISO,
are low-smoke oils, and oil E has to have the
increased  detergent  effect. ~ According to
classifications of 1SO, JASO and NMMA of
distinction in lubricating ability between oils C, D and
E are not established. In classification of API the
distinct separation by lubricating ability of oils is not
present, besides only the category TC is acting.

Table 3. The basic characteristics of oils.

Qil Kinematic Base stocks Meeting the
viscosity at specification
100 °C

A 11,8 Mineral -

B 12 Mineral API TB

C 9,7 Mineral API TB, ISO-L-
EGB, JASO FB,
NMMA TC-W3

Tribological Properties of Detergents as Additives for Motor Oils
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D 9,5 API TC, ISO-L-
EGC, JASO FC,

NMMA TC-W3

API TD, ISO-L-
EGD, JASO FD,
NMMA TC-W3

Semisynthetic

E 8 Synthetic

Because of detailed information about composition of the
tested commercial oils for two-stroke petrol engines is not
available to us, it is difficult to define precisely what
influences on the thermal stability of oils at a certain
temperature: structure of a package of additives or base oil.

Among the tested mineral oils (Fig. 5) the best thermal
stability was shown by oil C. For this oil in the studied range
of temperatures the critical temperature at which boundary
layers collapse is not revealed. The friction coefficient is
stable and makes about 0,1-0,12.

Oils A and B have approximately identical thermal
stability, and their critical temperatures ~ 240 and ~ 230 °C
respectively. Oil A shows equal or even the best lubricating
ability. On the basis of what it is possible to assume that
similar in composition packages of additives were used.
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Fig. 5. Themperature-friction characteristics of mineral oil: 1 — oil
A, 2-o0il B, 3-0il C.

Among the compared oils of one manufacturer (fig. 7) thermal
stability of mineral oil C the highest. Semisynthetic oil D
takes an intermediate position.

b

a

Fig. 6. Photographs of a mandrel after testing of oils: a—0il C; b -
oil D; c—oil E.
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Fig. 7. Themperature-friction characteristics of oil from
one manufacturer: 1 —oil C, 2 - 0il D, 3 - 0il E.

Synthetic oil E in the studied range of temperatures
has shown the worst lubricating ability almost in all
interval of the studied temperatures. Several peaks
on graphics of temperature-friction characteristic of
oil E demonstrate that its formulation contains not
less than two chemically active additives forming
chemically modified layers providing decrease in
friction coefficient in the different ranges of
temperatures on friction surfaces [8]. Destruction of
the modified layers separating the rubbing surfaces
is reflected in sharp raising of friction coefficient
after 250 °C. Low lubricating ability of oil E
(synthetic) in comparison with oils C (mineral) and
D (semisynthetic), apparently, is explained by the
fact that the synthetic oil which is an base stock is
practically not oxidized at temperature increase in the
studied interval while oils on mineral (and even on
semisynthetic basis) are oxidized that increases
lubricating ability of the studied lubricants.
Deterioration in lubricating ability can be also
connected with the fact that the manufacturer uses a
smaller quantity of additives to reduce smoke and
the amount of deposits in a combustion chamber. In
fig. 6 shows the photographs of mandrels after tests
of oils of one manufacturer. The difference between
mandrels is visually well distinguishable. So the
mandrel after testing of oil of mineral oil C has the
greatest darkening, and in a case with synthetic oil
E traces of influence of high temperatures are
minimum. It is possible to range oils on their
detergency thus C<D<E. The obtained data
correspond to the characteristics of oils of their
detergency declared in classifications of JASO and
1SO.
5. CONCLUSION

Hence, the study of the tribological characteristic
of detergents for motor oils in the case of calcium
sulfonates of different alkalinities established the
positive role of calcium carbonate in the composition
of a micelle of the additive. This not only provides
the required alkalinity of the additive, but also
influences a decrease in the coefficient of friction.

Based on a chemical analysis of the sample
surface, it can be assumed that, in addition to a
temperature increase, friction is also necessary to
form a protective film on the surface.

A.l. Dotsenko, V. D. Samusenko
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The performed study shows that the influence of
detergent additives (at least, calcium sulfonate) on the
lubricating properties of oils is rather significant and it
should be considered in the development of lubricant
compositions.

The possibility of differentiation of oils for two-stroke
petrol engines based on lubricating ability, and also on the
detergency by means of a temperature method of an
assessment of lubricating ability of oils is established.

In the set conditions the best thermal stability was shown
by oil C on a mineral basis. Qils on a mineral basis of A and
B have shown close thermal stability that suggest similar
additive packages. Oil E on a synthetic basis has shown the
greatest friction coefficient almost in all range of
temperatures.

The visual assessment of mandrels after testing allows to
evaluate the detergency of oils. Least of all traces of
temperature influence when using synthetic oil E that will be
coordinated with classifications of JASO and ISO.
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A Survey of Researches in the Field of Ecodesign Related to
Intralogistics at the University of Belgrade - Faculty of Mechanical
Engineering (2010-2017)

Nenad Zrni¢'"
! Faculty of Mechanical Engineering, Department of Material Handling Constructions and Logistics,
University of Belgrade, Belgrade (Serbia)

Since its inception in the educational process at the Faculty of Mechanical Engineering (University of Belgrade) in
2008/2009 (Master and PhD studies), as the result of the Tempus project JEP 40069 ““Design in Mechanical Engineering”
(2006-2008), the field of ecodesign and sustainable logistics has a permanent growth both in tuition and research. That
finally resulted in establishing Laboratory of ecodesign and logistics in 2014 and several researches conducted through the
work in this Lab. Some of them have been done in the cooperation with some foreign academic institutions. The main
stream of the mentioned researches was related to the assessment of environmental effects of intralogistics equipment, such
as material handling (cargo handling equipment in ports such as are cranes and terminal tractors) and conveying (belt
conveyors) equipment. Accordingly, the conducted researches and findings have been presented to a broader scientific
community and published in international journals, books and presented at the international conferences. This paper gives
a survey and compilation of those publications in the period 2010-2017.

Keywords: Ecodesign, sustainable logistics, life cycle assessment, cargo handling equipment, conveyors

1. INTRODUCTION: ECODESIGN AND LCA ASITS
CORE

From the environmental point of view,
sustainability represents the system’s capacity (in this case
the Earth) to support anthropogenic activities’ impact on
the environment without putting the future of human race
under risk. From the designer point of view, sustainable
development is about designing objects that use limited
resources; it is also about social responsibility and ethics
(1], [2].

Growing interest in environmental condition and
concept of sustainable development resulted in appearance
of design disciplines with goal to develop solutions for
decreasing the impact of human activities and industrial
products on environment. Such discipline is well known as
Ecodesign or Design for Environment. Based on
fundamentals of ecodesign, all products and services must
be designed to scope all of their life cycles stages.
Processes needed for manufacturing, distributing and
disposing of the product at the end, are considered to be
one. Beside the design of product itself, this approach

designs product system, in a way that it defines all
possible events in product life cycle [3].

In 2006 the European Environment Agency defines
Ecodesign as “the integration of environmental aspects
into the product development process, by balancing
ecological and economic requirements. Ecodesign
considers environmental aspects at all stages of the
product development process, striving for products which
make the lowest possible environmental impact throughout
the product life cycle.” Ecodesign integrates the idea of
sustainability as well as environmental considerations into
the product development. It considers the contribution of
the product to environmental impact through all of its life
cycle stages. Speaking of Ecodesign and environmental
friendly product development it is important to bring
together environmental requirements from stakeholders, as
well as legal frameworks. For the purpose of product
improvement, Ecodesign process integrates stakeholder
and environmental point of view, see Figure 1 [4].

| Stakeholder view

e Life cycle
delin assessment
modeling LCA

I Environmental view | I/

Ecodesign

S Product —— Environmental
improvement communication

Figure 1: Inputs to the Ecodesign process [4]
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Having this in mind, ecodesign as relatively new
engineering discipline makes a radical discontinuity with
traditional design process [5]. The purpose of this is to
design product life cycles, in order to indentify and
efficiently combat environmental impacts. In other words,
it is possible to create product and minimize the input of
raw materials and energy, and the impact of all emissions
and waste.

Before design of any new product life cycle, and
before any improvement of existing product life cycles, it
is of vital importance to estimate the present effects on
environment. The only way to both quantitatively and
qualitatively calculate the harm of all effects of products
and human activities on environment is to conduct Life
Cycle Assessment or LCA [6]. As the core of ecodesign
LCA is quantitative tool for assessment of environmental
impacts of products and services such as climate change,
global warming, ozone depletion, (smog) creation,
eutrophication, acidification, toxicological impact on
humans and ecosystems, the depletion of resources, and
others. It is systematic approach for analyzing the entire
life cycle stages of products from material extraction
through manufacturing, use and eventually disposal or

recycling preferably. Therefore it is often called a “cradle-
to-grave” analysis [3].
LCA is an iterative technique. In accordance with

EN ISO 14040: 2006, life cycle of a product consists of
five consecutive and interlinked stages. Therefore life
cycle includes:

Raw material stage,

Manufacturing stage (design and production),

Distribution stage (packaging and transportation),

Use stage, and

End of life stage (EoL).
In accordance with the same standard EN 1SO
14040: 2006, the formal structure of an LCA contains four
phases:

e Goal and scope definition,

Life cycle inventory analysis (LCI),

Life cycle impact analysis (LCIA),

Life cycle interpretation.
These phases are consecutive and interlinked, as
life cycle stages, see Figure 2 [7].
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Figure 2: Phases of an LCA [7]

2. 2. CURRENT TRENDS IN GREEN
(INTRA)LOGISTICS

The forum intralogistics at the association
“Verband Deutscher Maschinen- und Anlagenbau”
(VDMA) defines intralogistics as the organization, control,
realization and optimization of in-plant goods and their
material flow and logistics, of the streams of information
as well as the movement of goods in industry, trade or
public facilities [8].

Corresponding to the 20 mega-trends specified in
[9] specific subject areas have been established as
important future research focuses (Figure 3).

As it can be concluded from Fig. 3 of the 20 global
megatrends one of the most significant trends for
intralogistics as a part of logistics sector (energy
consumption in intralogistics is estimated to about 25% of
the whole logistics sector [10]) is climate change and
environmental impact, while one of the main
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Figure 3: Tasks in intralogistics in the future [11]
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research thrusts is “Green Logistics”. Although the
logistics greenhouse gas (GHG) footprint may appear
relatively modest (estimated for around 5.5% of global
emissions), transport sector has been increasing its output
of these gases, while other sectors are reducing their
footprint [12]. For this reason it is quite sure that in the
next few decades a major challenge for the companies in
logistics sector will be to implement practical and cost-
effective carbon mitigation strategies to cut their GHG
emissions in an effort to achieve very ambitious carbon
reduction targets at national, EU and global levels by 2050
[13].

Companies can reduce carbon emissions from their
logistics operations in many ways. According to [12]
several ideas for decarburization of logistics activities,
focus is on five key freight transport parameters: reducing
freight transport intensity, shifting freight to less carbon-
intensive transport modes, increasing vehicle utilization,
raising the energy efficiency of freight transport operations
and finally reducing the carbon intensity of the energy
source (i.e. the amount of CO, emitted per unit of energy
consumed either directly by the vehicle or indirectly at the
primary energy source for electrically-powered freight
transport operations, what will be particularly considered
later in this paper) used in logistics. Obviously,
decarburization must be followed by developing
innovative technologies [14] in order to improve
intermodal transport chains, logistics services and
consequently environmental performances of logistics
equipment.

3.3. ENVIRONMENTAL EFFECTS OF CARGO
HANDLING EQUIPMENT (CHE) IN CONTAINER
PORTS

With almost 90 percent of non-bulk cargo moved
worldwide by containers, the container shipping and
handling industries have immense economic footprint both

locally and globally. Ports play a huge role in the regional
economies and the growth and the development is directly
related to ports abilities to adapt to new challenges [15].
As according to Guerrero and Rodrigue [16], the five
waves (phases or cycles) of containerization that
essentially influenced development of port and terminals
are presented in Fig. 4, 2014, [17]).
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Figure 4: TEU number (1956-2015 with 2030 prediction)
and waves of containerization according to Guerrero and
Rodrigue [16],[17]

After summarizing the containerization
development and having in mind the mentioned
megatrends, the imposing conclusion is to seek challenges
and changes in containerization not only within
technological arena, but equally significant social and
economical ground. Containerization has given
revolutionary change for the transportation and shipping
industry, leading to globalization. The technology could
provide evolution for the containerization to maintain its
important role, but it is strong belief that only the social
and economical changes at global scale can make
revolutionary change, Fig. 5 [17].
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Figure 5: Impact of global megatrends on containerization [17]

It is also important to underline that the
environmental footprint of the ports is rising to the top of
the port authorities’ agenda in the moment when economic
downturn has already exerted container operations

struggling to hold on cost effective side. The new demands
are pushing port related industries to offer “green”
solutions for ports who seek to mitigate their
environmental footprints. Emissions in ports come from
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operations of three different sectors. The first sector is
related to the arrival and berthing of vessels, the second
involves activities within the port boundaries such as
unloading of cargo from the ships and their transfer by
Cargo-Handling-Equipment (CHE) and the third includes
the transport (vehicles, trains and inland shipping) within
or near the port and departure [15].

In port container terminals, cargo (in this paper
only containers) are ferried around using special designed
machines called CHE. These machines usually include
various types of cranes and specially designed forklifts,
tractors or trucks. The containers are lifted from a marine
vessel by a crane at latter moved or picked by other crane,
handler or forklift. In between each use of a crane or pick,
the container is transported around the terminal using a
yard truck.

Greatest in CHE fleet population are the yard trucks
and forklifts, followed by handlers and gantry cranes.
These machines are conventionally power with Internal-
Combustion-Engine (ICE) which most often is a diesel.
Due to the fact that handling container with as much as 40
tonnes of cargo is an energy-intensive function and the
fact that CHE is powered with diesel burning engines it is
often considered as one of the most significant sources of
air pollution caused by terminal operations [15].

Fortunately, an answer to port “green” strategies,
the CHE industry offered a wide range of solutions, from
retrofits to brand new high efficiency models, such as
hybrid and all-electric drives. Depending on solution and
equipment type some technologies are advertised to reduce
the CO, emissions up to 70 percent and NOx and SO up
to 90 percent (according to manufacturers). Most common
pieces of CHE found in container terminals are [15]:

e Rubber Tired Gantry (RTG) cranes (RTGS)

o  Ultility tractor rigs (UTRs), which is also known
as Yard Trucks or Terminal Tractors

e Straddle Carriers

e  Container Forklifts

e Reach Stackers

Determining environmental footprint of container
terminal or CHE is important and complex task. The
environmental footprint of CHE activities at container
terminals can be defined either by directly measuring
emissions or estimating them using various models or
methods [15]. Generally, CHE emissions at ports are
estimated using either the off-road emission models or
methods similar to those in the models [18]. In order to
understand the environmental impact of container
terminals, various models and tools that quantify the
emissions of relating sources are used or developed. Each
model can vary greatly in terms of complexity and
accuracy on one side, and time and resources on the other.
The non-modeling approach to create an emission
inventory of CHE is to directly measure emissions or
energy consumption. Although it could be considered as
the most accurate way, it is also the most expensive and
time demanding and can only be done as aftermath. Direct
emissions measurement, thus disables early stage planning
process and is more suitable for establishing the baseline
inventory. The modeling is therefore more appropriate as
preventive approach, as support for decision making. The
complexity of modeling methodologies can also vary
depending on intended use and users and can also be time

and resource consuming if detailed and validated model is
wanted, according to [19]. Regardless of which modeling
approach is chosen it enables prediction of emission of any
source at port without actually ever visiting facility. That
can be also used for comparison of different types of CHE.
The drawback of modeling is that any uncertainty in
baseline parameters can eventually lead to significant
uncertainty in the final results of estimated CHE
emissions. This is of great importance, particularly when
comparison of any type of CHE is made, since even the
slightest aberration in early modeling can result in
favoring one piece of equipment over other [13].

On the significance of CHE emissions, also reveals
the fact that many ports today are considered to be the
largest sources of air pollution in coastal cities. For
instance, according to the data collected in report [20] in
2007, the Port of Long Beach found that 81% of the CHE
port wide was employed by its container terminals and that
8% of total NOx emissions were due to CHE; the Port of
Houston found that 15% of its 2007 total NOx emissions
came from CHE; New York/New Jersey found that 25%
of their 2006 NOx emissions were due to CHE. To get
better fuel economy and accordingly to reduce GHG
emissions, ports around world are considering using either
“low carbon” (hybrid) or “zero emissions” (electric)
technologies that are currently deployed for port
equipment such as cranes — Rubber Tired Gantry Cranes
[21] and UTRs [22] and other vehicles.

In the presented research the concept was on the
RTG cranes and UTRs, since they are the most common
pieces of CHE found in container terminals accounting
combined over 55% of all CHE [23]. RTGs are
dependable on the support of UTRs for quick container
transport across the terminal and combined evaluation of
their environmental impact and operating costs is common
approach in terminal planning, also recommended by Bose
[24].

3.1. Examples of RTGs [25], [26]

In port container terminals, RTG cranes are used
for movement of shipping containers, once they are placed
on to the distribution channels from a vessel. The cranes
are powered by a diesel generator set (genset), which
consists of a diesel engine coupled with an alternator. An
RTG crane is capable of moving containers weighing up to
50 tonnes at a rate of 20 moves per hour. Since it is one of
the largest machines on tires in the world powered by large
non-road diesel engine, turning it into the eco-friendly
machine is a challenging task.

A conventional diesel genset provides electrical
power for the hoist, trolley, and gantry electric motors, as
well as for the routine demands of the crane. Utilizing this
type of power system on a RTG allows the crane to move
independently throughout the container terminal as is
required by daily port operation. The freedom of
movement and the high peak power demand for hoist
motor consume a large amount of fuel and emit significant
emissions of GHG.

Today, variety of technologies and systems are
available to reduce fuel consumption and emissions and
improve overall RTG efficiency. They include
technologies such as, variable-speed generators, flywheel
energy storage, hybrid RTGs with regenerative breaking
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and super or ultra capacitor technology and electrified
“zero emission” cranes (E-RTGs). Most of them are
available as retrofits for conventional cranes, but also as
manufactured brand new RTG option.

An electrified RTG (E-RTG) crane in the past was
often avoided due to complicated electric-power feeding
via cable, narrowed movability and limited flexibility.
Today E-RTG’s disadvantages are overcome with the
cable reel and latest with drive-in conductor bar solution
with collector trolley that automatically engages and
disengages. Although the main disadvantage remains — the
need to adapt the terminal for electrification, the fact is
that with the latest solutions, environmental advantages of
E-RTG are in prime again. The 90% of operating time
electrified RTG cranes uses solely electricity and 10% of
time uses diesel engine, during block changes and
maintenance. The manufacturers promise E-RTG
staggering potential for CO- reduction.

Certain solutions for RTG cranes have advantages
over others and certain terminal configurations and port
authorities favor some of them, but from environmental
point of view it is important to find out which solution is
more eco friendly. Again, certain methodologies for
assessment of environmental impact of products have
advantages over others, but according to the author’s
opinion the most appropriate way is to carry out Life
Cycle Assessment (LCA) of three most widespread
implemented technologies of nowadays RTG cranes which
include conventional solution and two emerging
technologies (hybrid and electrified zero emission RTGS).

Thus, the objective of this research is twofold. The
first objective is to evaluate environmental benefits of
emerging technologies for RTG cranes over conventional
and the second is to promote the use of (LCA)
methodology for this purpose. In this way, comparison of
RTG cranes will offer results which could be used in
further research of CHE emerging technologies.

Once the environmental impact of manufacturing
stage of a conventional type of RTG is obtained, these
results could be used for evaluation of environmental
performances of future CHE technologies. Essentially,
RTG support structure and its corresponding manufacture
process are basically unchanged since these machines have
been introduced in operation. Majority novel solutions
offered for brand new cranes are also available as
upgrades for older models [25].

Since conventional model of RTG crane is set as
basic model, other two models: the hybrid RTG and
electrified E-RTG are in essence upgraded versions of the
basic model which use same gantry structure. The
difference between basic (conventional) model over hybrid
and E-RTG is in add-ons over standard diesel generator
set. This principle of modeling allows the authors to use
the most of inventory base of the first RTG crane which is
in accordance with real life, dockside experience where
conventional cranes already in use are modernized by new
state-of-the-art add-on features.

The system boundaries are defined according to
ISO 14000 recommendations and responding to work
principle of used LCA software. The assessment is divided
in two parts. First is “cradle to gate”, sometimes noted as
“upstream”, where iron ore extraction and depletion and
materials processing is addressed, then parts production

and gantry assembly and finally distribution is evaluated.
The second stage of this assessment “gate to grave”
basically consist of “use” and “downstream” phase in one.
It refers to operational life of crane at port and scrapping
and disposal/recycling.

The manufacturing step has been modeled as
common parameter for all the three RTG cranes and is
chosen to be the same. This includes the raw materials, the
manufacturing processes, the energy consumption and the
transport by rail and truck of the manufactured car to the
end-user determent only for conventional RTG. The
components which are specific to the Hybrid and E-RTG
technology are modeled separately and added over results
of conventional crane. For example carbon super-caps
energy storage for Hybrid crane and collector trolley for
E-RTG.

The “cut-off” criteria in manufacturing phase is
applied, leaving out components with weight of less than
5% of the total mass of crane, thus excluding parts which
contribution to overall results of this phase is insignificant.

The Functional Unit (FU) defined in this
assessment, although simplified, corresponds to the use of
a RTG cranes in port operations during average 5,000
working hours per annum and 15 years of lifetime. The FU
is 1 working hour of container manipulation which
consists of 32 percent of hoisting operations, 16 percent of
spreader movement and 52 percent of crane movement
across the port yard.

The work environment of RTG cranes is in
accordance with GaBi software inventory base. The power
grid mix is chosen to be current EU-25 (ports at EU seas).
Fuel used for diesel generator set is off-road petroleum
diesel with high sulfur content. The end-of-life has been
modeled with respect to the state-of-the art in EU
recycling plants and according to GaBi software available
data. The recycling process of large steel sheet gantry
construction and consumption of resources during the
recycling process have been included having in
consideration the dominance of steel material over others.

The LCA of three RTG cranes is carried out using
state-of-the-art software GaBi developed by PE
International as the most represented LCA tool on the
market. A full LCA was conducted, and the necessary
input/output data were determent using immense GaBi
data base. Since modeling the life cycle of such a complex
machine as RTG crane, certain assumptions are done to
simplify the assessment. These approaches are common in
order to lower the costs of LCA and eliminate data
uncertainties [27], especially due to fact that study is
entirely independent. The goal of study is intended solely
for scientific research and therefore critical review is not
necessary.

The adopted conventional structure of RTG crane
with lifting capacity of 40 tonnes is shown in Figure 6. Its
self weight is ca. 115 tonnes, which consist of 80 tonnes
steel box gantry structure, spreader and trolley with total
weight of 25 tonnes and remain weight of diesel generator
set, cables and other features. This support structure is
adopted for evaluation of all three analyzed solutions of
RTG cranes. Adopted drive system is on board diesel
generator set. It has got 600 kVA AC/DC generator with 6
cylinders, 12 liter (732 cubic inches) diesel engine with
power of over 300 kW [25].

A Survey of Researches in the Field of Ecodesign Related to Intralogistics
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Figure 6: 40 tonnes RTG crane

The obtained results of the LCA of RTG cranes are
presented in accordance to 1SO 14040 principles with the
highlight on two most representative impact assessment
methods Dutch CML and US TRACI. The results are also
divided according to system boundaries (Fig. 7): “Cradle-
to-gate”, “Gate-to-grave” and finally as entire life-cycle-
impact-assessment  “Cradle-to-grave”. In this way,
overview of footprints of “upstream” and “off-road” or
operational part of life are clearly divided.

As for the most vehicles and long-life machineries
(life cycle over 5 years) the use phase tends to be the most

Cradle to grave

dominant one part of entire life cycle. The same applies
RTG cranes. The operational life of RTG cranes spans
from 15 to 30 years with engine overhauling which puts
the use phase in focus since it contributes to overall results
in great proportion. Environmental profile of RTG crane is
given in Figure 7. Nevertheless it is important to conduct
entire LCA in order to rule out significant issues that could
appear in the production phase.
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Some obtained results are presented in Figures 8, 9,

10, 11 [25].
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Figure 10: Eutrophication-potential of RTG cranes
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Figure 11: Photochemical-ozone-creation-potential of
RTG cranes

After analyzing the results and comparison of
conventional RTG with Hybrid and E-RTG, clear
conclusion can be made. Today, when environmental
concerns are part of almost every day discourse
conventional RTG cranes are obsolete. The hybrid super-
cap. systems and electrified solutions offered by CHE
industry are desirable from both environmental and
entrepreneurs perspective. The Hybrid and E-RTG have
significant emission reduction and fuel saving potentials
and their introduction in to the port operations has almost
no environmental downside.

In this way emerging CHE technology for RTG
cranes could settle environmental concerns of port
authorities without jeopardizing everyday container
handlings and at the same time lower operational and
maintenance costs in long term.

3.2. Examples of UTRs [13]

The UTRs are heavy-duty off-road single cab
vehicles designed for towing trailers with containers in
terminals. They are by far the most common type of CHE
used at container terminals, especially in North America
and often cover over 50% of the total CHE population. In
typical operations at container terminal UTRs support
almost every CHE for swift ferrying of the containers
across the terminal [13].

The duty cycle of UTR consist of long idling
periods and stop and go movements with high or low load
accelerations. This results in inefficient operation of diesel
engine and significant air emission and noise pollution.
Based on some annual port emission reports and available
air emissions inventories, it is stated that UTRs contribute
with half of entire terminal carbon and particulate matter
(PM) emissions associated by CHE. This is due to the fact
that currently, conventional UTRs are fitted internal
combustion engine (ICE) with fuel consumption reaching
average of up to 10 liters per hour [28].

Despite major advances in technologies improving
vehicles environmental performance (especially in
automotive industry), the application of diesel alternatives
for off-road vehicles is still in “baby steps”. Several
solutions are being on and off recognized as top
contenders for making mainstream application. From the
alternative fuels to powertrain variations the corresponding
industries forced by policy makers and environmentally
concerned public are actively pursuing a pathway to
mitigate emissions. Based on market success of hybrid
passenger vehicles and re-emerging electric vehicles, the
heavy duty off-road manufacturers are exploiting the
potential of well understood technology that can be
integrated with UTRs. The transition from ICE to broad
use of zero (electric) and near zero emission (hybrid) is the
most governed solution at present and seams as the most
feasible.

The hybrid solutions for yard tracks exploit the
random duty cycle in order to improve the overall
efficiency of diesel engine. In a UTR equipped with a
diesel hybrid drive system, the engine is shut down during
idling periods and regenerative braking allows Kkinetic
energy normally wasted during braking to be captured by
the hybrid energy storage system, subsequently improving
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fuel efficiency and lowering emissions. There are two
hybrid systems available for UTRs, which defer only in
concept of Kinetic energy storage. The first is electric
hybrid system which endorse battery storage solution,
while second is based on hydraulic high pressure
accumulator energy storage.

The diesel electric hybrid UTR uses basically the
same hybrid technology proven in on-road hybrid vehicles.
The battery pack (most common is lithium-ion) or ultra
capacitor is used to store kinetic energy when decelerating
or braking. Stored energy is later used for to assist ICE
during acceleration, or for short distance zero emissions
movement in battery mode. The latest evolution of electric
hybrid UTRs is plug-in hybrid with additional option of
battery recharging at grid. With this feature diesel
generator set could be used as range-extender enabling
downsizing of ICE.

The hydraulic hybrid UTR is alternative for electric
hybrid truck often criticized for battery fallibility and
hazards potential. The hydraulic hybrid system uses high
accumulator and low pressure reservoir filled with
hydraulic fluid and nitrogen (N>) to capture kinetic energy.
During vehicle braking, the rotating energy of the wheels
is used to pump fluid from the low pressure reservoir into
the high pressure accumulator where nitrogen is
compressed. Up to 70% of the kinetic energy stored can be
reused for vehicle acceleration. The system can also be
equipped with start-stop feature enabling engine shut
down to eliminate idling.

One of the latest trends in CHE industry is fully
electric UTR, advertised as zero-emission equipment since
it has no “tail-pipe” emissions. This system uses electric
motor and battery storage system (lead, nickel or lithium-
ion battery packs). The electric UTR range is from 80 km
to 150 km, depending on battery pack size which is up to
300 kWh. Overall autonomy is sufficient for two shift
operations. The overall success of electric UTR concept in
making mainstream is linked to outlook of battery
development for electric vehicles.

In order to straightforward the LCA comparison
having in concern its goal and scope and intended purpose,
certain simplifications and assumptions are made. These
are done relating to duty cycles of UTRs and dock side
operation experience avoiding data uncertainties.
Therefore conventional diesel model UTR is determent as
base models, while other three: hydraulic hybrid, electric
hybrid and full electric cover use over 98% of the same
construction and components (chassis, wheels, diesel
engine, cabin, interior features). Adopting this modeling
principle most of inventory base of conventional diesel
UTR can be used for creation of inventory base of hybrid
and electric models.

The size of selected conventional UTR, set for a
base model for LCA study is the same as for hybrids and
electric, and the dimensions are presented in Fig. 12. The
net weight is 7 tonnes and gross combined weight is 40
tonnes. The powertrain variations are shown in Table 1.

The Functional Unit (FU) is also defined according
to the LCA practice. The FU for the UTR is defined as one
operating hour at container terminal (yard work), where
40% of a time is spent in idling, 35% of time is related to
lower load and 25% with high load. The annual operation
time for UTRs in this LCA comparison is 2,500 working
hours. The life cycle is 10 years. The fuel consumption of
selected models is calculated based on LCA software
inventory and checked with reports from [28].

(2083

(3048)

(1270)

(812)

(5512)
Figure 12: Base model of a UTR with dimensions in
millimeters [13]

Table 1: Powertrain variations of compared UTR models [13]

Powertrain | Feature | Conventional diesel | Hydraulic hybrid | Electric hybrid | Full electric
Diesel Size 6.7 1 6.7 1 6.7 1 -
engine Power 150 kW 150 kW 150 kW -
Battery Capacity - - 5 kWh 150 kwh
Electric Power - - 80 kW 140 kW
motor Voltage - - 150 V 230V

Hydraulic Pressure - 400 bar - -
system Power - 160 kW - -
Reservoir Capacity - 0.5 kWh - -

The results conducted assessment are classified and
characterized in accordance with ISO 14040. For the
comparative LCA the most significant impacts are
evaluated and presented via life cycle impact assessment
(LCIA) problem-orientated method developed by Institute
of Environmental Sciences from Leiden (CML 2001) and
damage orientated Swiss method Ecoinvent.

The “upstream” stage illustrates significant
differences between UTRs equipped with diesel engine
and electric motor. The environmental impact of lithium-
ion battery pack production is much greater than of

conventional diesel engine. The global warming potential
(GWP) of 150 kWh battery pack selected for electric UTR
model is approx. 40,000 kg of CO. equivalent, which is
twenty times larger than GWP of 6.7 liter diesel engine.
This ratio is an “issue” that determents the “upstream”
stage.

The results of “use” stage reveal lesser
environmental impact of electric UTR over other three
models. This is due to selected EU-25 power grid mix with
average of 0.539 kg of CO; eq. per kWh. Other power grid
mix scenarios could influence results of electric UTR in
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both directions. The two hybrids show certain reduction of
environmental impact in range of 20% over conventional,
but in small favor of hydraulic due to burden of electric

P.31

and hybrid versions share near the same results. The
additional abbreviations used in Table 2 are: acidification
potential (AP), eutrophication potential (EP), phosphate

hybrid’s batteries impact.

(Ph.) and radioactive waste (RW).

The “end of life” stage is again influenced with
lithium-ion batteries of electric UTR, while conventional

Table 2: LCIA of UTRs in kg (CML 2001- problem method)

UTR Impact Upstream | Use End of life | Total
Conventional | GWP [CO:z eq] 35,850 499,152 247 535,249
diesel AP [SO2 eq] 192 6,508 1 6,701
EP [Ph. eq] 9 1.201 0,06 1,210
RW 117 0 0.8 118
Hydraulic GWP [CO2 eq] 38,880 432,126 265 471,271
hybrid AP [SO: eq] 210 5,647 1.00 5,859
EP [Ph. eq] 9 973 0.06 982
RW 135 0 0.9 136
Electric GWP [CO2 eq] 43,135 438,101 1,239 482,475
hybrid AP [SO2 eq] 278 5,725 1 6,009
EP [Ph. eq] 14 986 1 1,001
RW 140 0 0.33 140
Full electric GWP [CO2 eq] 68,025 269,500 4,950 342,475
AP [SO2 eq] 361 1,430 3 1,817
EP [Ph. eq] 25 65 4 94
RW 221 875 1 1,097

Table 3: LCIA of UTRs (Ecoinvent - damage method)

Life cycle impact [units] Conventional diesel | Hydraulic hybrid | Electric hybrid | Full electric
Acidification [PDF*m?*a] 828,521.00 688,122.00 715,401.00 542,485.00
Ecotoxicity [PDF*m?*a] 1,173 963.38 990.59 698.44
Climate Change [DALY] 16.00 13.63 13.86 9.26
Respiratory (inorganic) [DALY] 0.95 0.97 1.27 2.00
Respiratory (organic) [DALY] 0.07 0.05 0.06 0.04

The comparative LCA of different UTR concepts
reveals limitations of application of electric-diesel hybrid
technology for off-road vehicles in terms of environmental
benefits. On the other side, the results promote full electric
UTR as cleaner solution if the right power grid mix is
selected. However, the hydraulic-diesel hybrid could turn
out as more simple near future alternative, if the battery
technology goes to a standstill. The presented example
illustrates importance of life cycle thinking for decision
making and identifying the drawbacks of technologies
promoted as solutions to mitigate environmental impacts.

4. SIMPLIFIED LCA OF BELT CONVEYORS

Belt conveyors belong to the class of high
performance machines (HPMs) and present also the
backbone of surface mining and conveying systems [29].
Up to now several researches related to environmental
effects, such as LCA studies [30] and energy efficiency
issues have been conducted [31].

Previous researches in the Laboratory of ecodesign
and logistics at the FME Belgrade were focused on
investigation of environmental properties of belt
conveyors on BWEs and similar types. It is based on
simplified LCA of SRs 1201 BWE's belt conveyor and its
components, which is a part of an ECS system. Each one
of simplified LCAs, presented in scientific papers [32],
[33], [34] and [35] was conducted with Ecodesign
Assistant (EA) and Ecodesign PILOT (EP) software tools
[36], [4]. In addition to the conducted simplified analysis

of the complete belt conveyor and its main components,
three more simplified analyses were conducted in order to
verify previously obtained results. These analyses included
simplified LCA of ball bearing 6310 C3, belt conveyor
gearbox BKF 320 and conveyor belting. Analysis of
belting is conducted for the second time with more
accurate data, obtained from the manufacturer. However,
this analysis has shown the same result as the one
previously obtained and published in [34].

Unlike formal LCA with energy values where
absolute numbers are derived, the Ecodesign Assistant
(EA) and Ecodesign PILOT (EP) only calculate relative
environmental impacts by comparing the occurring
impacts of the different life cycle stages of the product [4].
In that way EA and EP define basic type of a product
which is determined with the most significant stage of its
life cycle. Relative to life cycle stages, there are 5 basic
types of the product:

e Basic type A - raw material intensive product,
Basic type B - manufacture intensive product,
Basic type C - transportation intensive product,
Basic type D - use intensive product and
Basic type E - disposal intensive product.

Analysis of the BWE's belt conveyor, which is
8.3 m long, with 1.6 m wide belting and throughput of
3,465 m®/h of brown coal was presented in [37].

In accordance with its throughput the functional

unit of the belt conveyor is determined as: "Transportation

A Survey of Researches in the Field of Ecodesign Related to Intralogistics
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of 3,465 m®/h of brown coal". Functional unit is used for
normalization of total energy, materials and emissions. In
such way different conveyors with the same throughput of
brown coal can be compared. Moreover, results of such
comparison can lead to improvement of design of short
conveyors from the environmental point of view or
choosing adequate type of conveyor for required purpose
(perhaps change in concept or some other changes).
Minimum service life of a belt conveyor is
expected to be 5 years. It is calculated in accordance with
110 bearing service life. Actual life span of a belt conveyor
is considerably longer and it equals 25 to 30 years.
Therefore, ball bearings are to be replaced at least 5 to 6

times during the conveyor lifetime. Gearbox oil is changed
on a yearly basis. Most of the data are taken from previous
partial analyses and implemented into the analysis
presented in [38].

For the purpose of the presented analysis, the belt
conveyor is divided into five main groups of parts as
presented in [38], see Figure 13 [37]:

Idlers/rollers,
Pulleys,

Belting,

Electric motor (EM),
Other.

abrwbdE

Figure 13: Main components of a conveyor: 1. belting, 2. idlers/rollers, 3. pulleys, 4. electric motor, 5. other

Group of parts named "other" consists of belt
conveyor drive components (without EM), take up device
and accessories. Drive components considered here are
gearbox unit, coupling and drum brake, see Figure 14 [37].
Take-up device is not considered within the analysis
because of the lack of data. Normally, take-up device
could be considered as component that:

1. Consumes electric or other kind of energy,
2. Does not consume energy.

In case that take-up device consumes energy, the
type and amount of consumed energy per use should be
calculated and added to the total energy consumed by the
belt conveyor in its use stage. In the second case, take-up
device is considered a part predominantly made of steel
which is produced by machining. Generated waste during
the production stage of take-up device is assumed to be
10% of its mass. The second case will be used as a pattern
for modelling parts and components predominantly made
of single material and do not consume energy.

[5%]

Figure 14: Belt conveyor drive components: 1. gearbox, 2.
coupling, 3. drum brake

Parts and components which belong to the
accessories are analyzed the same way as the take-up
device. The only component from this group of parts
considered here is chute. During the analysis, the belt
conveyor is divided into 5 groups of parts. These 5 groups
are further classified in accordance with their constituent
materials. This classification is presented in Table 4 and
summarized in Figure 15 [38].
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Table 3: LCIA of UTRs (Ecoinvent - damage method)

Group of parts Pieces Weight/piece Weight Material Class Scrap
[kg] [ka] [ka]

1. Rollers
Steel parts 47 rollers 27.8 1,307.0 Steel 11 10% = 130.7
Rubber parts 31 rollers 6.2 192.0 Rubber \Y 10% = 19.2
Lubricating grease:

considered in raw material stage 7.52 Li-based oil \Y

considered in use stage 0.023 kg/use V
2. Pulleys
Steel parts 1.5 1,252.0 1,878.0 Steel 11 10% = 187.8
Alloyed steel parts 1.5 751.3 1,127.0 Alloyed steel Vi 10% = 112.7
Rubber parts 1.5 157.37 236.0 Rubber v 10% = 23.6
Lubricating grease:

considered in raw material stage 4.095 Li-based oil \Y

considered in use stage 0.013 kg/use \Y
3. Belting
Carcass 1 112.64 112.64 EP & PA \Y 10% =11.3
Covers 1 450.56 450.56 Rubber v 10% =45.1
4. Electric motor
Windings and bars 1 176.0 176.0 Copper V 10% =17.6
Housing 1 264.0 264.0 Cast iron v 10% = 26.4
Steel parts 1 440.0 440.0 Steel 11 10% = 44.0
5. Other
5.1 Gearbox 1 900.0
Casing 1 450.0 450.0 Cast iron v 10% = 45.0
Flange 1 74.0 74.0 Alloyed steel Vi 10% =74
Steel parts 1 376.0 376.0 Steel 1l 10% = 37.6
Lubricating oil:

considered in raw material stage 501=45kg |Mineral \Y

considered in use stage 0.144 kg/use | oil \Y
5.2 Coupling 1 20.0 20.0 Steel 1l ~50% = 10.0
5.3 Drum brake 1 120.0 120.0 Steel 1l 10% = 12.0
5.4 Chute 1 1,950.0 1,950.0 Steel sheet [\ 10% = 195.0

In accordance with the "cut-off" rule, parts with
mass inclusion lower than 5% of total mass of the product
have been neglected. In this case, since there were partial
analyses conducted, "the product” stands for components
of the belt conveyor presented in papers [32], [33], [34],
[35] and summarized in paper [38]. "Cut-off" rule based
on energy inclusion gives similar results.

Lubricants can be considered either within raw
material stage or within use stage. Regardless of which of
these two options are chosen, the result remains the same.
Besides the belt conveyor parts, packaging and packaging
material are taken into account as presented in [38]. Total
energy input and generated waste during the
manufacturing of the belt conveyor are obtained from [38]
and shown in Figure 16. Data from the manufacturing
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stage form for initial iteration are shown in Figure 16. The

initial iteration presents the worst case scenario and basis
for further optimization of environmental properties of the
belt conveyor. The belt conveyor, as a part of BWE, is
utilized at the open pit mine near Lazarevac. Most of the
belt conveyor components are supplied from the
manufacturer in the proximity to the open pit mine.
Calculated hauling distance for transportation of external
parts by truck was 1,865 km. In accordance with [37], this
distance can be classified as "rather short". The drum
brake is transported from the greatest distance
(approximately 1,500 km) and it is considerably affecting
total transportation distance [38].
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Figure 15: Raw material stage form with lubricants considered within it [38]

The use stage is determined with the number of
operating hours per day and consumption of electricity and
auxiliary material. The belt conveyor operates 20 hours
per day 325 days a year. It is assumed that one use equals
one working day. The belt conveyor consumes 2.64
MWh/use, but due to software limitations this value is set
to 1.0 MWh/use. However, this fact does not affect the
result. Besides the electricity consumption, the belt

conveyor needs lubrication for its proper operation.
Lubrication could be considered either in this stage or in
raw material stage. In case of lubricating the belt conveyor
in use stage there is a need for 0.036 kg/use of FOR LPD 2
lubricating oil for ball bearings and 0.144 kg/use of
Reduktol oil for gearbox unit. As previously stated, both
options give the same result [38].
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Figure 16: Manufacturing stage form for initial iteration [38]

Spare parts and their consumption were not
considered during the analysis presented in [38]. This fact
will certainly affect the increasing consumption of
auxiliary material in the use stage. However, this will not
change the result since use stage already has the greatest
impact to the environment in accordance with [38]. Spare
parts and their consumption affect more the maintenance
strategy and service intervals.

The first iteration assumed the worst case scenario
for EoL options also. All of the belt conveyor components
are disposed of in a landfill. When lubricants are
considered as a parts in raw material stage, at the EoL
stage there has to be chosen the way of their disposal.

Finally, it was concluded that the belt conveyor is a
D-type product [37]. Initial iteration is conducted in a way
that results in maximum environmental load. Result of
initial iteration is initial result, and it serves as a basis for
further environmental improvements of the belt conveyor,
refer to Figure 17. Further optimizations of environmental
properties of the belt conveyor are described in [38].
Regardless of variations in input parameter values through
iterations the belt conveyor remained use intensive
product. Strategy S13 remained the strategy with the
highest priority (main), while strategies S10, S12 and S15
had been assigned to the strategies that are to be realized
latter (more) and all other strategies disappeared from
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recommendations due to proper optimization of input
parameters that already involved their implementation.

E C 0 D E S I G N INTRODUCTICN

orbine P ’ L O T
Assistant

Description Eaw Matenal Manufacture Distribution Product Use End of Life Result

Product
Mame: |Belt Conveyor Functional Uit
Life
Time: years Transportation of 3485 m3/h of brown
' _ coal
Tz (325 titnes per year b
Classification

The analyszed product seems to be a basic type I, the phase 'use'is significant here.

Recomm endations

We recommend the foll owing improvement strategies. The listed strategies forward vou to the
checklists of the ECODESTIGH PILCOT.

{IMain) Strategies with high priority:

=12, Ensuring enwvironmental safety performance
=13 Eeducing consumption at use stage

{(IvIore) Strategies to he realized later:

=10, Optirnizing product functionality
=15, Improving maintenance

{(Other) Additional, recomm ended strategies:

=4 Cptimizing type and amount of process materials

=5 Avoiding waste in the production process
=6, BEcological procuretnent of external components

=19 Recycling of materials
Figure 17: The result of the first iteration - initial result [38]

In  compliance with previously conducted e Adequate maintenance strategy and similar
researches and related published papers it can be said that: service intervals for different components of the
e Since EM is a belt conveyor component that belt conveyor ensure reduction of overhauling
contributes most to electricity consumption, just time,
increase in its energy efficiency delivers the e Reliability of the belt conveyor is largely
greatest reduction of environmental impact, dependent on selected maintenance strategy,
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e Improving functional quality increases reliability,
improves maintenance and reduces consumption,

e Replacement of process and auxiliary materials,
especially lubricants, with renewables contributes
to reduction of environmental impact of the
product,

e Lubricants are marked as hazardous waste and
they have to be treated in a proper manner at the
EoL; possible improvements related to lubricant
characteristics will be considered later,

e In-house recycling eliminates transportation
needed in case of external recycling or disposal,

e Regionally available parts and materials reduce
need for transportation,

e Production volume does not affect the result,

e Number of external components has greater
impact than their hauling distance,

e  Steel parts are recycled (this applies particularly
to the rollers),

e Any EoL option for packaging does not affect the
result, but it is likely that the euro pallets are
reused and the wooden cases are disposed of in a
landfill.

The listed issues with corresponding
recommendations have been thoroughly further elaborated
in [37].

CONCLUSIONS

Among all other aspects intralogistics is related to
material handling and conveying technologies and
equipment. Consequently, investigations and research of
potential improvements of environmental properties of
intralogistics equipment, especially energy efficiency, has
great impact on future trends in intralogistics.
Development of innovative technologies is strategically
focused on improving environmental performances and
reducing  emissions.  Therefore, it would be
recommendable to prove the real environmental benefits
of newly established innovative technologies. The
presented researches conducted in the recent years at the
Faculty of Mechanical Engineering in Belgrade are related
to cargo handling equipment and belt conveyors. The
presented examples illustrate importance of life cycle
thinking for decision making and identifying the
drawbacks of technologies promoted as solutions to
mitigate environmental impacts.

The efforts of CHE industry in providing ports and
container terminals with environmentally more efficient
technologies are becoming more visible than ever. Almost

every piece of CHE today is offered with some solution
for reduction of emissions and energy consumption, from
alternative fuels and hybrid technology, to promising “zero
emission” concept. The “zero emission” concept applied
on RTG crane and UTR as core of CHE is investigated in
the presented researches using LCA methodology. The
LCA proved itself as a valuable tool for comparison of
even such complex products as the CHE. It offers
systematic approach for sustainability evaluations of life
cycles of conventional and novel technologies. However,
in order to avoid any major data inventory uncertainties
often pointed out by LCA critics, the random comparison
of onsite measurements results with functional unit
assumptions is recommended.

The entire life cycles of conventional diesel RTG
crane and UTR were compared with electric ones in order
to reveal any sustainability sensitivities that are common
with energy source transitions. In this respect, the results
of LCA present electrification of CHE as a feasible and
sustainable solution aimed to mitigate environmental
impact of ports. The transition from diesel to electric
handling equipment is a step forward, although “zero
emission” operations from LCA perspective are
impossible to be achieved.

The fact that selection of power grid mix can, due
to nature of LCA, provide completely different results, a
short “what if” analysis was conducted in [26]. In order
not to overextend the comparison of data, only GWP is
taken into account. The calculation for replacement of
lithium ion battery pack of electric UTR after 5 years is
also shown in Figure 18 [26]. The assumptions made, for
instance, for comparison of environmental impacts of
UTRs are:

e Electric 1 refers to result from LCA, without
battery change and EU-25 power grid mix with
GWP of 0.539 kg of CO2 eq. per kWh;

e Electric 2, same as above with battery
replacement (disposal of old batteries and entire
life cycle of new batteries);

e Electric 3 - For this UTR, the power grid mix is
adopted to be the world average with GWP of
0.749 kg of CO, eq. per kWh; the battery
replacement is also taken into account.

e Electric 4 — The power grid mix is an average
GWP for coal power plant approximated to 1 kg
of CO; eq. per KWh;

e Diesel —results from LCA study.
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Figure 18: LCA of UTRs depending on power grid mix [26]

Analysis shows that electric over diesel UTR has
lower GWP only up to the level of 0.9 kg of CO; eq. per
kWh of electric energy. In the case of coal burning power
plants, the emissions of conventional diesel UTR are only
replaced with similar level of GWP of electric UTR. If the
additional environmental impact of battery replacement is
taken into account, as with case of presented electric UTR
no. 4, the overall results are actually worse than
conventional diesel burning UTR [26].

If we speak about the conducted simplified LCA
analysis of a complete belt conveyor presented in [37], it
shown that the most significant stage of a BWE belt
conveyor life cycle is its use stage. Besides EM,
consumption of the belt conveyor is determined with
different kind of resistances to motion. Improving EM
efficiency together with reduction of these resistances
contributes to minimization of electricity consumption,
reduction of wear of moving parts such as belting surface,
prolonging of belt conveyor's life and consequently to
sustainable development in general.

Further and deeper research should consider
generalization which should include:

e most common types of idlers/rollers, normalized
by their length and diameter;

o pulleys with different kinds of coatings,
normalized by their length and diameter;

e steel cord beltings and beltings with textile
reinforcing plies, normalized by their unit of
length, belt width and reinforcing plies (in case of
beltings  with  textile  reinforcing plies,
normalization should be done in accordance with
number of reinforcing plies and in case of steel
cord beltings, normalization should be done in
accordance  with  steel cord diameter),
establishment of relation between power and
weight of EM and normalization of EM in
accordance with its power.

The idea of this simplified LCA was to implement
further the gained generalizations into formal LCA, which
will be conducted with corresponding LCA software.
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Damping Characteristics of the Seismic Isolation Bearings Group, in
Modular Design, for Bridges and Viaducts

Marian Dima', Citilin Francu **
! Faculty of Technological Equipment, Technical University of civil Engineering, Bucharest (Romania)

In this paper we present the damping characteristic and how to determine it through modelling and numerical
simulation of the seismic isolation bearings group in modular design for bridges and viaducts.

Keywords: Damping characteristic, Seismic isolation, Bridges, Viaducts

1. INTRODUCTION

In the modular bridge and viaduct seismic
grouping and seismic isolation group, Figure 1, analysed
in the present paper, the component elements which have
the role of damping the motion of the bridge
superstructure by dissipating the kinetic energy are:

1. the elastomeric insulator, provides viscoelastic
damping and has a viscous damping equivalent to the
type of rubber used: soft G=0,4N/mm?, £=10%,
normal G=0,8N/mm?, £=10% si hard G=1,4N/mm?,
£=16%;

2. spherical bearing, provides dry friction damping u =
0,02;

3. asystem consisting of six hydraulic shock absorbers,
arranged in a geometric configuration according to
the cinematic scheme of the Stewart platforms,
provides viscous damping, the viscous damping
coefficient of each damper being adjustable by
changing the passage hole area between the two
chambers of the cylinder.

In conclusion, the only item that has a
functionally adjustable parameter is the six hydraulic
dampers system and the adjustable parameter is the
viscous damping coefficient of each hydraulic damper.

2. DETERMINING THE DAMPING
CHARACTERISTICS
The damping of the seismic isolation bearings
group is assessed by the dissipated energy during a period
of seismic motion that is given by the magnitude of the
hysteresis area of the force-displacement diagram.

In order to obtain the force-displacement diagram, a
virtual model was constructed and simulated the operation
of the seismic isolation bearings group, in modular design,
for bridges and viaducts. The simulation was done for
various values of the viscous damping coefficient of the
hydraulic dampers and also for the different directions of
the seismic movement in relation to the bearing group; the
representative directions being Ox and Oy respectively. In
the simulation, a displacement of the upper plate was
imposed relative to the lower plate and the force required
to achieve the displacement considered as the sum of all
dissipative forces in the direction of motion was measured.
Characteristics of the components of the simulated group
are:

1. Elastomeric isolator ALGA
G=0,4N/mm2, k=0,29kN/mm;
Vdin=210kN; smax=200mm;

2. spherical bearing MAGEBA KA 1.0, n = 0.02, Vmax
=1000; Vdin = 300kN, p = 180N /mm2

3. Hydraulic dampers ACE, HB-70-100-EE-P, stroke
100 mm, Fmax = 50kN

The results obtained are presented below.

HDS300x96,
Vmax=500;

2.1. Displacement by the Ox axis
The large plate is considered fixed and the small

plate translates along the Ox axis following the law
X(t) =100*sin(n-t+ ) mm. On top of the small

plate acts a vertical force of 210 kN. The results for the
force required for displacement, measured in N, for
various values of the dampening coefficient ¢ of the
hydraulic dampers are shown in Figure 2 to 5.

**Corresponding author: Technical University of Civil Engineering 122-124 Lacul Tei Blv., Bucharest, Romania, francu@utcb.ro
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Figure 1. Displacement by the Ox axis and acting force on the upper plate.
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) ) plate acts a vertical force of 210 kN. The results for the
2.2. Displacement by the.Oy axis _ force required for displacement, measured in N, for
The large plate is considered fixed and the small various values of the dampening coefficient ¢ of the
plate translates along the Oy axis following the law hydraulic dampers are shown in Figure 7 ... 10.
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Figure 6. Displacement by the Oy axis and acting force on the upper plate.
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3. CONCLUSIONS 2. The energy dissipated per cycle, fig. 11,
' practically varies linearly with the viscous damping
1. The behavior of the seismic isolation bearings coefficient of the hydraulic dampers.
group, in modular design, for bridges and viaducts in
terms of dissipated energy does not depend on the
direction of seismic motion.

Variation of the energy dissipated per cycle
25
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Figure. 11. Dissipated energy (c)
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Dynamic Analysis of Tower Crane Movement Mechanism

Evgeniy M. Kudryavtsev **
! Moscow State University of Civil Engineering, Russia

It is offered the new approach to complex dynamic analysis of mechanical systems with use of a certain set of
modern computer systems. This approach provides high level of dynamic analysis of mechanical systems, including and
presentation of received results. It is especially important at the earliest design stages of mechanical systems.

Keywords: Mechanism, modeling, dynamic analysis, crane

1. INTRODUCTION

Considers method of the dynamic analysis of
mechanical systems on an example of modeling
movement mechanism crane in system Mathcad.

This method includes several stages.

On the first stage creates the marked state graph of
rotating bodies.

On the second stage creates mathematical model -
differential equations system, describing functioning
movement mechanism of crane. Such approach provides
presentation of interaction of adjacent bodies of the
mechanism and significantly facilitates creation of
corresponding mathematical model for the dynamic
analysis of the mechanism.

On the third stage defines mass-inertial characteristics
of the basic rotating elements of the mechanism and
reduced value (input data).

On the fourth stage creates the computer model for
execution of the computer experiments in Mathcad
systems. Next carries out modeling process.

2. CREATION OF MARKED STATE GRAPH

The first stage. The movement mechanism of the
crane represents in the form of consistently connected
bodies of rotation. It can be represented in a graphic kind

by means of the marked graph (Figure 1).

U2 ¥ g %o
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— @, - [y
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a @ I Goulils
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Figure 1: The marked state graph of rotating bodies
movement mechanism of the crane

where are:

Mos - the rotational moment of the engine;

loer 11, 127, Lo~ - moment of inertia of bodies: an engine
rotor; a worm-shaft; a worm-wheel and an executive unit;

c, 27, 3" - coefficients of torsion rigidity bodies: the
engine-worm; a worm-worm a wheel; a worm wheel-
executive office;

U1, M2 ", H 3" - coefficients of dissipation bodies: the
engine-worm shaft; a worm shaft-worm- wheel; a worm-
wheel-executive unit;

M¢" - moment of resistance to movement and

i1, i2 - gear-ratio of a worm reducer and open gear.

The rectangle of the count is driving (rotating or
moving) a body of mechanical system. The arrows
entering or leaving a rectangle, it is the operating moments
for bodies of rotation and force for moving bodies. The
arrows entering into a rectangle, define themselves jet, and
the leaving active moments for bodies of rotation and
corresponding forces for moving bodies.

On each body of rotation (moving) the jet moments
(forces) can operate: the moments (forces) of inertia and
the moments (forces) connected with nuccunaruBabIMU
and elastic properties of a body.

The sizes connected with dissipative and elastic
properties of a body, depend on properties of adjacent
bodies with which the considered body cooperates.

3. MNEMONIC RULE FOR CREATION OF
MATHEMATICAL MODEL

For creation of mathematical model - systems of
the differential equations describing work of mechanical
system, consisting of consistently connected bodies of
rotation, the following mnemonic rule is offered:

- rotation of each i-th body of system is described
by the differential equation of the second order;

- number of the differential equations of the second
order to equally number of bodies of rotation of the
mechanism;

- first member of the differential equation for each

i-th body of rotation is equal -, ;

- number of members in each i-th differential
equation of system to equally number of the arrows
entering or leaving the considered body of rotation, plus
the first member;

- each member of the differential equation has the
sign.

*Corresponding author: Yaroslavskoye Shosse 26, Moscow, Russia, sdm@mgsu.ru
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If the arrow is directed to an investigated body of
system, the member undertakes with a sign plus if from a
body with a sign a minus;

- the subsequent members of the differential
equation are equal:

to multiply coefficient of rigidity adjacent body on
a difference of turning angles of adjacent bodies
Cj '(¢j—1_¢j) .

to multiply coefficient dissipation adjacent body
on a difference of angular speeds of adjacent bodies
H; '(¢j—1 _¢1) :

- it is necessary to consider gear-ratios also (see
below).

4. CREATION OF MATHEMATICAL MODEL

Using the marked state graph of rotating bodies of
the mechanism and a mnemonic rule it is possible to write:

- first differential equation
I()zx : ¢()6 + Cl . (¢()(f - ¢1) + Iu’.l ' (¢()zx - (pl) _MOK = 0’

- second differential equation

|1'¢1+C;’((P1_(Pz'i1)+/‘; (¢ =, 1)=¢ (9, —¢)—

M ((bas _¢1) =0.

The differential equations and for other bodies of
rotation are similarly represented. Parameters with
asterisks are the resulted parameters.

Final system of the differential equations describing
work of the mechanism of movement of the crane will
register so:

|y @ +C (0, —0) + 14 (0, — 1) - M, =0;
|-+ (@ =@, i) + 115 (0~ 9, 1)~

€ (0~ )~ (@), ) =0,

|, ¢, +C5 (0,1 =9, i) + (9,1 =9, - ,) -
¢, (o=, )= 1 (3~ 9, 1) =0,

Iua'(auo_cfi.((pZ'Il_q)ua'll'IZ)_:u(i'(¢2'Il_¢u0.|1.|2)+. R :0-

This system of the differential equations describes
work of elements of a drive at the appendix to a rotor of
the engine of moment M,, and to executive (working)
body of the moment resistance of movement M...

5. CREATION OF COMPUTER MODEL

For the decision of system of the differential
equations on the computer it is necessary to present it in
the form of system of the differential equations of the first
order:

do, | dt=@,;
dg | dt=q,
de, | dt=@,;
dp, /dt=q.;
o,
dt

% :%1-(65'((4-&. D@0 )60, Q) -4 @~ R):

g _-1,.
—@=7-(ﬂ,-(¢;-%*%-4-a)+&-((ﬂ.-k%-é-L.H;-(ﬂ*@-é)fﬂ:-(@*@-%));

:I—l-(ﬂfa—@(@“-ﬂ)-ﬂq-(@. —a))

dt

dg, -1 ,. oM
—=—(c(@-i- BROARY/E . ,W_I_‘,%).
" m(q(cu%u)#(@a Qi

where are:

., - the led moment of inertia to an engine shaft, kgm? the
mechanism of movement of the crane and the crane with
the cargo, falling to one mechanism;

los - moment of inertia of a rotor of the engine with
nosymygroii, kgm?;

I1 - moment of inertia of an incorporated body the worm-
shaft (half-coupling and a worm-shaft), kgm?;

I, - moment of inertia of an incorporated body the worm-
wheel (a worm-wheel and a shaft a gear wheel), kgm?;

Po P P2 P . accordingly, angular speeds of bodies:
engine, the worm-shaft, the worm-wheel, executive unit.
(A running wheel), 1/c;

This system completely describes work of elements
of a drive at the appendix to a rotor of the engine of the
moment, and to a running wheel of the moment of
resistance to movement Mc.

For simplification of the decision of the given
system it is expedient to present it in the form of the
system of the differential equations consisting not from
four differential equations of the second order, and from
eight differential equations of the first order.

6. DETERMINATION OF INPUT DATA

Calculation of initial data includes calculation:

- the moments of inertia of all rotating elements of
the mechanism of movement of the crane;

- factors rigidity of connections of adjacent
elements of the mechanism;

- factors dissipation connections of adjacent
elements of the mechanism.

In settlement dynamic schemes all real parameters
of cars (the moments of inertia, weights, rigidity, external
loadings, ...) are replaced with the resulted.

Reduction of the moving concentrated weights of
bodies of the mechanism of movement of the crane we
will make to a shaft of the engine on the basis of equality
Kinetic energy.

Kinetic energy at start-up of the mechanism of
movement of the crane consisting of four rotating and one
forward weights (the crane with cargo), resulted at an
engine shaft, can be presented in such kind:

E.M. Kudryavtsev
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+ (mxp + mep) . VI{]7
ZM 2771 .7]2 .’711()
where are:

l.o - moment of inertia of incorporated body (a cogwheel, a
shaft and a running wheel), kgm?;

Mo T2: Mo accordingly, coefficient of efficiency
incorporated bodies: worm-shaft, worm-wheel, executive
unit;

mi. - weight of the moved crane, kg;

m,, - weight of moved cargo, kg;

V. - sSpeed of movement of the crane, m/c;

Zu - number of mechanisms of movement of the crane.

Having divided, the left and right parts of last

.2
expression on Pos we will receive expression, kgm?.

| |
2 +.2 — uo +
o1,

l,
+L4—

mooL e,
(0, +m,) (,10,)

ZM 771 .772 .77140 .

In]) = los

where are: i1, iz - accordingly gear-ratios of a worm
reducer and an open tooth gearing.

But it is possible to present speed of movement of
the crane in such kind

VKp = QPxx 'ka = Qos 'RXK / (il'-iZ);
where is: R, - radius of a running wheel of the crane, m.
Definitively led moment of inertia to an engine
shaft, kgm? all moving bodies of one mechanism of

movement of the crane and the crane with the cargo,
falling to one mechanism, 6yze to look so

=| Il IZ Iuo

+

(m +m ) R,

Zy i12 'i22 /P .

7. CALCULATION OF THE MOMENTS OF INERTIA
OF ROTATING BODIES AND THEIR RESULTED
VALUES

The moments of inertia of rotating bodies can be
defined calculation, using known formulas and drawings
of corresponding details (knots), or, having created
corresponding models of details (knots) in CAD in which
they automatically pay off.

For example, the moment of inertia of a brake
pulley can be defined, using the corresponding three-
dimensional model constructed in system the KOMPAS
3D (Figure 2).
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Figure 2: Result of definition of the moment of inertia of
model the Brake pulley

The moment of inertia of a rotor of the engine is
defined from engine technical characteristics.

loom = 0,065 kgm?.

The moment of inertia 13, kgm? an incorporated
body the worm (the cylindrical-shaft and the worm-shaft)
it is possible to define and a settlement method with use of
its sizes Figure. 3.

Figure 3: The sizes of an incorporated body the
worm-shaft (the cylindrical shaft and the worm-shaft)

& W 314 . .

=2 p->(11,-d1,") = 2527826 (0,088-0,06" - 0,08-0,035" -
274 32

-0,055-0,015* +0,017-0,042* +0,028-0,05 +0,012-0,055* +

+0,013-0,035* +0,0465- 0,032 +0,0735-0,039* +0,0405-0,032* +

+0,028-0,03") =1,274-10°,

where are:

p - material density of which the body is made, kg/m?;

n1 - Number of steps on an incorporated body the worm-
shaft;

l;j - Length j - oh steps of an incorporated body the worm-
shaft, m;

dyj - Diameter j - oh steps of an incorporated body the
worm-shaft, m.

The moments of inertia and their resulted values
under known formulas and for other bodies are similarly
defined. Further factors of rigidity and disipation for each
body under known formulas and their resulted values, and
also parameters of the mechanical characteristic of the
electric motor are defined.

Dynamic Analysis of Tower Crane Movement Mechanism



A4 Proceedings of IX International Conference “Heavy Machinery- HM 2017, Zlatibor, 28 June — 1 July 2017

8. CALCULATION OF PARAMETERS OF THE Xy
MECHANICAL CHARACTERISTIC IN SYSTEM Xg
MATHCAD .
*7
The dynamic analysis of the crane movement I {xg ) (g —xy)
mechanism in system Mathcad. il S
Initial data: DX = et
- moment inertia of a join body an engine rotor, kgm?: len= 17;“
0.093 ) _ _
- reduced moment of inertia of a join body the Worm, T R _Ifrze'(XS_Xe'll)_cz'(xl_xfll)
kgm?: lire= 0.001722 2 (X ~Xgr1L) + 02:(x ) ~Xy1) k3 (kgL —xpiLi2) - ¢B(xyiL — xgiLi2)
- reduced moment of inertia of a join body the: Worm — T -
heel, kgm?: 2= 0.000167 o o
- reduced moment of inertia of a join body the Execution ] ﬁ'{‘ﬁ (et - xpibiz) - e (i ’X34m)7ﬁ}
unit, kgm?, 3= 0.202
- rigidity coefficient of connections of a join body the -modelling parameters:
Worm, Nm/radian: c; = 7754 Initial time of modelling, s:to= 0
- rigidity coefficient of connections of a join body the Final time of modelling, s:ti= 2
Worm heel, Nm/radian: c,= 4215 Number of steps of integration:N= 100

- rigidity coeff. of connections of a join body the
Execution unit, Nm/radian:cs= 7122

- rigidity dissipation of connections of a join body the
Worm, Nms/radian; pi = 0.731

- rigidity dissipation of connections of a join body the

- decision of system of the differential equations by
means of built in function Rkadapt (X, to, t;,N,D)
- method Runge-Kutta with adaptive step.

Worm heel, Nms/radian:p,= 0.336 Z= Rkadapt (x, to, t,N,D)
- rigidity dissipation of con. of a join body the Execution - results of definition of required parameters:
unit, Nms/radian: ps=1.373 t = Z<0> X = Z<1> X = Z<2>
- resulted moment of resistance of a crane movement @ 0° W 1 ©
mechanism, kgm? M= 103.161 _ _ 4 _
- gear-ratio of the reductor: i; = 39 Xp=2 X3=2 Xg=2
- gear-ratio of the open gear: i,= 2.52 « = Z<6> < Z<7> . Z<8>
- size of critical sliding Sc= 0.551 S 6" 7
- maximum (critical) moment of the engine in a static
mode, Nm: M. = 165.066 3. Graphic representation of required parameters
- nominal moment of the engine, Nm: M,= 52.469 depending on time - t:
- %”59‘215"; velocity of rotation of the engine rotor, 1/s: for= - angular movings of bodies: an engine rotor (xo) and

- acceleration of gravity, m/s%: g=9.81 the running wheel (xs)

Required parameters:
- angle of turn and angular velocity of the engine rotor

. 10
with brake pulley:Xo, X4 /,-"—
- angle of turn and angular velocity of the Worm: X3, Xs 8 /
- angle of turn and angular velocity of the Worm heel: X,, »
xe L
- angle of turn and angular velocity of the Execution unit —_ 4
(the running wheel): X3, X7 /
Algorithm of calculation: 0

1. Reduction of dimensions len=len"g !
|lre:|1re‘g 200
lore=l2re*g 160
l3re= l3reg
2. Representation and the decision of system of the o /
. . . 40
differential equations: — < .
- a vector-column of initial values required parameters 40 /
Xx:=(00000000) o
- a vector-column of the right part of system of the o 04 08 12 16 2

differential equations !

E.M. Kudryavtsev
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- angular speeds of bodies: an engine rotor (x4) and
the running wheel (x7):

4. Comparison of results of calculation and

simulation:

- settlement tabular values of angular speed of
rotation of a rotor of the engine depending on time
by results of modelling, radian/s

|| o] 1234 |5|6]7

=10 2.939(5.929|8.967(12.058/15.198|18.39

- an error of modelling of angular speed of rotation of

a rotor of the engine - 6 w n, %

on (i)

(x 4) =05127 dwn = |—|-10C
N on

don = 0.176

- settlement nominal angular speed of rotation of a
running wheel, radian/s

oh =2 _og7
1112

- settlement tabular values of angular speed of
rotation of a running wheel depending on time by
results of modelling, radian/s

x| 0] 1 2 |3 1456|718

= 10| 0 |0.031/0.062/0.093/0.125/0.157/0.19/0.223

- an error of modelling of angular speed of rotation of
a running wheel. %
oh - (X7)

N
-10C

(x7)N =0968 dwh = —

don = 0.176

5. The dynamic moment and factor of dynamism in
the course of engine start-up:
- moment of inertia of weights of the crane
movement mechanism, led to an engine shaft
Ire= len + lire + lore + l3re lre = 2.912

- angular acceleration of the engine rotor

1 2-Mc
aen = —- —ul(x, —x.) —cl(x,—X
Ire X, “(4 5) (0 1)
1__
on Sc
S +
c X
4
1__
L ®n

- dynamic moment, Nm and dynamism factor on an
engine shaft under which action there is a dispersal
of the crane movement mechanism

Mayn= aen‘lre kdyn = M

Mr

180,
144
108

Mdyn
72|

36

0

kcyn )
1.8

- maximum dynamic moment, Nm and dynamism
factor on an engine shaft

Mdymaa = max(Mdyn) Mdyniaa = 157.556

Kaynmax = max(kdyn) Kdynmax = 2.527

- condition check: the dynamic moment on a shaft of
the engine in the course of dispersal should be less
than the critical moment of the engine, Nm

Maynias = 157.556 less Mc = 165.066

The condition is carried out.

Dynamic Analysis of Tower Crane Movement Mechanism
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9. CONCLUSION

The proposed procedure of calculation of the
dynamic analysis of work of mechanical drives using
Mathcad software enables to decrease by an order of
magnitude the time of labour inputs of such calculation, as
well as pursue investigations related to changing
parameters of attachment components.
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The Definition of Basic Parameters of the Set of Small-Sized Equipment

for Preparation of Dry Mortar for Various Applications

I.A. Emelyanova **, V. Blazhko %, S. I. Karpenko *
! Kharkiv National University of Civil Engineering and Architecture
Department of Mechanization of Construction Processes, Kharkiv National University of Civil Engineering and
Architecture, Kharkiv (Ukraine)

Based on the conducted information retrieval and review of the scientific literature, unsolved issues have been
identified in the process of preparation of dry construction mixtures in the conditions of a construction site.

The constructions of existing technological complexes for the production of dry construction mixtures are
considered and their main drawbacks are identified in terms of application in the conditions of the construction site.

On the basis of the conducted research, the designs of technological sets of small-sized equipment for the
preparation of dry construction mixtures in the construction site are proposed. It is found out that the basis for creating the
proposed technological kits are new designs of concrete mixers operating in cascade mode.

A technique for calculating the main parameters of technological sets of equipment is proposed, depending on the
use of the base machine of the kit.

Keywords: Set of small-sized equipment, A dry construction mix, A concrete mixer, A cascade regime, The motion
trajectory of the mixture particles.

1. INTRODUCTION

Modern dry building mixtures are complex
compositions of components, different in their properties.
Mixing these components together and creating a
homogeneous mixture is a difficult task in a technical
sense. Creation of effective equipment for these purposes
is an urgent problem of modern construction. With its
solution, special attention should be paid to the
development of technological kits.

At present, in the process of preparation of dry
construction mixtures, there is a number of unresolved
issues: increased wear of the working bodies and mixer
bodies, long time for the preparation of complex
compositions, the presence of segregation during the
mixture preparation and the complexity of preparing the
mixtures directly at the construction site [1 - 4] .

At present, technological complexes, which have
the ability to produce mixtures of different types, are used
for the preparation of dry construction mixtures [5 - 7].

The complexes are equipped with high-quality
dosing devices and forced-action mixers with one or two ‘ Pa
shafts, on which various stirring devices are fixed [3, 9]. Pl A R
However, modern concrete mixers do not always allow to = | S .
produce homogeneous mixtures with a small filling factor
of the working volume of the machine. In addition,
existing mixers do not allow to create a single organized
work cycle in one place. From these positions, \
technological kits that allow to combine all operations in P B e
time are more attractive. L

In addition, the variety of existing equipment, as 0)
well as technological lines and Kits, is not aimed at solving
the problem of making dry construction mixtures directly
on the construction site.

Creation of effective small-sized equipment for the
preparation of dry mixtures is an urgent task.

Figure 1: Technological sets of equipment for the
preparation of dry building mixtures:
A) the base machine is a three-shaft mixer; B) the basic
machine is a mixer of gravitational-forced action; C) basic
machine - two-rotor turbulent mixer

*Corresponding author: Sumska str. 40, 61002 Kharkov, Ukraine, KSTUCA, dep. MBP, emeljanova-inga@rambler.ru
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The results of laboratory and industrial tests of new
design mixers operating in a cascade mode, confirm their
effectiveness in the preparation of dry building mixtures,
which makes it possible to equip these machines with
technological kits and complexes [8].

Main material and results. It is proposed to develop
and introduce small-size sets of equipment for the
preparation of dry construction mixtures on the basis of
new mixers operating in a cascade mode in the production
of small amounts of work (with individual low-rise
construction, construction in the agricultural sector, repair
and reconstruction of existing buildings). Technological
equipment Kits are shown in Figure 1. All equipment of
these technological kits is based on a common base and is
selected according to the performance of the base
machine-mixer.

The technological set of equipment, presented in
Figure 1, includes the following components: 1 - mixer
(basic machine); 2 - filling machine 3 - sand bunker; 4 -
silo of cement; 5 - weighing batcher; 6 - fiber cutter; 7 -
auger feeder; 8 - bunker of granite grains; 9 - filler hopper

The basic machines of the technological set (Fig. 1)
can be concrete mixers of a new constructive solution: a
three-shaft concrete mixer, gravity-forced concrete mixer,
a two-side turbulent mixer [5]. A feature of the work of
these machines is the creation of a complex multi-path
motion of the particles of the mixture in the body of the
machine [9]. The adjacent equipment of the technological
set is unified and has a traditional design solution.

The productivity of a technological equipment set
is determined on the basis of the technical performance of
the base machine used in the composition of the
technological set.The productivity of the technological set
with the use of a three-shaft concrete mixer is found
according to the dependence [10]

11, =3600-7(D? ~d?)-b-n-z, -Sina k7 -«

1

where are:

D - is the diameter of the shaft along the end of the
blade, m;

d - is the diameter of the average shaft, m;

b - blade width, m;

Z, - number of blades of the middle shaft;

a - is the angle of installation of the blades, deg;

K., - load factor of the mixer relative to the
average shaft, K., = 0,75;

n - frequency of rotation of the shaft of the working
element;

K" - coefficient of return of the concrete mixture
of the second zone.

Determination of the technical productivity of the
equipment set, which includes a concrete mixer of
gravitational-forced action, is defined as

I, =V Zu=%[ﬂ"LK(R3~k—rj)—

mex obwy.
2
—meri 2, mzboh e =2, b 0102, (g

where are:

Voo - IS the total volume of the mixture in the
mixer, mé;

z, =3600/t, - number of cycles of machine

operation per hour (t - is the duration of one cycle, which
consists of the sum of time for loading components t;,

mixing them t; and unloading the finished mixture ts
(tu =ttt +t3),0);

L. - length of the mixer body, m;

R, - is the radius of the mixer body, m;

k - is a coefficient that takes into account the
position of the mixture in the body;

Rn, In, zn, 1, - radius, length, number of legs of shaft
blades and shaft radius, m;

by, b2, hy, hy, ¢1, ¢2 - length, height and thickness of
blades of the body and blades of the mixer shaft, m.

The productivity of the technological set when
using a two-rotor turbulent mixer is found according to the
dependence

n, =V

mex obuy. : Z : k

4t ®)
where are:

Vi - the total volume of the mixture in the mixer,
m3;

z,=3600/t, — number of cycles of machine
operation per hour (t, is the duration of one cycle, which
consists of the sum of the time for loading components t;,
mixing them t; and unloading the finished mixture ts
(tl, =t +tr + tg), C);

Km is the machine utilization factor (0.85).

In this case, the feeding of the components of the
concrete mixture into the mixer will be as follows:

M = [(Q¢, - Qe )t “)

where are:
M — total mass of components;
t — the time interval for loading all components;
ox, — the flow of the components of the mixture

upon leaving the storage bin;
ox, — the flow of the components of the mixture

as it leaves the feeder.

The ratio of the total mass of M components to the
entire working volume of mixer V is as follows where: M -
is the total mass of the components; t- is the time interval
for loading all components;p, - the flow of the

components of the mixture as it exits the storage hopper;
ox, - the flow of the components of the mixture when

leaving the feeder.
The ratio of the total mass of M components to the
entire working volume of mixer V is as follows:
t
M - ax= 2 (x, - x,. )t
V V 0 , (5)

w0 X — respectively, the content of the

components at the inlet, outlet and inside the mixer and
Q - the capacity of the mixer under steady operating
conditions.

Among the main performance indicators og a small-
sized technological set of equipment for the preparation of
a building mixture, it is worth mentioning the power costs.
The power costs for the operation of a technological
equipment set intended for the preparation of fiber-
concrete mixtures consist of the sum of the power costs of
the individual types of equipment that are included in the
kit (Figure 1, c): the machine-tool of the fiber, the base
machine (concrete mixer), feeders and dispensers.

where are: X

I. Emelyanova, V. Blazhko, S. Karpenko
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Thus, the dependence for determining the power of
the technological set of equipment has the form [7]
NTKOING.,\1+Np+NH+N()’ (6)
where are:
N,., — Total costs of power for the operation of

the technological set of equipment, kW;
N, , — power costs of the base machine, kW;

N — power consumption of a fiber cutter, kW;

N,, — power consumption of feeders, KW,
N, — power consumption of dispensers, kW.

Taking into account the design features of the base
machine of the three-shaft concrete mixer (Figure 1), when
working on dry building mixtures, N should be defined
as for a three-shaft mixer Ne., taking into account the
operation of the machine on dry building mixtures

N+ N, + N, @)
> 1000-7
where are:
N; — the power used to mix the components of the
mixture with the upper shaft;

N2 — the power used to mix the components of the
concrete mix and transport it to the discharge port by the
middle shaft;

N3 — the power used to mix the components of the
mixture by the lower shaft;

n — the efficiency of the mixer drive.

N, = N/+N/, (@)
where are:

N/ — the power expended on the mixing process in
the first zone,

N,/ — power costs for the mixing process in the
second zone

N/ =w-F,-C-f-(R®=r?)-Z" -k p, 9
where are:

o — angular velocity of the shaft, s;

F.— Blade area, m?

C, — coefficient of resistance to movement of
particles of dry concrete mixture along the blades in the
first zone, C1 =9;

f — coefficient of friction of the dry mixture over
the surface of the blades, f = 0,4;

R — outer radius of rotation of the blade, m;

r — internal radius of rotation of the blade, m;

Z', — number of blades on the upper shaft in the first
Zoneg;

K56 — load factor of the concrete mixer relative to the
upper shaft;

p1— average density of dry mix, kg / m3.

N/ =0 F,-C, 1 (R =r")- 2" k", p,

where are:

C, — Coefficient of resistance to movement of
particles of the dry mixture along the blades in the second
zone, C2 =7,

f' - coefficient of friction of the mixture along the
blade surface, ' =0,1..0,2;

Z", — number of blades on the upper shaft in the
first zone.

(10)

After the transformations, the dependence for
determining the power costs by the upper shaft of the
mixer has the form

No=loFp-R ) ez 102 gy
The power expended on mixing the components of

a concrete mix and its transportation to the discharge port
by an average shaft

N3:N£+N!, (12)
where are: N2/ — the power expended on the process of
mixing the components of the dry construction mixture in
the first zone on the process of mixing the components of
the mixture and transporting it to the second zone; Ny’ —
power expended in the second zone of the mixer.

NZIZmC'g.W.a).Rw' (13)

where are: m. — mass of the components of the mixture in
the auger zone, kg;W — Drag coefficient (when the body
moves in hostile environments W = 4); w — Angular speed
of rotation of the shaft, s; R,, — Radius of screw, m; and g —
acceleration of gravity

N/ =0-F -C, (R =) 20 k0, (14

where is:

Z."" — number of blades on the middle shaft in the
second zone.

The power required to mix the components of the
mixture with the lower shaft

N, =NJ+ N;/, (15)

where are:

N3/ — power expended on the process of mixing in
the first zone;

N3” — the power expended on the mixing process in
the second zone of the mixer;

Ns/ u N3’ — are determined by analogy with the
upper shaft.

For a gravity-forced-action mixer [5] n_ , spent on

the process of preparing a dry construction mix, consists of
the power required to rotate the mixer body and the power
required to rotate the blade shaft

Nom. = Nig + Ng, kBm,
where is: Nk - power required to rotate the body of the
mixer,
085-G,,-h-Z o, Fupi Vuser &

N, = NP +NP =
. K “ 7, -1000 7, -1000 (16)
where are:
G, — weight of the components of the mixture, H;
h - vertical coordinate of mass mixture

displacement in the body, m;

Z — number of mixes circulating in the body of the
machine;

@« — angular speed of rotation of the mixer
body, s%;

17 k — efficiency of the housing drive;

F - the frictional force arising when the particles

ok
of the mixture move along the surface of the blade of the
mixer body, H;

V . — absolute velocity of the mixture particles

abe.x
along the body blades, m /s ;

Z2 — number of blades on the inner surface of the
body.

The Definition of Basic Parameters of the Set of Small-Sized Equipment for Preparation of Dry Mortar for Various Applications
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The power required to operate the paddle shaft
during mixing of the components of the mixture,
, M,; 4 Fmp.« 'Vaﬁc.e ",
7,-1000  1000-7, (17)
where are: w, — angular speed of rotation of the mixer's
blade shaft, s*; Me — torque of the blade shaft, H-m; 77, -

N, = NP +N{P =

efficiency of shaft drive; F — the friction force that

mp.6
occurs when a particle of a concrete mix moves along the
blade surface, H; V _ - absolute velocity of the mixture

aoc.e
particle along the shaft blade, m / s; z — number of blades
on the shaft.
When installing a two-rotor turbulent mixer
N;,=o,, F,d, f-(R-r)-Cosp-Z, -k, P (18)
where are:
wp.o— angular speed of rotation of the mixer's blade
shaft, s?;
F. - the area of the blade, m?;
Jew — pressure on the blade on the mixture side, Pa;
f=04
R — outer radius of blade rotation, m;
r — internal radius of blade rotation, m;
Z, — number of blades on the upper shaft in the first
zone;
ks — load factor of the concrete mixer;
p1— average density of dry mix, kg / m?;
S — blade angle.
Thus, the proposed technological kits of small-
sized equipment can be successfully used to work directly
on the construction site.

2. CONCLUSIONS

1. Technological sets of small-sized equipment of a
new configuration and a new design solution are proposed
to perform small volumes of work in the conditions of a
construction site.

2. Dependencies are given allowing to determine
the performance indicators of new technological
equipment sets for the preparation of dry building mixtures
in the construction site.
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Shapeless Manufacture of Reinforced Concrete Cylindrical and
Spherical Shells with the Help of New Generation Hydraulic Equipment
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For the manufacture of reinforced concrete shells, it is proposed to use a self-supporting skeleton consisting of a
spatial curvilinear reinforcement skeleton and non-removable liners of hollow-core, made of polystyrene or mineral wool,

which serve as a permanent formwork.

Schematic diagrams of a non-piston universal concrete pump and a truck mixer of gravitational-forced action with
hydraulic control are presented. Technological schemes of work are given. The obtained dependences for the
determination of the range and height of the concrete mixture supply by the hoseless piston-type concrete pumps are

provided.

Keywords: Reinforced concrete shell, Universal hose concrete pump, Three-shaft concrete mixer, Truck mixer, Wet

shotcrete, Shotcrete nozzle

1. INTRODUCTION

As the experience of reusable use has shown at
construction sites of different purposes, technological sets
of small-sized universal equipment that include new
machines patented in Ukraine operate effectively. These
are, first of all, mortar-concrete pumps of various design
solutions, concrete mixers operating in a cascade mode
and shotcrete nozzles with annular nozzles [1, 2].

It is of interest to use such kits for formless
concreting directly on the construction site. For the
manufacture of reinforced concrete shells, it is proposed to
use a self-supporting skeleton, including a spatial
curvilinear reinforcing skeleton and non-extractable liner-
void-formers made of polystyrene or mineral wool (inner
non-removable formwork) that form the predetermined
geometry of the structure and are a screen for spraying on
both sides of the wet concrete spraying of
concrete mixture with synthetic fibers [3]. Due to the use
of the spatial design of the reinforcing cage, consisting of
the outer shells and the system of flat ribs connecting
them, the necessary stiffness and load-carrying capacity of
the frame for applying the shotcrete-concrete coating is
provided.

Manufacture of reinforced concrete shells
(Figure 1) was performed in the landfill conditions using
the following equipment set: mobile compressor unit —
two-piston mortar pump with poppet valves — gravity
concrete mixer — shot-nozzle with ring nozzle — rubber
hoses d; = 50 mm and dz = 32 mm. Hose in diameter 32
mm was used to feed additional compressed air flow in the
annular nozzle of gunning nozzle. Shells are made with the
mobility of the mixture P = 6 ... 8 cm and the following
consumption of constituents per 1 m® of concrete of class
C30 ... C35: cement PC 500 — 300 t, crushed stone fraction

5 ... 10 mm - 250 kg, crushed stone fraction 2 ... 5 mm —
875 kg,sand — 875 kg, water — 150 kg, supplement
"Adminol-Rapid" — 3 kg, basalt fiber with the length of the
elements If = 12 mm (F% - 0.1).

Concreting by the wet shotcrete was carried out
with the following technological parameters: working
pressure p = 0,6 MPa, compressed air consumption for
supply of concrete mix with a nozzle
g: = 7 m¥min, additional supply of compressed air
through the ring nozzle g, = 2 m%/min, spraying speed of
fiber-reinforced concrete mixture on the shotcrete surface
of the shell Var =55 ... 60 m/s.

Subsequent tests showed that reinforced concrete
casings of lightweight construction, whose weight is
40 ... 50 % less compared to solid structures, due to the use
of non-extractable liners — polystyrene concrete hollow-
outers, which have all the necessary characteristics of
strength and rigidity of load-bearing elements of buildings
and structures from monolithic reinforced concrete. Such
reinforced concrete casings open up fundamentally new
opportunities in the off-the-shelf monolithic construction
with the use of new equipment and vibration less
sealing of the mixture by the wet-shotcrete method [4].

Currently, in addition to proven equipment in the
technology used, new machines have been developed that
should improve the efficiency of the work performed. It is
a universal non-piston hose concrete pump [5] (Figure 2)
and a truck mixer of gravitational-forced action (Figure 3).

The universality of this concrete pump is ensured
by the ability to work on hoses dn = 32 ... 75 mm with a
wide range of performance and smoothly changing
operating conditions due to the use of a hydraulic drive.
The technological scheme of the formless concreteless
using a universal hose concrete pump with a three-shaft
concrete mixer is shown in Figure 4.

*Corresponding author: Sumska str. 40, Kharkov, 61002 Ukraine, KSTUCA, dep. MBP, emeljanova-inga@rambler.ru
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Figure 1: The process of wet gunned shells with a working nozzle with a ring nozzle (a) and a finished reinforced concrete
shell (b)
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Figure 2: Scheme of a non-piston universal hose concrete pump of a new design with a hydraulic drive
1 - frame; 2 — pump housing; 3 — the cover of the case; 4 — rotor with rollers; 5 — flexible hose; 6 — the hydraulic motor;
7 — coupling; 8 —the hydrocylinder; 9 — conical tip, 10 — hydraulic distribution unit
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Figure 3: Scheme of a truck mixer with hydraulic drive
1 — self-propelled chassis; 2 — hydromotor-reducer, drive of the drum; 3 — the drum; 4 — hydromotor-reducer, shaft drive;
5 — mixing shaft; 6 — feed hopper; 7 — the discharge tray; 8 — a tank with water;9 — additional section of the discharge tray
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Figure 4: Technological scheme of works by the wet shotcrete method directly on the construction site
1 — bunker with sand; 2 — bunker with rubble; 3 — bunker with cement; 4 — water tank; 5 — belt feeder; 6 — three-shaft
concrete mixer; 7 — a machine-cutter of a fiber; 8 — universal hose concrete pump; 9 — the compressor; 10 — shotcrete
nozzle; 11 — shotcrete shells; 12 — truck for transportation of materials; A — the area of shotcrete works; B — concrete
mixing unit
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The delivery distance of the concrete mix when
using the technological scheme with a universal hose
concrete pump (Figure 4) is determined according to the
dependencies:

— horizontally

The results of laboratory and industrial tests of new
design mixers operating in a cascade mode, confirm their
effectiveness in the preparation of dry building mixtures,
which makes it possible to equip these machines with
technological kits and complexes [8].

L=t 1)
Mpo—D)
where are:
dp — is the diameter of the pipeline through which
the concrete mixture is transported;
Ap — pressure drop at the ends of the pipeline;
A — coefficient of resistance to movement of the
concrete mixture through the pipeline;
po — the average density of the mixture that is
transported through the pipeline;
Vo, — average speed of transportation of a concrete
mix through the pipeline;

— vertically
Suly TRy T
Ap nR.}‘.’p{ ext ;ﬂ 0]
H= . : (2)
Pogd
where are:

p — is the dynamic viscosity of the concrete
mixture;

R, — radius of the pipeline;

M. — technical performance of a concrete pump;

To — IS the ultimate shear stress;

g — acceleration of gravity.

Table 1 shows the relationship of the parameters of
the concrete mix with the performance of the universal
hose concrete pump and the pressure drop at the ends of
the transport pipeline.Technological scheme of the
formless concreting in the construction site using an auto
concrete pump with a manipulator is shown in Figure 5.

The use of the truck mixer of gravity-forced action
in the technological scheme with a universal hose auto
concrete pump allows using the technological set for work,
both mobile and inactive concrete mixes.

Thus, the availability of newly developed new
machines in technological schemes extends the capabilities
of technological Kits and, in some cases, allows them to be
used more efficiently than existing equipment.
For the advantageous sides of the proposed new
construction of the universal hose concrete pump, the
working hose is smoothly loaded, which should ensure a
longer working life of the new machine compared to the
current ones. This will accordingly positively affect the
operation of the entire set of equipment as a whole, which
is confirmed by the calculation of the operating cycles of
the existing and proposed hose concrete pump (Figure 2):

Table 1: Parameters for feeding concrete mix with
universal hose concrete pump

L H Ap
(m | (M [ M=5m3/h | Hex=10m/h | Ty, =15m3/k
5 2,75 1x10* 6,4x10* 7,6x10*
10 5,49 8,764x10° 1,797x108 2,676x10°
15 8,25 1,165x10° 2,375x10° 3,543x10°
20 | 10,99 1,31x10° 2,663x10° 3,976x10°
25 | 13,75 1,396x10° 2,837x10° 4,236x10°
30 | 16,49 1,454x10° 2,952x10° 4,409%10°
35 | 19,24 1,495x106 3,035x10° 4,533x10°
40 | 21,99 1,526x10° 3,097x106 4,626x10°
45 | 24,74 1,547x10° 3,145x10° 4,698x10°
50 | 27,49 1,57x10° 3,183x10° 4,756x10°
55 | 30,24 1,585x10° 3,215x10° 4,803x10°
60 | 32,99 1,599x106 3,241x10° 4,843x10°
65 | 3574 1,61x100 3,263x10° 4,876x10°
70 | 38,49 1,619x10° 3,282x10° 4,905x10°
75 | 41,24 1,627x10° 3,299x108 4,929x10°
80 | 43,99 1,635x10° 3,313x10° 4,951x10°
85 | 46,73 1,641x10° 3,326x10° 4,97x10°
90 | 49,48 1,647x10° 3,337x10° 4,987x10°
95 | 52,23 1,652x10° 3,348x10° 5,002x10°
100 | 54,98 1,656x10° 3,353x10° 5,016x10°
110 | 60,48 - - 5,04x10°
120 | 65,98 - - 5,059x10°
3600 T-Ky
2y = T, +T, ' ®)
where are:

T — is the time of non-recyclable work of the hose
concrete pump under consideration with hydraulic drive;

Ky — factor of reliability of work of a hose concrete
pump (Ky1 — offered, Ky» — operating).

The service life of a new concrete pump is 25%
higher than the life of a watch in modern hose concrete
pumps.

2. CONCLUSIONS

1. The possibility of manufacturing ferro-concrete
shells of cylindrical and spherical shape is shown in the
conditions of a construction site with the help of
equipment by the wet shotcrete method.

2. The basic schemes of the proposed hydraulic
machines for use in technological kits are presented: the
truck-concrete pump hose-free with the manipulator and
the truck mixer of the gravitational-forced action.

3. Technological schemes of work with new
machines are presented.

4. The obtained dependences for the determination
of the delivery distance of a concrete mixture with the help
of new technological sets of equipment are given.

5. Dependences have been found to determine the
number of operating cycles of process equipment. The
service life of the new concrete pump, and, consequently,
of the whole kit, is 25% higher than that of the operating
machines.

I. Emelyanova, A. Anishchenko, S. Guzenko, D. Chaika



Proceedings of IX International Conference “Heavy Machinery- HM 2017”, Zlatibor, 28 June — 1 July 2017 A15

Figure 5: Technological scheme of carrying out works by the method of wet shotcrete using a manipulator
1 - truck mixer; 2 — autoconcrete pump; 3 — universal hose concrete pump; 4 — boom of a truck mixer; 5 — shotcrete

nozzle; 6 — shotcrete casings
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Research of Stress-Strain State of Metal Constructions for Static and

Dynamic Loads Machinery

I.I. Nazarenko **, O.P. Dedov !, I.I. Zalisko ?
! Kyiv National University of Construction and Architecture, Kiev
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The theoretical substantiation of the possibility of creating bulk molding Vibration Machines with highly effective
parameters of energy intensity and material consumption for various conditions for the formation of concrete and
reinforced concrete products is given in the paper. This is due to the creation and rational use of the regularities of
changes in the internal (elastic-inertial and dissipative) properties of the "machine-environment™ system in the regime,

which is approximate to the mode of its free oscillations.

A theory is proposed for the interaction between the working parts of vibration machines and media to be processed,
which, on the basis of an estimate of the stress state of the medium in the contact zone, makes it possible to determine the
effect of the medium being processed on the dynamics of the machine working parts.

The principles of creation of volumetric forming machines with highly effective parameters for energy intensity and

material consumption are proposed.

Keywords: Stress-strain state of metal constructions, Diagnostic systems, Vibration frequency, Vibration amplitude,

Dynamic loading

1. INTRODUCTION

The modern development of construction in
Ukraine puts forward new requirements for equipment that
would ensure high reliability, performance, and a range of
economic and ergonomic requirements. To a large extent
this applies to steel structures construction vehicles and
equipment, demand for which is growing every year. The
solution of this problem lies in the direction of improving
the design, the identification of the potential of existing
structures, improving their productivity and efficiency, the
development of diagnostic systems.

Metal  construction  machines of  various
technological purpose in the operation accept both static
and dynamic loads and tend to work in the mode of
alternating load, the effectiveness of such cars due to
software defined technology modes and parameters impact
on the processed material, which can be realized by careful
selection of mathematical calculation models that
adequately reflect the actual motion of the system.

Modern machinery provides a solution to a number
of issues that are caused by factors of a different nature.
The main factor influencing the implementation of
projects of construction of new machines are purpose
requirements of today's market and directly to consumers
of such technology.

Over time, the appearance of new construction
materials and technologies for their manufacture and
processing, the vector of development of engineering
change its direction. Undoubtedly, the design requirements
of modern machines and high stiff enough, but the
fundamental concepts of what the machine has to be
changed somewhat. That is, when it comes to modern
technological machine, is to identify the main issues to be
addressed [1, 2]: a low power consumption of the
implementation process with a high quality;

low consumption of materials; high reliability; certain
durability; low manufacturing cost.

In carrying out theoretical studies [1-3], as well as
practical implementation [1-5], it began the scientific
study of the problem: the development of the most
effective and reliable construction machines for different
loads, provided by the establishment and management of
changes in domestic laws (elastic and dissipative)
properties of the system "vehicle - environment".

In recent years, development and creation of
construction machines of various technological purpose
being to find ways of constructive solutions with a
variable.

In operation of such machines is assumed
maximum utilization of internal resources to the machine
in turn makes it necessary to ensure durability and
reliability with desired dynamic parameters. Production of
such a problem is to determine the intensity of the
structural elements of the machine and the assessment of
their stress-strain state.

In the case of dynamic performance on metal
structure as a linear elastic body, equation of motion has
the form:

zij; +Fi=p-Uj, (1)
where P - density material. Given the viscous
properties then replace in (1) the operator:

2 2
pras e p(os)+ ko v
where is k- viscosity.
Equation (2) as such remains unchanged.
We introduce notation for the wave propagation
velocity of the reference circle.

1-v A
(14vi(1-2v)

1 -
2(1+v)

E E
ci - 5 G ®

*Corresponding author: Povitroflotsky Avenue 31, Kyiv, Ukraine, i_nazar@i.ua


mailto:i_nazar@i.ua

A.18 Proceedings of IX International Conference “Heavy Machinery- HM 2017, Zlatibor, 28 June — 1 July 2017

For the case when the force F (t) is common and
operates along the axis OX1 (at the beginning of the
coordinate system)

Uy (xq,%3,%3, ) = ! L 'x—%'P(t—i)+i' (4)

4mpR ¢Z R2

(1-2)p(e-2) - (1 - 323) - Fare—awan

=1

XiXs 1 R 1 R
U, (%, X5, X3,1) = 411.:.;- [C_E-P(t_a) & P(t—a) +

o ©®)
3[52AP(t —AR)AA];

T,
Us(xpxz.xa-t)::;:;' C%'P(t—%)—éﬁ’(t—%)ﬁ- (6)

3[EAP(t — AR)AA .
Cq
If the force acts along the axis OX2, then you have
to replace the index:
1—2;
y(22) = [2 - 3;
3—-1

If the force acts along the axis OX 3, then you have

to replace the index:
1—3;
y(22) = [2 - 1;
3 -2

For the plane problem (x3 = 0); for one-
dimensional problems: (x1 # 0; x2 =x3 =0).

So, as a result of dependencies are as follows: using
Cauchy relations, Hooke's law and relations that bind
Lame elastic constants of Young's modulus, shear
modulus and Poisson's ratio is decisive for calculating the
stress-strain state of stresses in reference circle of
application solutions in the form of third-rank tensor:

1 1 XXX
Vijk(xllx2vx3) = mﬁ[(l —2v) - (g 85— x; " G — x5 i) — 3 RZ ]

1 1 XXXy
Vijk (x4, %2, %3) = v R [(1 —2v)(xk - 8 — xi - Bje — x5 8ig) — 3 lez ]

(i=123)

In this case, the right kind of movement will be:
U; (x4, %2,X3) = Uyj(xy, X3, X3) * Fj(%4,%2,X3),
(i=1273).

Design model frame with outriggers shown in
Figure 1a as well. Design model adopted in the form of
construction consisting of rods rigidly interconnected the
nodes. Units conventionally shown as small circles
numbered in Arabic numerals. Serial number of the rod
(item) affixed in a circle. Each rod section is now with
geometrical characteristics. Design model building on a
line connecting the centers of gravity of cross sections of
rods.

Design model is in rectangular coordinates X, Y, Z
(general coordinate system). The result of the calculation
of finite element of this design is shown in Figure 1 b.

The correctness of the results of mathematical
modeling to a greater extent depends on the mechanical
properties of structural materials and the study of complex
work units bearing structural elements. Test procedures for
mechanical characteristics of the static effect is to create a
load on the test sample in order to create in it a certain
kind of stress (tension, compression, shear). Thus a tensile
test determined the basic mechanical characteristics not
only of constructional materials, and their connection to
each other (Figure 2a). Quite often undergo static tests not
only the individual samples of the materials, but entire
units (Figure 2b) future construction in order to study their
stress-strain state and evaluation of stiffness.

Integral assessment of the metal structures of the
finished product can be made on the basis of the dynamic
tests. The idea of testing is to find the actual dynamic
characteristics of the structure (natural vibration
frequency, vibration amplitude, etc.) and then comparing
these characteristics with the characteristics obtained by
mathematical simulation of the system design. The
mathematical model must be created so that adequately
describes the real structure and its behavior under various
loads and the ability to reflect the simulations of various
kinds of defects associated with the manufacture and
operation of the immediate appointment.

At the dynamic loads on structural elements
inherent in most vehicles technological purpose, the main
type of damage is the formation and development of
cracks caused by the accumulation of stress fatigue.

Durability destruction determined long cycles of
stresses on the supporting structure of the machine and its
individual elements, resulting in a crack gradually

develops and leads to destruction.
V7
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b)

Figure 1: Simulation of road construction cranes:
a) - design scheme; b) - the result of the calculation.

a)

b)

Figure 2: Test the structural elements of steel structures:
a) The welded joint in tension; b) Test bracket.

Calculation and testing of individual elements of
the design of the machine is not too difficult, although in
some cases require a lot of material resources and time-
consuming. When it comes to more complex parts and
assembly units of the accuracy of the analytical calculation
is subject to doubts in terms of the rational use of
materials, resulting in an increase in material consumption
structure, and further the energy intensity of the whole
technological process, which performs such a design.

It is obvious that the solution of this problem lies in
the integrated approach should combine analytical
calculations, mathematical modeling and  direct
experimental studies.

To implement this approach assumes the following
sequence of research work:

- analysis calculation of structural elements of the
machine in terms of for all types of loads that were made
in the design of the machine;

- the development of a computer model of the
object of study (general or individual most loaded
components, structural elements);

- determining a possible combination of loads
acting on the elements;

- conduct additional simulations and calculations to
determine the behavior of structural elements and the
whole machine while the action of various loads (if
necessary);

- verification of design decisions and the choice of
the most efficient, by modeling teamwork loads on
computer models, evaluation and analysis of stress-strain
state, identify the most stressful elements of the structure;

- to develop a computer model of the matrix
control points limits the integral characteristics of the state
of design for future use in field trials;

- conducting full-scale and model (computer
experiments) by applying certain loads on the real sample
and its model;

- adjusting the computer model until the
comparison is integral characteristics obtained by
measurements at control points during the experiment and
the simulation will differ among themselves within the
allowable error (the thus obtained computational model is
adequate actual design within the points adequate -
integral control points characteristics).

Research of Stress-Strain State of Metal Constructions for Static and Dynamic Loads Machinery
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To construct a mathematical model can be used
general purpose computational systems, which are based
on numerous calculations and the fundamental laws of the
theory of elasticity, plasticity, and the like. Recently, such
settlement systems have been widely used in various
industries, including mechanical engineering. The results
of analysis of structures by numerical methods (eg finite
element method) is a movement (deformation), effort
(stress) at the nodes of the mesh design of the structure.
Depending on the need for rational calculation accuracy,
the number of nodes and finite elements, respectively, can
be measured in hundreds and thousands. On the one hand
the processing of the results of such calculations is time-
consuming, but allows at the design stage to obtain a
general picture of the structural layout of the machine
components and the improvement of its conduct in terms
of the rational use of materials. In the case of upgrading an
existing machine model of technological purpose,
calculation model in this sector, will allow to analyze the
technical level of the design and fulfill its forecasting
reliability, and in conjunction with the implementation of
the pilot studies to assess the current technical condition of
the appearance of possible failures, and the like.

2. CONCLUSIONS

1. The analysis methods of modeling and machine
indicates the need to consider the stress-strain state of the
steel structures.

2. Proposed methodology and test methods for
machines under static and dynamic loading, the way the
software determines the load on the metal machine.
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Research of Energy-Saving Vibration Machines with Account of the

Stress-Strain State of Technological Environment

Ivan Nazarenko'*, Oleg Dedov !, Anatoly Svidersky?, Nicolay Ruchinsky*
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An analytical method for determining the influence of a process medium on the dynamics of the working bodies of
vibrating machines is considered. The results of the research are presented, which made it possible to identify the zones of
effective action of parameters and characteristics of the "machine - environment™ system to ensure the high quality of the
compaction process, which is based on the idea of purposeful use of the elastic characteristics of a common vibration
system.

The scientific idea is put forward, which consists in the fact that during the study of a particular process the
mathematical model of the vibration system "machine-environment” should be determined on the basis of taking into
account the internal structure of these subsystems as a single one, despite their different physical nature and structure.

The theoretical substantiation of the possibility of creating bulk molding Vibration Machines with highly effective
parameters of energy intensity and material consumption for various conditions for the formation of concrete and
reinforced concrete products is given in the paper. This is due to the creation and rational use of the regularities of
changes in the internal (elastic-inertial and dissipative) properties of the "machine-environment" system in the regime,
which is approximate to the mode of its free oscillations

Keywords: Vibration system, Vibrator, Vibration frequency, Vibration amplitude, Dynamic loading, Efficiency of

the vibrating machine

1. INTRODUCTION

Vibrating machines are widely used in the
construction industry to seal concrete mixtures and soil.
The most effective of these are vibro-impact machines.
This is due to the fact that during the impact of the impact
in the working mixture there are large compressive stress
(due to large accelerations), which cause deformation and,
consequently, increase the density of the mixture.
However, the degree of efficiency of these machines is
largely determined by the magnitude of energy costs for
the implementation of necessary workloads. Therefore,
solving the problem of reducing energy consumption of
vibration damping machines while preserving their high
technological efficiency is an important scientific and
practical task.

Vibrating machines are widely used in various
branches of the national economy to perform a significant
range of technological processes. A common characteristic
feature of this class of machines is the vibrational effect on
the material being processed, as a result of which the
material changes its properties, thus ensuring the
corresponding technological process.

Many studies devoted to the study of the vibration
damaging systems are presented, which are the analysis
and synthesis of mechanical vibration damaging systems.
Concerning works devoted to the study of vibration
damping machines for sealing concrete mixtures, it is
possible to note that in these works the parameters of
motion of such systems are determined, based on certain
assumptions. The most general is the assumption of a
"vibrating machine - processing environment” system in
the form of a discrete model. The work of [1, 2] clarifies
this model and proposes a method of transition from

discrete continuum systems (discrete - machine,
continuum - environment) to purely discrete ones taking
into account wave phenomena in a concrete mixture. This
approach makes it possible to significantly simplify the
calculation scheme. The principle of transition of the most
realistic scheme to the calculated (discrete) is given in [1]
(Fig. 1).

One of the main criteria of such systems is the
impact energy in periodic motion, which determines the
effectiveness of the regime.

The purpose of the article is to study and establish
effective zones of stability and assessment of the energy
characteristics of the "vibrating machine - processing
environment" system for the development of new
progressive machines, taking into account the stress-strain
state of the environment.

Consider the existence condition of the stability of
modes of the system with a separation from the elastic
limiter of oscillations (Fig. 1, ¢) on the boundaries of
linear sections in accordance with the work [2]:

&2 _Sin(p+sin(rx+q)) €

<qg<
‘1—82

2 1—82,

where
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Figure 1: Calculation models of vibration systems :
a — discrete-continuous, b — discrete (two mass), ¢ — discrete (one mass)

In the dependencies (1) the following symbols are

adopted: c - the stiffness of the restrictor; q _Q - the ratio
Fo

of the weight of the vibrating machine (Q =mg ) to the

amplitude of the force Fq of perturbation; w- frequency

of perturbation force; ty - the duration of movement of the
vibrator in contact with the elastic limiter of oscillations:

Ty =§; @ - the phase angle, which in the calculations is

assumed to provide a positive value at the
boundaries ¢ = oo(g = 0,7y = 0), condition (1) gives the
value:
q=1 )
From (2) it follows that the upper and lower
boundaries of regions of stable modes are combined.
However, the stability of periodic regimes under
absolutely rigid constraints of oscillations is determined by
the ratio:
1<g<w 3)
When comparing relations (2) and (3), it follows
that the existence of stable periodic modes of motion of
systems with elastic constraints (with stiffness) at the limit
value does not pass into the condition of stability under the
motion of the corresponding systems with the rendering of
absolutely strict constraints. To eliminate this disparity,
the consideration of shock interaction is the replacement of
the elasticity and dissipation of the constraints by the
shock pair, taking into account the length of the play. Such
an approach allows to take into account the shock
interaction in the vibration system by the pulse theorem
and the recovery rate of the impact velocity.

2(1+co
q —1+R (+C St) 2n-i—1 +2'[gT—X
onm ) 2 X
1-R (2n-i—1y) 2)
Then the maximum impact velocity will be

determined by the dependence:

. 3 20—y
Yomax = Gonm T1:R )
Consider now the motion of the vibrator in the
range O S T=Tx,
In dimensionless variables we will have:
1+ 2nyq + &2 y1= cos(t + @)+ mg ©)
where g2 __% 2n = n’ . _ dissipation rate.
me? me
y1(0)=y(2n-1)=0; ¥1(0)=y(2n-i)=Yo. (7
yl:y0a1+plsin<p+c1005cp+qlq, ®
Y1 = Yodq +bysine+ ¢ cose+dqq.
a, =e g tsingr;d, = (1-4, —na, Je ©)
b, =[(a, —sin)cosy +(cosz —d, —na, )siny]- [(l—g )i +4n2}5;
¢, = [(cosz—d, —nd, )cosy —(a, —sinz)siny]- [(sz ~1f + 4n2F;
g =Vel —n* gy = 22n
pENs
y1(tx) = (ex)=0; ya(rx) = ¥(tx )= —Ryo (10)

By substituting the conditions (10) in equation (8),
as well as the meaning singand cos¢ through qqnm and

yo max 1N accordance with formulas (8) and (10), we

obtain dependences for determining R and ty:

8[()1 + b]_Ct ) +2 dl + 68.1)

R= , (11)

8[(’:1 +byctg " J 2x1 5+ dl
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2%1[d1(d1 -1)-a,(5+ dl)]+(c1 +hctg T—ij
[aL+5@+dJ]—(g+Qag%J(ay+5@)=o

where /11:§+ctg%x; d=2m-i—1y.

According to the work [1]:

VA
ry=————; R=¢
/82_n2

Determine now the condition of existence and
stability of periodic regimes. The scope of actual values is

limited by the ratio:
[2. 2
q< ’151]:& (13)
1

~Mx (12)

q
, \
2.0+ |
I
f
1.5 |
II 2-a 30Ha
1.0 /
/
/
/
0.5 /
/
/4

For the real occurrence of periodic regimes, it is necessary
to provide certain restrictions of system parameters and
perturbations determined by the stability conditions of
these regimes. For a system (Fig. 1, c), the boundary of
stability regions of periodic regimes is determined by the
equation:

+Y0£R)? +(2n-i—1y a1+ R)+cos(ty +¢)+ Rcosg]=0

Analysis of the results indicates the existence of
several zones of stability (Fig. 2), which is important for
determining the parameters of the vibration damaging
system, which are known to be reduced to two mains [2]:

} c mg
= |—— =— (14)
’ m(D2 q FO

0 0.5 1.0 1.5 2.0

Figure 2: Stability map of vibro-impact machines

To study the intensity of dynamic influence in work,
the method of dynamic loop hysteresis is used.
Expressions for areas of a hysteresis loop with various
load laws are obtained. In the non-symmetric law in the
stationary mode we have:

Ggm’YTE [1+ (1_ K‘E):l’ (15)
2Eoﬁ+ yz) K2

Dependences (15) are given for the stationary
(established) mode of motion, that is, the energy AW
going on the densification of the unit volume of the
mixture is constant. To estimate the energy required to
compaction the mixture from the initial value of density to
the required technology, expression (15) is represented as:

AW =

-1
E,=DAWv—S (16)

Where t,, - the length of the technological process;
AW - area of the hysteresis loop at the initial moment of

sealing the mixture; Kg- coefficient characterizing

changes in the area of the loop of hysteresis in the process
of oscillations.

On the basis of formulas (15) and (16) expressions
for specific power and the coefficient of efficiency, which
has the greatest value k_ = . A generalizing criterion

9 . %/5 g g

for assessing the effectiveness of vibrational effects is
presented, which, along with the contact stress and
deformation velocity o, takes into account the slope of
the load wave profile:

n +1 n +1
o, v -1t o v It (17)
cm 51 2 cm 52 2

F[n1+lJ r(n2+1}
2 2

Where I'(x)- gamma function X ; v, - strain rate;
n - coefficient characterizing the steepness of the front.
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The system in which the score (17) will be higher
will be more effective.

According to research results, the principles of the
creation of new progressive vibrating machines for the
building industry in the formation of multi-hollow slabs
and foundation blocks have been developed.

2. CONCLUSIONS

1. A theory is proposed for the interaction between
the working parts of vibration machines and media to be
processed, which, on the basis of an estimate of the stress
state of the medium in the contact zone, makes it possible
to determine the effect of the medium being processed on
the dynamics of the machine working parts.

2. The principles of creation of volumetric forming
machines with highly effective parameters for energy
intensity and material consumption are proposed.

3. The zones of effective operation of the
parameters and characteristics of the machine-environment
system are found to ensure the high quality of the sealing
process, which is based on the idea of the purposeful use
of elastic characteristics of the general vibration system,

which, under all the same conditions, also results in the
reduction of energy costs for some machines up to 50%.

4. The analytical dependences are obtained for
estimating the energy of considering the interaction of the
working organ and the medium on the basis of the use of
the method of dynamic hysteresis loops.
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Application of numerical methods for analysis of vertical transport
systems

Jovan Vladi¢'", Radomir Poki¢! Anto Gaji¢?
Faculty of Technical Sciences, University of Novi Sad, Serbia
2Mine and Thermal Power Plant, Ugljevik, Republic of Srpska

Analysis of the vertical transport systems and machines means that we must form mathematical models with systems of
differential and algebraic equations. During the exploitation one can encounter different types of vertical transport
machines, from mining and contemporary passenger elevators with extreme heights and lifting velocities, to the classic
elevators with relatively small parameter values which leads to the usage of different dynamic models and mathematical
methods for their solving. The paper presents the issues with mechanical models of the vertical transport systems (elevators
and the mining elevators) and numerical methods for formed mathematical models solving according to basic parameters
of exploitation facilities in mines. Besides the features analyses and the convenience of applying certain mathematical
methods, the paper also provides the overview of using specialized software for analysis of vertical transport machines.

Keywords: Vertical transport systems, Elevators, Numerical methods

1. INTRODUCTION

The claims set upon by the economy and
contemporary society have caused the development and
application of the vertical transport machines of specific
characteristics, referring to the elevators implementation
(Fig. 1a) and exploitation facilities in mines (Fig. 1b) with
great lifting heights and velocities in high constructions
and mines with underground exploitation.

Today, we use plants with the velocity of 20 m/s,
i.e. 72 km/h with the lifting heights up to 1000 m and the
transport capacity of hundreds of tons in the domain of
building construction and underground exploitation of the
mineral resources. These devices have special emphasis in
dynamic influences, which require selection to achieve the
appropriate and reliable application.

o

a) b)
Figure 1: Scheme of the elevator (a) and exploitation
facility in mines (b)

Particular interest regarding systems of vertical
transport as well as vertical lifting and lowering of people
and loads has been dedicated to exploitation facilities in
mines or, so called, mining elevators.

2. MODELS OF VERTICAL TRANSPORT SYSTEMS

The proper dynamic model for describing dynamic
behavior of the device with a driving pulley is shown in Fig.
2. The model represents a model of elevators and
exploitation facility in mines with a “heavy” rope of a
variable length.

For the elevators with big lifting heights (to 2000 m
and more) and velocity movements (to 20 m/s), apart from
the weight of the rope’s free end, there is a significant
change in the basic parameter of dynamic models — stiffness
EA/L. Such model has to be applied with the modern
elevators, and with the mining elevators in the analysis of
dynamic behavior and the stability of the system’s
movements.

3 0]
(R Sen| 3]
5 1 5
x C ,i} B < 3
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< iy 33 q—dx
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. Seh| &
H ]
3 o
Fy 3
¢Zax
G s
F;
a5,
l S, +—2dx
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Figure 2: Dynamic model of vertical transport machines

The model takes into account the influence of the
rope free length variations on both the incoming and
outgoing pulley side. The variations in rope free length
(shortening or lengthening) directly affect the rope
stiffness, and therefore also the dynamic behavior of the
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rope, which is of significant importance in the systems
with high lifting velocities. The influence of elastic rope
slipping over the driving pulley is considered through the
adequate boundary conditions.

According to [5] and Fig. 2, on the basis of the
equilibrium conditions for the elementary rope length and
for the driving pulley, the following system of equations
can be established:

q % (xt) _ L au, (x,1) (i.2
i E- Aa [u(xt)+b Y :|+q [1igj 1)

900 g a0 [uz(x,t)+b-auz(x’t)} [H*j )
g a

ot ox?
Read 121 (3)
n

M,=—"E-A—
i-n (2

where:

Ui, Uz - rope elastic deformations, m

E - elasticity modulus, Pa

b — damping parameter, Ns/m

A - rope cross-section, m?

a - driving mechanism acceleration, ms

M - driving motor torque, Nm

i - gear ratio,

n - driving mechanism efficiency,

Jr - moment of inertia of rotating masses, reduced to the

pulley shaft, kgm?

R - driving pulley radius, m

q - rope weight pro meter, Nm*

For solving the system of partial differential
equations, (1) and (2), it is necessary to define the
appropriate boundary conditions which depend on the
previously mentioned parameters of the facility.

3. SUITABLE MODEL FOR THE DYNAMIC
ANALYSIS OF VERTICAL TRANSPORT MACHINES

As it was mentioned before, the characteristic
features of mine elevators are reflected in high lifting
heights up to 2000 m and the velocity up to 20 m/s (max
19,2 m/s), [4]. This paper deals with Koepe system
because the experiments were performed on a mine
elevator in RTB Bor mine (Serbia). The basic dynamic
model for this system is shown in Fig. 2. Nevertheless, if
one looks at the regular operation of the facility, without
the slipping of the steel rope in a driving pulley, and if as
the driving characteristic is accepted rope velocity at the
moment of rope upcoming the pulley (measuring the
velocity of the pulley), the model of the mine elevator can
be represented in the form shown in Fig. 3.

This model shows a system with longitudinal
oscillations of a “heavy” steel rope with an infinite number
of degrees of freedom (DOF), which is at one end wound
onto a pulley at a velocity v(t), while it is loaded with a
concentrated mass on the other end. Forming a
representative model for the analysis of dynamic behavior
implies simplification of the model so as to exclude the
small influences of the “higher” order and to keep only the
most influential (representative) parameters [8]. In the
process of vibration due to the varied length of the rope,
joint stiffness, as a parameter of dynamic model, is
changing which implies the occurrence of oscillations and
resonances. These types of devices must have the
occurrence of resonances prevented. This leads to defining
the critical velocity of lifting which includes unstable

{Ul(h,t) 7u2(|2vt) +§[u1(ll’t) 7uz(lzvt)]7

movements i.e. the increase of loads when the length of
the rope is decreased, which this paper does not
demonstrate.
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Figure 3: Oscillation of the constant length rope

3.1. Reduction of the number of degrees of freedom
In accordance with previous considerations,
deformation of the arbitrary cross section is represented as
a function of position x and time t, i.e.:
u=f(xt) (@)
By observing the balance of the elementary part
(dx) it can be noted that:
q-dx 2%u(x,t)
g ot’
If the axial force S is described as a relative
deformation function & =0u/ox , for the case of damping

oscillations:

=-S+ S+ dx+q dx+qd -a (5)
OX g

S:E-A-i-{ub-g]g (6)
OX ot

and i the (5) is divided with L% | we get:
g

g-E-A & ou(x,t) B
3 (u(xt)+b p j+g a (1)

Boundary condition for rope incoming point on the
pulley without slipping, Fig. 3 (point C), is given in the

form:
() = [ = aula('x“t)[d' j dt (8)

*u(x.t) _
ot?

where:
l; - wound rope length, m
dl,/dt =v - winding velocity, ms*
Boundary condition for the connection point of the
rope with the elevator car or counterweight, when the

friction forces between the sliding shoes and guiding rails
are neglected, Fig. 3, is given as:

Q=E-A. [u(th) iy a“("lt)) [E.azug(t';'t)-aJ )

Partial differential equation (7) can be translated
into the ordinary differential equations system by the
variables separation method. Applying the method of
particular integrals, e.g. [11], given as:

J. Vladi¢, R. Boki¢, A. Gaji¢
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u(x,t)y = X(x)-T(t) (10)

g~E~A:C2, where (c) is the

If we take

propagation velocity of the elastic wave throughout the
rope, the (10) is differentiated in time and place, and it is
inserted in the simplified (9), so we perform the separation
of the variables, and we get that:
% = x— = —kz (11)
c(T+b-T) X
where (k) is the constant which is independent of time and
position. That evolves into two common differential
equations:

T+b-k*-c®>-T+k?>c*-T=0
X"+k*- X =0
A more detailed solving procedure of differential
equations with boundary conditions is provided in [5]. The

solution to the other equation defining the basic oscillation
forms of specific harmonics is as follows:

(12)

X(x):A~sinﬂi-E—_: (13)
where we get a frequency equation in the form of;:
S -tan(f)=«a (14)
where:
B =k-(L-1)
a= LGOI represents the weight ratio between the

Q
rope’s free length and the car.

For different ratios of the rope weight and the load
it is possible to find the solutions for the transcendental
equation (14) by using the calculation methods or
graphically. It has an infinite number of roots, therefore
the number of its own circular frequencies is indefinitely
large.

The limiting values for o (in the specific vertical
transport system - mining elevator in RTB Bor mine) are
given in Tab. 1. In the expression for «, total length of
wire ropes (L) is 540 m, when the cage at the lower level
(horizon), i.e. 29 m when the cage at the upper level (on
the ground). The value of (I) represents the wound length
of hoisting ropes.

A small weight of the rope’s free length in
comparison to the concentrated mass greatly simplifies the
analysis of the dynamic behavior of vertical transport
machines.

Table 1: Boundary values for a

Cage position
a
up down
L @ empty 0.037 0.70
©
S B[ loaded 0.022 0.41

Due to the fact that oscillation amplitudes of higher
harmonics are rather small, their influence can be
neglected, so the whole oscillation process, represented in
(7) with an infinite number of DOF, whose collective
oscillation form is shown in Fig. 4 as a broken line (d), can
be satisfactorily accurate if replaced with a straight line
(a), i.e. a system with one DOF with a constant dilatation
(¢) down the free end of the rope.

A
X(x)

c x>
Figure 4: The oscillations forms of the first three

harmonics (a, b, and c) and the collective oscillation form
for #=0.1

The most numerical procedures have considerable
limitations when it comes to solving realistic dynamic
problems of vertical transport systems, especially since
there is a need for transforming the partial into ordinary
differential equations with nonholonomic boundary
conditions. After analyzing the parameters for the
mathematical model which describes longitudinal
oscillations in the machines for vertical transport, it can be
concluded that they are equations of a hyperbolical type,
which leads to the rest of the paper focusing on the
methods and manners of solving partial differential
equations of the hyperbolic type.

3.2. Application of the finite difference method for solving
of hyperbolic partial differential equations

Numerical solution is desirable even in the cases
when there is a finite solution, but it's very complicated.
We should bear in mind that the numerical solution of a
differential equation is obtained in a quantitative form so
that the analytical expression for the function remains
unknown.

Numerical solving of a partial differential equation
is generated in the form of a table of approximate values
for the requested function u(x,y) for the equidistant values
of independent variables. In order to explain it in the best
way possible, we will show the numerical methods for
solving the partial differential equations of the hyperbolic
type, which are closely connected to the dynamic analyses
of elevators and exploitation facilities, in mines especially.

= Finite difference methods

The finite difference method for numerical solving
of partial differential equations comprises:

— Discretization of the area (domain) of the independent
variables,

— Approximation of partial derivatives with finite
differences,

— Solving the resulting system of algebraic equations.

That means that the inside points of the area (mesh)
satisfy the differential equation, and the points on the
boundary of the area (domain) satisfy the boundary
conditions.

The basic idea behind the finite difference method
is in the replacement of derivatives of the considered
function with their approximate values. In the realization
of the idea we introduce points, i.e. mesh of nodes (hence
the name — mesh method), where we look for the solution.

To consider the specific cases, such as elevators
and exploitation facilities in mines, we are going to take a
look at the one-dimensional partial differential equation of

Application of numerical methods for analysis of vertical transport systems
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the hyperbolic type of the second order, which
corresponds to the problem described by (7):

ou o%u

ra —a(x, t)—= f(x,1) (15)

where a(x,t) >0 foreveryxand t>0.

In the boundary area for the variable coordinate x
(for instance a change in the length of the free rope end
with the elevators where the total length is L) we define
the boundary conditions:

{U(O,t) =0,(t)
u(L,t) = g, (1)
And also the initial conditions:
u(x,0) =u,(x), xe {0, L}
ou
ot
In which the second condition is known as the so-called
Cauchy's condition.
If we introduce the a(x,t)=c?*, in which ¢
represents the positive constant, then the general
(analytical) solution for (15) is given in the form of:

f(x+ct)+ f(x—ct) 1%
+— | v,(x)dx 18

. % j 2 (%) (18)

For the sake of a more comprehensible explanation

we will introduce signs N and K, representing the number
of points in the spatial coordinate x and the number of

points (divisions) per time coordinate t. For that reason the

za t>0 (16)

=V,(x), xe {0, L} n

(x,t=0)

u(x,t) =

function u(x,t) changes into the form of urlf By

introducing the extra signs:

1 1

n+1 n+1

According to (23), in order to reach the solution,
we also have to know the field (values) in (k-1) points.
This is enabled by the initial conditions (21). Using the
development in Taylor's order per t we get:

2
uf =u SCLI e At2 (24)
ot 2 ot?
All that is needed is to determine the uﬁ, in which
we write the following according to (15):
U =up + VoAt L fOAL® +
2 (25)

+%/Iar?( va—2up+uy,) za (1<n<N-1)
By taking into consideration a special case

(homogenous differential equation where f(x,t)=0 and

/lakJrl k+1 (1+lak+l) k+1 —iﬂakﬂ k+1 ——At (fk+1 fnk—l)_"_ ZU:: _ A a
2 2 2 2

L T
X =n— t =k-— 19
n N k K ( )

where:
0<n<N,0<k<K
L - total spatial coordinate (length),
T - total (final) integration time,
And then the boundary and initial conditions become:

ko _
{ui =0t ek (20)
Uy = gz(tk)
ur? :uO(Xn)
ou 0<n<N 1)
Ay =V0(Xn)
at n,0

By using the central difference theory and by
replacing the suitable derivatives in time and place
coordinate x, it can be Written that, [10]:

o’u Ut —2uf +ul

ot At2 22)
Qu_1fust-2uiteult uio2ut sl
ot 2 AX? AX?
where:
At=T/K and Ax=L/N.
2
By introducing the sign (abbreviation) A = At , we get
A 2
X

the system for (N-1) equations as a replacement for the
partial differential equation in the area from (k+1) points
per time. In order to solve the system, we have to know the
field at the (k+1) point.

(1 /Ia“) 1+ja§1 ﬁﬂl} (23)

using the already mentioned positive constant a(x,t) = c?,

we get a simple system of algebra equations:

1 k+1 1 k+1 _

k+1
(1+a)u, @y~ Al =

26
k 1 k-1 k-1 1 k-1 ( )
=2u, + 5 Ay -(1+a)u, AUy
where:
, At?
a=c

AX?

Equation (26) represents an excellent form and
basis for solving such problems in a numerical way in
contemporary software tools, such as MATLAB, Mathcad,
Mathematica and so on.

Primarily, this can be concluded by conveying it to
its matrix form. The example givenis for N =5:

(1+a) L. 0 0 2uf +£u'2‘ ~(I+a)u™ - :
2 2 Za(ugt+ug)
1 1 u K, 1o k1 ’ "
-Za (l+a) -Za 0 wi| |20 +=Uy = (1+a)uy t+ S au)”
2 2 U~ | 2 2 0 07
1 1| |uer | 1 1 " 0 @)
0 -Za (l+a) -Za || 2u; +=u, - (L4 a)uy t+ S auy
2 2 u;™ 2 2 loz(uk‘lJru“l)
0 o -la (1+a) 2u 4+ Ly ~(I+a)u™ L2
2 | 4 2 3 4 ]
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Where boundary conditions have been set apart through
the last vector column on the right side of the equivalence.
Matrix equation (27) presents a system which

results in defining the vector (ulk+1 uytt ust uZ”), and

implies the understanding of vector given from the
following equation k =1:

ut :u2+vﬁAt+%a(u° —2u2+ug4),f0r(1s n<N) (28)

n+l

Graphic presentation of the solution of hyperbolic
partial differential equation (wave equation in special
forms) is in the Fig. 5.

T T Ta —
r=10 A

ey
Figure 5: Description of the grid with the equation of
hyperbolic type with boundary and initial conditions

Terminology (22), (23) and (26), as well as the
matrix (27) present so called implicit method of the finite
differences.

The simplistic method for using is the so called
explicit method, according to which the finite differences
(22) have the form:

2 k+1 k k-1
o°u _u"—2u, +Uuy

o At?

o%u U, —2uf +uf (29)
YV _Zhnu n n-1

ox? AX?

Where the result of the equation (15), for
f(x,t) =0, is presented in explicit form as:

Ut =208 —uf ™ + e (Ul - 2uf + Ul ) (30)
i.e.

Ut =2(1-a)uf +a(uf,, +uf, ) - 20k (31)
where:
azczi—; - introduces abbreviation, as it is in the

implicit method.

Punctuality, as well as stability of the calculating
process and the criterion for stability in the explicit
method, with numerical integration, depend on the size of
time range in:

\/Ezc.%g]_ (32)
X

known as Courant-Friedrichs-Lewy (CFL) condition.

In order to get high accuracy of the result (small
range AXx), it has been noted that a small time range At is
essential to secure stability, which makes the explicit
method ineffective.

In relation to the explicit method, the advantage of
the implicit method is its absolute stability - no matter the
size of the time range. However, the setback is that it is

more complex and therefore requires tridiagonal system of
algebraic equations solving in any time range.

4. APPLICATION OF THE FINITE DIFFERENCE
METHOD ON MINING ELEVATORS

This chapter is providing the steps for solving the
movement differential equations (oscillations) of the load
with the hoisting element (rope) which is in a stick form
(the “heavy” rope) of a constant length. It is possible to be
approximately determined as oscillations with one degrees
of freedom, with a “heavy” spring. However, the problem
can be modelled even more accurately as a system with an
infinite number of degrees of freedom (longitudinal stick
oscillation) with the suitable boundary conditions.

When it comes to longitudinal oscillations of the
great mass ropes, all the particles within the rope are
moving parallel to the rope axis. The elongation is
repeated one after the other with the time t and spatial
coordinate x.

Fig. 6 shows the “heavy” rope with the load at its
end. This model generally can be used as a representation
of the exploitation facility in mines at the moment when
the cage stops and it starts to oscillate freely (if we ignore

the friction in guide rails).

X

Figure 6: Model of the ““heavy” rope with the load (cabin,
cage) at its end

The starting parameters for the dynamic model
analyses in Fig. 6 are:
L=500m - the total free length of the ropes at the
moment of stopping the cage,
M =30t - reduced oscillation mass,

A=1700 mm?’ - total metal cross-section area of ropes,

E =1,3-10° MPa - rope elasticity modulus for the chosen
parameters.

The data (suggested parameters) are acquired for a
specific mine elevator obtained through measurements and
later determination of certain dynamic parameters.

A movement differential equation is a hyperbolic
partial differential equation described in (15) for

f(x,t) =0 and a(x,t) =c?, which is expressed as:

Application of numerical methods for analysis of vertical transport systems
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du_ L0
ot’ ox’
With constant C being equal to:

¢’ = \/E
P
And it stands for how fast the waves are spreading,
whereas p =7,86 t/m3 is the thickness of the wire
materials in the driving ropes.
Boundary conditions are defined for the rope's
ends. At the upper end, if x =0, based on expression (16),
the first boundary condition would be:
u(@0,t)=0 (34)
The second boundary condition is gained for the
lower part of the rope, where it is connected to the load.
Based on the expressions in [11] and the applied method
of separating the variables, it is confirmed that the second
boundary condition is:

au(L,t)y M-k?
éx )_A.p'czu(L,t):O (35)

Where constant k in this case equals, [11]:

k:(2m—1)2—7ZL, (m=1 2,3, ..)

0 (33)

The “heavy” rope is initially burdened with the load
(M-g), so its end is stretched for [11]:
M.g-L

E-A
And we observe the other parts in a linear manner:
u(x,0) :A—L~X:M~x
L E-A

This expression represents the first initial condition.
The second initial condition is obtained with the
assumption that the system was still at first, i.e. all the
parts of the “heavy” rope had the zero velocity.

au(x,0) 0 37)
ot

Solution for the movement differential equation
(oscillation) of the “heavy” rope has been gained with the
finite difference method in MATLAB software package,
by using the explicit method for solving the equations of
the hyperbolic type.

The results shown in Fig. 7 were obtained by using
the mentioned boundary and initial conditions, with the

second initial condition (37), taking that v’ =0.

AL =

(36)
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Figure 7: How elongation depends on the time (t) and
space coordinate (x)
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4.1. Application of specialized software systems for the
vertical transport machines analysis

Owing to problems and restrictions in the software
MATLAB application for differential equations solving
systems with variable (nonholonomic) boundary
conditions has its limits, the only solution lies in the
application of specialized software systems for dynamic
analysis. One of the software systems, which is especially
suitable for the analysis of system's dynamic behavior in
the mechanism form, is the software MSC ADAMS.

Complete separation analysis of the dynamic
behavior for the cage side as well as for the counterweight
side can be executed if the regular cases of the vertical
transport device have been observed. Those devices do not
contain any rope sliding at a driving pulley (the
modification of the hoisting velocity is defined). Further
text will demonstrate the analysis of the dynamic behavior
of the elements for the cage.

The conception of the dynamical model accepted
represents the model of the wire rope as the hoisting
element with the damping spring (Calvin’s model), which
is, on one end, joined to the beam of specific stiffness
which presents the upper beam of the cabin (cage), and on
the other end, it is joined to the solid component that is
driven by the electric motor, Fig. 8a.

The cabin frame can be modelled using
concentrated weights which represent the weights of the
certain upper beam of the cabin frame, connected with
beams (Massless Beam), Fig. 8b.

b)
Figure 8: Computer model of elevators
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The drive characteristic is represented through
setting the velocity, i.e. changing the number of rotations
in a driving pulley. In this paper, the velocity is set in the
form of ,,spline* (Fig. 9), which is unambiguous when it
comes to describing the changes in the rotations number in
a driving electric motor which is reduced to the
circumferential velocity on the drum, i.e. driving pulley,
obtained through an incremental encoder during the
measurements performed on a mining elevator.

. v»,m/s

0 50 100 150 200 250 43

Figure 9: Changing of velocity as a driving characteristic
on the pulley

As an illustration of the possibilities of dynamic
analysis, the following figures show the diagrams for
changes in certain values, done in MSC ADAMS software,
while using the real experimental data.

0.5

=
a, m/s?

—-0.5

—— cage velocity (v)
g cage acceleration (@)

—— cage position (L)

% 40 30 120 160 200 °

t,s
Figure 10: Diagrams of the change in cage position,
velocity and acceleration

x10*
56

(4]
Figure 11: Diagrams of the change in hoisting ropes
elongation, stiffness coefficient and damping parameter
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Figure 12: Diagram of the force in ropes changing

The given part of the research points and analysis
results out the possibilities to analyze the impact of
variable stiffness (EA/L) and movement velocity

(nonholonomic boundary condition at the point where rope
comes to the pulley) on vertical transport systems at great
lifting velocities, which was not possible to do using the
mentioned numerical methods.

5. CONCLUSION

By analyzing the parameters of a concrete
exploitation facility it is possible to simplify a dynamic
model to a great extent if we omit the small values of the
higher order and gain the suitable model for a dynamic
analysis.

For driving mechanisms used for vertical load
lifting (elevators and cranes), it is necessary to provide
adequate conditions for the correct dynamic analysis of
their parts’ behavior and especially for the rope as the
basic element, already in the design phase. Due to a
significant influence of rope free length changes, due to its
slipping over the driving pulley and for the reason of its
mechanical characteristics, it is impossible to apply a
classical dynamic model of longitudinal oscillations for
homogenous stick of a constant length, especially by the
elevators with large velocities and large lifting heights
(express and mine elevators).

The system of partial differential equations of the
hyperbolic type is possible to be solved by using the
numerical methods (MATLAB), but only in the cases after
stopping (braking) the driving mechanism. In that case we
trust the stiffness suits the current values of the rope’s free
length as a constant size with the suitable boundary
conditions. In order to do the analysis of the dynamic
behavior of the system during the movement (variable
stiffness and nonholonomic boundary conditions) it is
necessary to apply the specialized software packages with
specifically defined (adjusted) parameters of dynamic
models that can be obtained through measuring at vertical
transport real systems.
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The paper deals with the analysis of deformation of cross section of cylindrical carrier of axial bearings with big
diameters at portal cranes. Fundamental theory on calculating plates and shells with restrictions about proper function of
these bearings, helps to define relations for determining required height of cylindrical carrier with the following conditions
being met: first, the change of cylindricality of upper part has to be as small as possible; second, movements of supporting
points of support surface for connecting axial bearing must not exceed the allowed value. Finally, the expressions for
determining height of cylindrical carriers are presented and they can be used by construction engineers when designing
optimal connection between rotating platform and carrying structure of portal cranes through axial bearings having big

diameters.

Keywords: Cylindrical carrier, Axial bearing, Deformation, Allowed movement, Carrier height

1. INTRODUCTION

Application of axial bearings with big diameters
is widely used in means of transport mechanization,
especially in portal cranes (Figure 1). The bearing (3)
(Figure 2) connects the rotating platform (2) with the
cylindrical carrier (4) of the carrying structure (5) in the
portal crane. Platform is rotated by planetary reducer (1).

Figure 1: Portal crane with axial bearing

Structural designs of portal carrying structures
with stiff cylindrical carrier and flexible upper and lower

portal elements offer an opportunity to partially eliminate
the influence of roughness of tracks on elimination of
deviation from horizontal supporting areas of cylindrical
carrier to which axial bearing is screwed. When external
loads, in the form of moment M, axial forces F, and radial
forces Fy, are conveyed primarily in the boom plane, there
is angular turning of the segments of supporting areas of
cylindrical carrier.

T

5

A

Figure 2: Axial bearing with cylindrical carrier

The angular turning of cross section of cylindrical
support has to be within the limits in order to provide safe
and reliable operation of the axial bearing.

2. THEORETICAL FUNDAMENTALS ON
CALCULATING CYLINDRICAL CARRIERS

If theoretical fundamentals on plates and shells
are applied [1], we can define with great accuracy the

*Corresponding author: Dositejeva 19, Kraljevo, Serbia, gasic. n@mfkv.kg.ac.rs
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height of cylindrical carrier H (Figure 2) which results in
considerable decrease of deformation of supporting area of
cylindrical carrier over which the axial bearing lies.
Cylindricality is not changed [2] if the dependence is
defined:

B-H=3 (1)

The parameter f is calculated from the following
relation:

. 3(1—‘/2)

e r
where:
H — height of cylindrical carrier,
v — Poisson quotient (v = 0.3 for steel),
R1 — curve radius of cylindrical carrier,

B — thickness of cylindrical carrier.

Expression (1) gives the smallest height H at
which the change of carrier cylindricality is not practically
conveyed from the lower part to the upper part:

He VRB )
o)

After substituting values of v, we get [1]

H>25/R B 3)

The analysis of derived constructions, for the relation
between radius and thickness of cylindrical carrier
R,/B=20+30, results in

H >(0,45+0,56)R, (4)

The external loads M, F. and F,, which are
transferred to the cylindrical carrier through the axial
bearing, have various influences on turning of the cross
section on the cylindrical carrier (Figure 3).

Due to small dimensions of axial bearing
sections, their stiffness can be ignored in further analysis.

As Figure 3a shows, the axial force Fa is equally
transferred along the periphery of cylindrical carrier. At
portals with four legs the quarter of the value F5 loads the
cylindrical carrier causing the turning of its cross section
which is defined by turning angle ¢:

Fa(a_Rl)' Rlz _ Fa(a_R1)'R1
87REI, 87El,

¢7Fa = (5)
Load caused by the moment M (Figure 3b) can be replaced
with the couple 2FuR:, so the moment force being
transferred through the cylindrical carrier causes turning of
its cross section for the angle ¢ m:

M(a=R)-R’ M(a-R)
4R*7El, ArEl

Pw = (6)

Total angular turning of the cross section of the cylindrical
carrier is:

B _F(a-R)-R, M(a-R)
P= PP =Rl 4rEl
(a-R)[F (o
=~ Y {—aRlJrM}
4zEl, | 2

Figure 3: Loads transferred from the axial bearing to the
cylindrical carrier

The radial force F, (Figure 2b) acts on the small
arm h, so its influence on the turning of the cylindrical
carrier section is negligible.

Movements of supporting points of the cylindrical
carrier in the vertical direction A can be defined through
the turning angle of the cross section:

A=a-p (®)

but the movement has to be smaller or equal to maximally
allowed movement Amax Whose value for the axial bearing
with big diameters is as follows [4]:

A, =0,1mm for the diameter of 1m 9

Defined relation (9) provides proper function and
long lifetime.

After substituting (7) into (8) and having in mind
the restriction (9), it follows:

—(a_&){@+m}sﬁ (10)
azE1 | 2 a
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The moment of inertia for the right-angled cross
section of the cylindrical carrier is defined by the
following expression:

_ BH®
12
When expression (11) is taken into expression

(10) and when respective figures are reduced and rounded,
we get the formula for calculating the height of the

cylindrical carrier:
a(a- Rl){':aRl +M }

| (11)

(12)

For a portal crane having:
F, =16000kN , and

M =575000kNcm

the adopted axial bearing has the following basic
parameters (Figure 4) [3]:

L —

1
1
|
I

Hz

§E§
7N I
S

r a D

Figure 4: Axial bearing

External diameter of supporting ring U =2915mm ,
Internal diameter of supporting ring D, =2715mm,
Height of internal ring H, =117mm,
Height of external ring H, =150mm

These parameters are used to define the radii of
the cylindrical carrier and its thickness:
a=1500mm,

R, =1470mm,
B=60mm.

Now we can determine the height of the
cylindrical carrier by expression (12):

a(a- Rl)[F‘"‘ZRl+ M}
A, EB
[16000-147

3

H2>

150(150-147)

3

+ 575000}

H2>
2,915-0,01-2,1-10* -6

H >47,44cm ~50cm

Hi
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Cylindrical carriers of axial bearings with big diameters
(more than 3m) are made of thinner plates in the form of
box-like cross section.

If the thicknesses of horizontal and vertical steel plates of
which the cylindrical carrier is made are equal, i.e. if 81 =
82 = 8, then the moment of inertia of the cross section
(Figure 5) is defined by the following expression:

| _O(H+0)’  (B-8)oH’
6 2

(13)

where:

H — height of the cylindrical carrier,
B — width of the cylindrical carrier,
& — thickness of the plates.
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Figure 5: Cross section of the box-like cylindrical carrier

If the elements with the multipliers &° and &* are
neglected, the expression (13) leads to the simplified
expression for the moment of inertia of the box-like cross
section, which is more acceptable in engineering practice:

3 2 2
X _oH +5H B _oH (E+B)
6 2 2 3

To define loads of the mentioned portal crane (Fa
and M) and geometrical parameters of axial bearing a and
Ri, the moments of inertia are connected through
expressions (10) and (14) so it follows:

a@-R)(FR+2M) _H? H
87EA,,, 2 '3

If the relation between the width and height of the

cross section of box-like carrier is B = H/5, the minimum

height of cylindrical carrier can be defined by the
expression (15):

| (14)

+B) (15)

| >

s #a(a— RIER2M) o

27EA, 0

In the concrete case, after replacing the values
into expression (16) and if 6 = 1.0 cm, it follows that H >
75 cm.
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3. CONCLUSION

The selection of axial bearing with big diameter
which connects the rotating platform and carrying
structure of portal cranes, enables us to calculate the
needed height of the cylindrical carriers of the bearings.

The constructed analysis leads to the conclusion
that in geometrical identification of cylindrical carrier its
height should have the value which does not change the
cylindricality of carrier and deviations of supporting points
of the area for bearing connection should not exceed
allowed values. If the carrier height is calculated this way,
lifetime of the bearing is significantly increased.
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The paper considers the problem of optimization of the rectangular box section of the double beam bridge crane.
Reduction of the girder mass is set as the objective function. The constrained optimization applied in Matlab Optimization
Toolbox was used as the methodology for determination of optimal geometrical parameters of the rectangular box section. The
criteria of permissible stresses, local buckling of plates, static deflection, permissible period of oscillation, minimum plate
thickness and production feasibility were applied as the constraint functions. Verification of the used methodology was carried
out through numerical examples and the comparison with some existing solutions of cranes was made. Numerical result shown
that the mathematical model of optimization was exact and the algorithm effective.

Keywords: Double beam bridge crane, Eurocodes, Matlab Optimization Toolbox, Optimization, Rectangular box

section
1. INTRODUCTION

Double beam bridge cranes are very much present in
idustry plants, and all of which are intended for lifting and
transportation of large loads and for larger spans. The mass
of the girders has the largest share in the total mass of the
double beam bridge crane, and that is the reason why it is
very important to reduce it in order to obtain a lighter
structure, which also reduces the market price of the crane.

There are a large number of papers which deal with
the problem of analysis of stresses of main girders of cranes
as well as with their optimization. Most papers treat the
problem of optimization or stress analysis of the main girder
of the bridge crane.

Most authors set permissible stress or permissible
stress and permissible deflection as the constraint functions.
The criteria of lateral stability, local buckling of plates and
permissible period of oscillation have lately been
increasingly applied as the constraint functions.

Matlab software is a very effective tool in the
optimization procedures, particularly in engineering
practice, as is the case with the main girders of the bridge
cranes. Application of Matlab software in optimization of
the main girder of the single-girder bridge crane is shown in
[01]. The single-girder crane is loaded with two loaded
trolleys. The performed optimization showed there can be
savings in the mass of the main girder, using Matlab
Graphical User Interface (GUI). Optimization of geometric
parameters of different types of cross-sectional shapes of the
main girders of the double beam bridge cranes is shown in
[02], using the multi-criteria optimization process in Matlab
software. Application of Matlab Optimization Toolbox in
optimization of the section of the prestressed steel-concrete
composite box girder is shown in [03]. The price of the
girder is significantly reduced for a concrete example.

In most cases, the optimization of the girders is
performed by FEA. In the paper [04], manual and FEA
report for plates buckling is presented to reduce overall
weight and cost of the main girder of the bridge cranes.
Results obtained from FEM, manual calculations and
experimental analysis.

The paper [5] carried out the analysis of local
buckling of plates and rigidity of the bridge cranes by using
Polish standards, which were later compared with the results
of analysis performed according to European standards,
using Ms Excel software and FEM. The paper [6] performed
topology optimization of the main girder of the double beam
crane using by Optistruct solver tool in HyperWorks
software, according to the criteria of strength, stiffness and
lateral stability. 3D model was made in Pro/E software. The
mass of the girder is reduced by 21.16%. Similarly to
previous, the paper [07] carried out optimization of the
geometrical characteristics (thickness, height and width) of
the box girders of the bridge crane using by Patran/Nastran
software, and based on these results the secondary
optimization is fulfilled with MMA programme (The
Method of Moving Asymptotes algorithm).

In [8], optimization of the main girder of the double
beam bridge crane using by SolidWorks software, according
to the criteria of strength, stiffness and local stability of
plates is presented. Similarly to previous, the paper [09]
performed optimization of the main girder of the bridge
crane using by Ansys software, according to the criteria of
strength and stiffness, where the total volume of girder is
decreased by about 21.8%.

Besides the above mentioned softwares for FEM, in
[10], by using LIAfem software, indicated that the size of
the finite element affects the accuracy of the results, where
the double beam bridge crane is analyzed.

Application of Abaques software in the analysis of
strength and stiffness of the girder of the double beam
bridge crane is shown in [11]. The observed example of the
crane is modeled in Inventor software. The authors also
analyzed the natural frequencies with a modal analysis of
the girder with and without load. On the importance of
dynamic effects in the analysis and optimization by FEM,
show us the following papers. In [12], the analysis was
carried out by Ansys software, and the conclusion of the
study was that double beam bridge cranes have had less
dynamic effects under the same loads as single-girder bridge
cranes so they proved to be working faster.
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The paper [13] carried out the analysis of the effects
that have inertial forces on the stresses and deflections, by
FEM, where the derived certain conclusions for the
optimization of these types of girders.

In addition to FEM application, is increasingly being
applied various analytical and numerical methods for
optimization process. Multi-criteria optimization was
conducted in the paper [14] for the purpose of reducing the
crane mass using Ms Excel software, and the solution was
verified using Ansys software. The mass of the girder was
reduced about 10%.

In the paper [15], problem of reducing the weight of
the box girder of the bridge crane, at the same time
increasing the productivity and to improve quality of
product as required by the Indian standard, is tackled by
preparing programme in Visual Basic 6.0. Optimal
dimensions of the box girder of the bridge crane are affected
by choice of standards, as shown in the paper [16], where
the results obtained by Serbian standard and European
standard, and compared, on examples of existing solutions
of single-girder bridge cranes. GRG2 algorithm in Ms Excel
software was used for the optimization process.

Application of the centered differential evolution
(CDE) algorithm in the process of optimization of the box
girder of the bridge crane is shown in [17], where as
opposed to the previously mentioned papers, the cross-
section of the box girder is variable along the span. In this
way, the mass of the girder is decreased by about 23.50%.

Application of Mathcad software in optimization of
the box girder of the bridge crane is shown in [18], where is
graphically presented the dependence of the cross-sectional
area in relation of capacities of the cranes, for characteristic
spans. Similarly to previous, in [19] is graphically presented
the dependence of the cross-sectional area in relation of the
spans, for characteristic capacities of the cranes. In [20] is
also applied Mathcad for multi-criteria optimization and
comparison of the results for the welded box girder, for the
cases when the objective function is the cross-sectional area
and the cost of the girder manufacturing.

The mentioned papers point to the importance of
optimization of the main girder of the bridge crane and
creation of the model which can allow a more real
description of the crane behaviour in operation. As it can be
seen in the mentioned papers, there are different constraint
functions so that it can be concluded that a better objective

function, i.e. smaller girder mass is obtained for a larger
number of constraints.

Taking into account the above mentioned results and
conclusions, the aim of this paper is to define optimum
values of parameters of the geometry of cross-sectional area
of the rectangular box girder of the double beam bridge
crane that will lead to the reduction of its mass.

2. MATEMATHICAL FORMULATION OF THE
OPTIMIZATION PROBLEM

The task of optimization is to define geometrical
parameters of the rectangular box section of the girder
which result is its minimum mass.

Matlab Optimization Toolbox can be used to solve
the problems of linear programming, non-linear
programming and multi-target programming.

The optimization algorithm of the parameters of the
cross-sectional area of steel rectangular box girder is to
utilizing the fmincon function in the Optimization Toolbox
to realize the minimization of the cross-sectional area of the
rectangular box girder, i.e. constrained minimization
problem.

The optimization problem can be defined by the
following mathematical formulation, [21]:

min f(X) (1)
subject to:
C(X)<0 (2)
Ceq(X)=0 (3)
A-X<b 4)
Aeq- X =bheq (5)
Ib< X <ub (6)
where:

X, b, beq, Ib, ub - vectors

A, Aeq - matrices

C(X), Ceq(X) - functions that return to vectors
f(X) - the target function (the objective function)

Functions f(X), C(X) and Ceq(X) can be nonlinear
functions.

In Matlab Optimization Toolbox, the constrained
nonlinear optimization problem is realized by fmincon
fuction. The specific forms are as followings:

[X, fval, exitflag, output, lambda, grad, hessian] = fmincon( fun, X0, A, b, Aeg,beq, Ib,ub, nonlcon,options) (7

where:

fval - objective function value at solution (returned as a
real number)

exitflag - shows reason for stop of fmincon function

fun - the target function
fmincon - function which find minimum of constrained

nonlinear multi-variable function
output - function which outputs optimization information

nonlcon - function which calculates nonlinear inequality
constraint C(X) < 0 through the accepted vector X and the
equality constraint Ceq (X) = 0 is used by estimated C and
Ceq at the poison of X though the appointed function handle
lambda - the multiplier of Lagrange (it embodies which
constraint is valid)

grad - shows the gradient of the target function at X

hessian - shows Hessiab value of the target function at X
X0 - the initial value

A and b meet the requirements of the inequality
constraint A-X < b, if there is no such constraint, then A=[ ]
and b=[].

Aeq and beq meet the requirements of the equality
constraint Aeq-X = beq, if there is no such constraint, then
Aeg=[ ] and beg=[1].

Ib and ub meet the requirements /b < X <ub if there
is no scope, suppose Ib=[ ] and ub=[].

In the process of optimization, fmincon function
adopts gradient projection method. Gradient projection
method is a method to directly deal with the nonlinear
programming constraint.
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It made a projection matrix according to the initial
points and boundary face where the initial points stand.
Repeat this procedure frequently so as to obtain the best
solution.

3. OBJECTIVE AND CONSTRAINT FUNCTIONS

3.1. Objective function

The objective function is represented by the area of
the cross section of the rectangular box girder (Figure 1).
The paper treats five optimization parameters (h, by, ti, to, ),
where:
h - web height
b, - distance between webs

t, - flange thickness
t, - web thickness
y - value, according to recommendations

)
e
bs
b y
1
[
> 2 2cm «
=~ N
=
I < c
X
N
<
t2 bl t2
pa bf

Figure 1: The rectangular box section of the main girder of
the bridge crane

The vector of the given parameters is:
x=(Q, L, my, by, ky, fy, bs,hs, D... (8)
where:
Q - the carrying capacity of the crane

L - the span of the crane
m, - the mass of the trolley

b, - the distance between the wheels of the trolley

k, - the dynamic coefficient of crane load in the horizontal
plane, [22]

f, - the minimum yield stress of the plate material

by - rail width

hs - rail height

D, - the diameter of the trolley wheel

The area of the cross section (Figure 1), i.e. the
objective function, is:

Ay =2-(b; -t +h-1) 9)
or
A=A (X)=2(x+X,+bs +4)- X, +2-%,-x, cm® (10)
where:

A, - the area of the cross section of the rectangular box

girder (the objective function)
X - the design vector made of five design variables

X =% %, X X, XS]T =[bhtt, y]T (11)
Other important relations can be written in the
following way:
b, =b, (X)=b +t,+b; +4=X +X,+b; +4 cm (12)
H=H(X)=h+2-t, =x,+2-X, (13)
where:
H - height of the girder
b, - flange width
The geometrical properties in the specific points of
the rectangular box section (Figure 1) shall be determined
by well-known expressions (1,, W,,, W,;, W,,, W ,, S, ).
where:
I, - moment of inertia about x axis

W

x1

W,, - section moduli for point 1
W,,, W,, - section moduli for point 2
S,, - static moment of area for point 2

3.2. Constraint functions

3.2.1. The criterion of permissible stresses

The maximum equivalent stresses in specific points
of the rectangular box section (Figure 1) have to be lower
than permissible stresses.

The values of the bending moments in the
corresponding planes and the value of the transverse force
are calculated in the following way (Figure 2):

bk
el e2
F ‘ 5
R q
A 14 ‘ —D?2 B
| I
‘ 0.5(L-e1) N
0.5e1 \ 0.5L
L

Figure 2: Model of the main girder of the bridge crane

R q-L?
M, =—-(L-g)* +y-— 14
vi 4-L( )ty 8 (14)
b
el:?k (15)
q=11-p-g-A (16)
R q-
M, =y |——(L-g)+—k 17
=7 g (Lme) ek, (7)
R 7-q-L
F=—" (L-g)+ 18
=y Lme) (18)
while the values of the corresponding forces are:
R e’ (19
R=F +F, (20)
Q+m
Fl,st:FZ,st: 4 k'g:Fst (21)
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I:1,h = I:Z,h = Fst : ka (22)
Ro=F,+F, (23)
where:
y - the coefficient which depends on the classification
class, [22]

v - the dynamic coefficient of the influence of load

oscillation in the vertical plane, [22]
F,, F, - forces acting upon girder beneath the trolley wheel

1 and trolley wheel 2, respectively
R - resulting force in the vertical plane

p =17850 % - densiny of material of the girder

g - specifically weight per unit of length of the girder
(increased by the weight of the diaphragms and the
longitudinal stiffeners)

M,,, M, - the bending moments in the vertical and the
horizontal planes, respectively

F. - static force acting upon girder beneath the trolley

wheel
R, - resulting force in the horizontal plane
F, - maximum shear force
The value of the equivalent stress at point 1:
M, M

vy T ¢ f (24)
x1 Wyl o

01y =01 t0, =

fo, =— (25)
ym ' Vl
where:
o,, - maximum equivalent stress at point 1

f,, - permissible stress
7. =1.1 - general resistance factor, [23]

v, =1.5 - the factored load coefficient for load case 1

The value of the normal stress in the x direction at
point 2:
&+% < fy, (26)
x2 y2
The value of the normal stress in the y direction due
to the action of wheel pressure on the web plate (Figure 3):

Oy =010y, =

o, =—-<f, @7)

;. \ =
)g\_* * N
o |

\ JHH'H?HH j

Figure 3: Effective distribution length under concentrated
load

where:
0,,, 0, - the normal stresses in the x and y directions at
point 2, respectively

I, - the effective distribution length (given in Annex C.4,

[23])
lL=l,=2-h-tgx+0.2-r =2-hy, - tgx+0.1. D, (28)
h, =hy, =hs +t, (29)
where:
h, - the distance between the section under consideration
and contact level of acting load (Figure 3)
Kk <45° - the dispersion angle, [23]
r - the radius of the trolley wheel (D, /2)
The value of the tangential stress at point 2:
o FiSe fu
2-t,-1, 3
The value of the equivalent stress at point 2
(maximum equivalent stress at point 2):

(30)

2 2 2
o, :\/012 +to, -0, 0,+3:7,” <f,, (31)

3.2.2. The criterion of local buckling of plates

Testing of the box girder stability was carried out in
accordance with the European standard, [23]. According to
this standard, it is necessary to check the buckling of the
flange plate with the width b, and the thickness t; (Figure 4
and Figure 5), the buckling of the web plate above the
longitudinal stiffener (length a, height h; and thickness t; —
Figure 4 and Figure 6) as well as the buckling of the web
plate under the longitudinal stiffener (length a, height h, and
thickness t, — Figure 4 and Figure 6). Length a is distance
bitween the diaphragms (Figure 4).

L : 1]
B | /
|
: |
i
< a
|
i
o= -

Figure 4: Stiffeners of the box girder

The criterion of local buckling of top flange plate of the box
girder

Testing of the stability of the flange plate segment
(Figure 5) subjected to the action of normal compressive
stress in the x direction was carried out in compliance with
[23].This criterion is fulfilled if the following condition is
satisfied:

|Us><| =" '(O-zv1 +GZH2) < fb,Rx (32)
fb,Rx = Kx : fd (33)
fq =2 (34)

Vi

where:
los| - design value of the compressive stress in the x

direction
f, re - Critical stress
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a=2h

b1

t1

Figure 5: Top flange

K, -areduction factor, [23]

K, =C, [i—O—ZZZJ <1 for A, >0.673 (35)
A

A A
or
Kk, =1 for A, <0.673 (36)
where:
A, - non-dimensional plate slenderness, [23]
A = fy (37)
X Koo,
¢, =125-0.12-y,, ¢, <1.25 (38)
where:

Ko -abuckling factor (given in Table 15, [23])

o, - areference stress, [23]

v, - the edge stress ratio of the plate, relative to the
maximum compressive stress

v, +1.05
O. O — 0.
!//e :_2: V1 ZH2 (40)
O-l O-ZV1 +O—zH2
2. E t 2
o, :”—2. 2 (41)
12-(1-v) \ b
where:
v =0.3 - the Poisson’s ratio of the plate
E = 21000 kNZ - the elastic modulus of the plate
cm

The criterion of local buckling of web plate of the box girder

Testing of the stability of the web plate segment
(Figure 6) subjected to the action of normal stresses in the x
and y directions was carried out in compliance with [23].

The case when, in addition to vertical stiffeners at
midspan, a row of horizontal stiffeners is also placed, the
horizontal stiffeners being placed at the distance of h/y was
considered (Figure 1).

The criterion of stability of the web plate in zone 1 is
fulfilled if the following condition is satisfied:

{bw)%+|%”|%—U:K)6£§52ﬂ—<1(m)
fb,Rlx fb,Rly ny fb,Rlx fb,Rly -

|O-Slx| =V '(O'zvz +O_zH2) (43)
-F

|O-Sly| = :l—ll (44)
2 Ir

fb,Rlx =5, Ty (45)
fb,Rly =Ky - fy (46)
e, =1+, &, =1+x}, (47)
h
h =— (48)
y
where:
a=2n
= (1) ! X
23
oy
(9]
= t2 @
4

Figure 6: Web plate

|ossy] |051y| - design values of the compressive stresses in

zone 1 in the x and y directions, respectively
f f - critical stresses

le ’ Kly

directions, respectively, [23]

b,RIx* 'b,Rly

- reduction factors for zone 1 in the x and y

Ky =Ci ( 1 O'ZZJ <1 for A4, >0.673 (49)

A Al
or
K, =1 for 4, <0.673 (50)
where:
A, - non-dimensional plate slenderness, [23]
i (51)
A = Ko, -0,
C, =1.25-0.12-y,,, ¢, <125 (52)
Koy=—22 (53)
v, +1.05
1e:()/_2)'6zv1"‘y'Usz (54)
Y'(UZ\/1 +°'sz)
€ (Y
Op=—7—| = (55)
12-(1-v°) \ h
:1.13.[i_0-23J31 for 7, 50831 (56)
y y
or
K, =1 for 4,6<0.831 (57)
where:

4, - non-dimensional plate slenderness, [23]

(58)

where:
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Ko,, - a buckling factor for zone 1 (determined using

Figure 11, [23])
¢, - the width over which the transverse load is distributed

(equivalentto 1)

The criterion of stability of the web plate in zone 2 is
fulfilled if the following condition is satisfied:

€y C2y
("’S“J [l ~(Kpiks, ) ol | s
fb,RZx fb,RZy fb,RZx fb,RZy

h/2-h
|052x :Vl'(azvl'Tzz"'Gszj (60)
v, -F
N (61)
tz '|2r
L, =2-hy, tgx+0.2.r=2-h,, -tgx+0.1- D, (62)
hy =hs +t, +hy (63)
forax =Ko Ty (64)
fb,Rzy =Kyt f4 (65)
&, =1+K5,, &, =1+x;, (66)
h, = 0=D (67)

y
where:

s 2] |0'52y| - design values of the compressive stresses in

zone 2 in the x and y directions, respectively
f - critical stresses

K, K,, - reduction factors for zone 2 in the x and y

b,R2x? fb,RZy

directions, respectively, [23]

Kyy = Cy (i— 0'222] <1 for A, >0.673 (68)
A‘Zx ﬂ“Zx
or
i, =1 for 4,, <0.673 (69)
where:
A,, - non-dimensional plate slenderness, [23]

fy
Aoy = 1[@ (70)

c, =1.25-0.12-y,,, C,, <1.25 (71)
Ko, =7.81+6.29-y,, +9.78-(//Ze2 (72)
-2)- oy, tY O
2. — (y ) V1 y H2 (73)
y'(Usz _sz1)
2 2
oy, :”—Ez. L (74)
12-(1-v7) \ h,
Koy =1.13'{i— O.2§j <1 for /12y >0.831 (75)
2y y
or
Ky =1 for ﬂ?y <0.831 (76)
where:

4,y - non-dimensional plate slenderness, [23]

(77)

where:
Kao,, - a buckling factor for zone 2 (determined using

Figure 11, [23])
C,, - the width over which the transverse load is distributed

(equivalentto 1,,)

3.2.3. The criterion of static deflection

In order to satisfy this criterion, it is necessary that
static deflection in the vertical plane has the value smaller
than the permissible one.

Fl,st : L3 2
N A LRI S
F

o= 2,5t =1 (79)

Fl,st

by
B 80
p=7 (80)
fap =KL (81)

where:
f, - static deflection in the vertical plane,

fyp - the permissible deflection in the vertical plane, [22]
a, B -the coefficients, [22]

k - the coefficient which depends on the purpose of the
crane and control condition of the crane, [22]

3.2.4. The criterion of permissible period of oscillation

To determine the time of damping of oscillation, it is
necessary to analyse the vertical oscillation of the main
girder with the payload. The analysis procedure was
performed in compliance with [22] and [24].

The mass mp is determined according to the
expression, [24]:

m :Q+mk +35~mm

82
L= = (82)
where:
35-m . .
72m - the reduced continual mass of the girder at

midspan for the assumed function of displacement of the
elastic line of the adopted discrete dynamic model for the
simple girder, [24]

The time of damping of oscillation is determined
from the expression, [22]:

A LTI

a (83)
i
m, =11.p-A-L (84)
1.0-1°
= 85
YO4BE, (89

where:
m,, - the mass of the girder (increased by the mass of the

diaphragms and the longitudinal stiffeners)
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6y, - the deflection of the girder caused by the action of the
unit force
T, - the permissible time of damping of oscillation

(permissible period of oscillation), which depends on the
purpose of the crane, [22]
74 - the logarithmic decrement which shows the rate of

damping of oscillation, which depends on the ratio between
the height of the girder H and the span L, [22]

4. NUMERICAL REPRESENTATION OF THE RESULTS
OBTAINED

The optimization process is done by Optimization
Toolbox module of Matlab software.

Existing solutions of the double beam bridge cranes
that were used as examples for the optimization process are
in classification class 2m/M5, so that certain input
parameters necessary for the optimization process are

A.43

adopted for mentioned classification class. Other input datas
are shown in Table 1.

As initial conditions (vector Xo) in the optimization
process are taken the dimensions of the rectangular box
section of existing solutions of the double beam bridge
cranes (shown in Table 1).

As additional criteria for the optimization process are
taken production feasibility (distance between the webs) and
the recommended minimum thicknesses of the plates.

Minimum thickness of the web plates is adopted to
be 5 mm and minimum thickness of the bottom and top
flange is adopted to be 6 mm, which are also the constraint
functions. In addition, as one more constraint function,
minimum distance between the web plates is taken to be: 20
cm, 25 cm and 30 cm. These values are shown by the
minimum values (lower boundaries) of the optimization
parameters (vector Ib).

The boundaries for the optimization parameter y are
taken as recommended values (y = 3 + 5).

Table 1: Characteristics of existing solutions of the double beam bridge cranes

L Mk Dt . bk t1 t2 h b1 bt A
No. | Manufacturer Q Material 9
® (m) (kg) | (mm) (mm) | (mm) | (mm) | (cm) | (cm) | (cm) | (cm?)
1 Colpart 15 | 2069 | 780 | 170 | S355 | 1000 | 10 6 98 | 31 | 41 | 1996
2 Colpart 10 | 233 | 690 | 140 | S355 | 1000 | 10 6 98 | 30 | 40 | 1856
3 Colpart | 2x25 | 22.5 | 2x2920 | 230 | S355 | 1350 | 12 8 | 1476 | 418 | 52 | 360.96
4 M‘I’_r:)tﬁi"ar 20 | 1895| 860 | 170 | S235 | 1000 | 10 8 98 | 31 | 41 | 2388

Table 2: The values of optimum parameters and Savings

No t1 t2 h b1 bt y Aopt Saving
“J(mm) | (mm) | (cm) | (cm) | (cm) (cm?) (%)
1 7 6 113.74 20 29.6 407 | 177.93 10.86
1 7 6 113.74 | 25.04 | 34.64 | 4.06 | 184.98 7.32
1 6 5 111.15 30 39.5 3.96 | 158.55 20.57
2 6 5 120.91 20 295 | 3.76 | 156.31 15.78
2 6 5 117.4 25 34.5 3.73 158.8 14.44
3 8 6 136.1 50 60.6 3.84 | 260.28 27.89
3 8 6 132.28 | 52.78 63.38 | 4.02 | 260.14 27.93
4 6 5 107.26 | 45.23 | 55.73 | 3.89 | 174.14 27.08

Table 2 shows the results of the optimization for
four existing solutions of the double beam bridge cranes,
according to euro codes and material saving at different
initial conditions (the minimum value of b). It can be seen
that in some cases of existing solutions of the double beam
bridge cranes the optimization process gives different
results. The plate thickness values are rounded to whole
numbers. The values with the greatest savings of some
examples are bolded.

5. CONCLUSION

Based on the optimization theory and the procedure
for calculation of steel box girder of the bridge cranes, this
paper combines the optimum design philosophy and the
design of the rectangular box girder. The cross-sectional
area is optimized making full use of the optimization
function in the Matlab Optimization Toolbox. The result
shows that the Matlab Optimization Toolbox is reliable,
convenient and rapid. Therefore, it can be widely utilized
in the optimization of the cross-sectional area of steel box
girders for similar constructions.

Application of Matlab Optimizaiton Toolbox on
sections of the rectangular box girders of the bridge cranes
allows designers to concentrate their attention on the

optimization rather than the realization of the specific
calculation. The results of optimization (the main
paremeters of the cross-sectional area of the rectangular
box girder) represent the starting point for designers while
designing box girders.The justification of application of
Optimization Toolbox module of Matlab software was
checked on four solutions of the double beam bridge
cranes which are in operation. The optimization task —
minimization of the cross-sectional area was successfully
realized, which is seen in the comparison of the obtained
results with the solutions made in practice. The application
of this method resulted in significant savings in the
material, within the range of 15.78 + 27.93%. Similar
procedure can be carried out for the situation with two
rows of longitudinal stiffeners, which is the case for
greater spans and load capacities.

The conclusion is that further research should be
directed toward a multi-criteria analysis where it is
necessary to include additional constraint functions, such
as: influence of manufacturing technology, types of
material, conditions of crane control and operation,
material fatigue and economy. Previously mentioned is the
basis for further research in order to save material, and
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also to minimize the cost of the girder manufacturing,
[20]. The obtained results can be of great importance both
for crane designers and for the researchers dealing with
similar optimization problems.
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Abstract: Vital components of the beam that enable conjoint operation of two bridge cranes are braces and the
threaded spindle. The beam connects two bridge cranes with the overall lifting capacity of 500 t (2x250 t) and enables their
simultaneous conjoint operation during the rehabilitation or major overhaul of hydroelectric generating set equipment at
the hydro power plant "Djerdap 2". Two braces are being installed instead of two hooks when that situation occurs.
Threaded spindle is loaded with 500 t (5 MN), while braces are loaded with 250 t (2.5 MN) each.

Integrity of structures is a relatively new scientific and engineering discipline which in a broader sense comprises
condition analysis, behaviour diagnostics, service life evaluation and rehabilitation of structures, which means that, beside
the usual situation in which it is necessary to evaluate the integrity of structure when a flaw is detected by means of non-
destructive tests, this discipline also comprises stress condition analysis for the structure without cracks, most often
through the use of the finite element method. That's the way to obtain the precise and detailed distribution of
displacements, deformations and stresses, which enables determination of weak spots at the structure, even before the

initiation of the crack.

Non-destructive tests were performed in order to analyze the current condition of braces and of the threaded
spindle. On the basis of performed analytical calculations it was determined that their integrity is not threatened, although
some internal non-homogeneities were detected by ultrasonic testing.

Keywords: Cranes, Ultrasonic Testing, Braces, Threaded Spindle, Integrity of Structures

1.INTRODUCTION

Inspection, condition analysis and testing of beam
components for simultaneous conjoint operation of 2
bridge cranes with overall lifting capacity of 500 t (5 MN)
are being performed as a preparation for work during
rehabilitation or major overhaul of hydroelectric
generating set equipment at hydro power plant 'Djerdap 2',
because they are subjected to regulations for load lifting
devices.

Therefore it's necessary:

- to carry out condition analysis, check the load carrying
capacity and integrity of material of which the vital
components of the beam for simultaneous conjoint
operation of bridge cranes at hydro power plant
'Djerdap 2' on the basis of results of non-destructive
tests,

- to make a proposition regarding the repair of vital
components if they become unusable in case when the
check of load carrying capacity or integrity evaluation
proves that degradation of material of particular
components of the beam for the simultaneous conjoint
operation of bridge cranes causes the reduction of load
carrying capacity or threatens the integrity of the
structure.

The beam connects two bridge cranes and enables
their simultaneous conjoint operation, figure 1. It's being
used during the rehabilitation or major overhaul of
hydroelectric generating set equipment at the hydro power
plant 'Djerdap 2'. Threaded spindle (marked 2 in figure 1b)
is loaded with 500 t, while braces (marked 3 at figure 1b),
which are being installed instead of hooks during the
simultaneous conjoint operation of cranes, are loaded with
250 t each. Drawing of the device for simultaneous
conjoint operation of bridge cranes is presented in figure 2.

According to design documentation [1], braces and
threaded spindle were made by forging of steel with
guaranteed chemical composition OLC 35 (romanian
designation). Chemical composition is presented in table
1, while mechanical properties are given in tables 2 and 3.

1. NON-DESTRUCTIVE TESTING OF BEAM BRACES
AND THREADED SPINDLE

In order to perform analysis of the current state,
check the lifting capacity and evaluate the integrity of vital
components (braces, threaded spindle) of the beam for
simultaneous conjoint operation of bridge cranes visual
testing (VT), magnetic particle testing (MT) and ultrasonic
testing (UT) were carried out.

*Corresponding author: Bulevar vojvode Misi¢a 43, Belgrade, Serbia, miodrag.arsic@institutims.rs
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Figure 1: Appearance of the beam for simultaneous conjoint operation of 2 bridge cranes

Table 1: Chemical composition, values in [%]
Steel C Si Mn Cr Ni Mo S P
OLC35 |[0.32-039 |max 0.4 | 05-0.8 | max 0.4 | max 04 | max 0.1 | max 0.045 | max0.045

Table 2: Mechanical properties of steel OLC 35 for the thickness of brace forging t = 220 mm
Steel Yield strength, YS [N/mm2] Tensile strength, TS [N/mm2] Elongation, A5 [%]

OLC 35 245 500 min 15

Table 3: Mechanical properties of steel OLC 35 for the thickness of threaded spindle forging t = 900 mm

Steel Yield strength, YS [N/mm2] Tensile strength, TS [N/mm2] Elongation, A5 [%]
OLC 35 210 470 min 15
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Figure 2: Assembly drawing of the device for simultaneous conjoint operation of 2 bridge cranes
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1.1. Results of visual testing

Visual testing of all components of beam
equipment confirmed the existence of corrosion products,
as well as the existence of insignificant mechanical
damages. Mechanical damages were repaired by fine
grinding, and afterwards all components were subjected to
sandblasting and application of anti-corrosive protection.

1.2. Magnetic particle testing

No surface defects were detected during the
magnetic particle testing performed on braces and
threaded spindle.

1.3. Ultrasonic testing

In figures 3-6, results of tests carried out on the
right brace of the beam (at which internal non-
homogeneities were detected), as well as on the threaded
spindle, are shown. Findings, marked with red and yellow
colour, refer to areas at which the testing was carried out.

Figure 3: Results of ultrasonic testing performed on the right brace of the beam (upper view)

Figure 4: Results of ultrasonic testing performed on the right brace of the beam (side view)

Figure 5: Results of ultrasonic testing performed on the threaded spindle of the beam (upper view)

Figure 6: Results of ultrasonic testing performed on the threaded spindle of the beam (side view)

Integrity of Beam Braces and Threaded Spindle for Conjoint Operation of Two 5 MN Bridge Cranes
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On the basis of results of ultrasonic testing
performed on the right brace and on the threaded spindle,
shown in figures 3 - 6, it can be concluded that detected
non-homogeneities are discontinuous impurities of
lamellar shape, grouped around the central area that
originated during the process of forging, which is a
relatively common occurrence during the manufacture of
large forgings.

2. CALCULATION OF BRACES AND OF THE
THREADED SPINDLE DURING THE
SIMULTANEOUS CONJOINT OPERATION OF
BRIDGE CRANES

In order to perform reliable check of load carrying
capacity of braces (B) and of the threaded spindle (TS) of
the beam during the simultaneous conjoint operation of 2
bridge cranes the analytical calculation and numerical
calculation were carried out. Calculation was performed
for brace loads Qs = 250 t (2.5 MN), as well as for the
load at the threaded spindle Qs =500t (5.0 MN).

2.1. Analytical calculation of stresses in critical cross-
sections of braces

Beam braces are subjected to tension, each with
250 t (2.5 MN). Nevertheless, their analytical calculation
was carried out for the load of 500 t (5 MN), in order to
achieve safety in case when one of the braces fails.
Dimensions and critical cross-sections used for the
analytical calculation of beam braces are shown in figures
7 and 8.

950

1590

220

il S

5x 45
Figure 7: Basic dimensions of a beam brace

§=220

Figure 8: Detail around the opening at the brace with
marked characteristic cross-sections

According to manufacturers' documentation, braces
were made of steel OLC 35 [1]. Taking into account the
fact that the calculation was carried out for the allowable
stress Sai = 120 MPa, it can be concluded that the safety
factor with respect to yield strength (table 2) is:

Sam = o2 _ 285 _5 09 1)
Sar 120

By analytical calculation carried out for beam
braces it was determined that the safety factor is equal or
larger than 2 in all critical cross-sections, shown in figure
8 [2].

2.2. Analytical calculation of stresses in critical cross-
sections of the threaded spindle

Analytical calculation was performed for all
characteristic cross-sections of the threaded spindle, which
served as a basis for determination of the minimum
necessary diameter of the threaded segment. Dimensions
and critical cross-sections are shown in figures 9 and 10.

Taking into account yield strength of material OLC
35 (table 3) and allowable stress can = 120 MPa, factor of
safety of the threaded spindle is:

YS# = 210 =175 )
Ua” 120

Smts =

By analytical calculation of the threaded spindle in
critical cross-sections, shown in figure 10, it was
determined that the lowest value of the factor of safety is
1.67 [2].
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Figure 9: Basic dimensions of the threaded spindle
i : Results of numerical calculation of tensile stress to
- i which the brace is subjected for load of 5 MN that
e ‘ includes the use of von Mises equations is presented in
—_ i figure 12.
7 ////
,/:// 2.4. Numerical calculation of stresses in critical cross-
- sections of the threaded spindle
777777777 7 Finite element model has been formed by using two
— planes of symmetry and adequate boundary conditions,
//;// taking into account the geometry of the threaded spindle,
- figure 13. Load has been introduced by using the contact
- B with a rigid body (shaft), which is presented in the same
=304 be 900 figure. Linear elastic model of material behaviour has been

Figure 10:Detail around the eye opening at a threaded
spindle with marked characteristic cross-sections

2.3. Numerical calculation of stresses in critical cross-
sections of braces

Numerical calculation of braces, performed through
the use of finite element method [3], was carried out for
the load of 500 t (5.0 MN). Calculation was performed
taking into account the fact that braces are subjected to
tension. It was also taken into account that value of
elasticity modul is E = 210 GPa, value of Poisson's
coefficient is v = 0.3, while value of yield stress is YS =
245 MPa.

3D model of the brace is shown in figure 11a, while
the finite element mesh is presented in figure 11b.

used. Calculation was performed taking into account the
fact that braces are subjected to tension. It was also taken
into account that value of elasticity modul is E = 210 GPa,
value of Poisson's coefficient is v = 0.3, while value of
yield stress is YS = 210 MPa.

The mesh consists of tetrahedral finite elements,
with square interpolation functions. Load that acts on the
model of 1,250,000 N presents 25% of the service load.
Load acts on the shaft and is being transferred by contact
on the spindle. Connection of the spindle with a crane
(through threaded coupling) has been simplified through
modelling - displacement of the surface which responds to
the threaded segment of the spindle has been constrained.

Distribution of von Mises stresses is presented in
figure 14, which also contains magnified detail at the
threaded spindle, in close proximity of the opening. In
figures 14 and 15, the shaft is not shown in order for the
complete distribution of stresses to be presented.

Integrity of Beam Braces and Threaded Spindle for Conjoint Operation of Two 5 MN Bridge Cranes
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It’s clear that highest values of stress are
significantly lower than 210 MPa, which is the value of
yield stress.

Two paths (A-B and C-D) along which the
variation of stress values has been monitored are shown in
figure 14, in order to determine the stress state in close
proximity of the opening as precisely as possible.

Distribution of stresses in longitudinal direction
(axial stress) around the opening, with negative values of
this component due to the contact with the shaft (i.e. to the

a) 3D model of the brace

transfer of load across the contact surface) is shown in
figure 16.

Variations of stress along the paths A-B and C-D
are presented in figures 16 and 17. Equivalent Von Mises
stress has higher values along the first path, due to the
evident negative stress in the longitudinal direction.

In cross-section C-D, values of von Mises stress
and of the stress in the longitudinal direction are almost
equal, with the highest value at the very opening (point C)
of approximately 90 MPa.

b) Finite element mesh

Figure 11: 3D model and finite element mesh for one of the braces

869 785 702 61.8 53.4

450 367 283 3.6 [MPa]

Figure 12: Results of numerical calculation and values of von Mises tensile stresses
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Figure 13: Finite element mesh of the threaded spindle
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Figure 14: Distribution of equivalent von Mises stress
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Figure 15: Distribution of stress in the longitudinal

direction, area of the opening Figure 16: Variation of stress value along the path A-B
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Figure 17: Variation of stress value along the path C-D

3. ANALYSIS OF RESULTS OBTAINED BY TESTING
AND CALCULATION

Based on results of non-destructive tests and
calculation of stress condition of the right brace and of the
threaded spindle as parts of the beam for simultaneous
conjoint operation of bridge cranes during rehabilitation or
major overhaul of equipment of the hydroelectric
generating set at HPP ‘Djerdap 2’, the following can be
concluded:.

— According to design documentation [1], braces and
threaded spindle were made of steel with guaranteed
chemical composition OLC 35 (romanian designation)
by forging.

—  Visual testing of all components of beam equipment
confirmed the existence of corrosion products, as well
as the existence of insignificant mechanical damages.
Mechanical damages were repaired by fine grinding,
and afterwards all components were submitted to
sandblasting and application of anti-corrosive
protection.

— No surface defects were detected during the magnetic
particle testing of braces and threaded spindle for the
simultaneous conjoint operation of bridge cranes.

— On the basis of reports OZPTT-ZA-01/013 UT for the
right brace of the beam [4] and OZPTT-VR-01/013
UT for the threaded spindle [5], shown in 3D in
figures 3 - 6, impurities of lamellar shape that
occurred during the process of forging were detected
locally. These impurities were grouped close to the
central area, which is a relatively common occurrence
during the process of manufacturing large forgings.

— Analytical calculations for braces and the threaded
spindle were carried out taking into account values of
allowable stress can = 120 MPa, yield stress YS = 240
MPa (for thickness t = 220 mm), yield stress YS =
210 MPa (for thickness t = 900 mm), as well as values
of the factor of safety Smp = 2.00 and Smis = 1.75. For

calculated stress states of braces and of the threaded
spindle, in areas where non-allowable defects were
detected, calculated values of the factor of safety were
fromS=2.941t0S=11.482].

— Numerical calculations of stress in critical cross-
sections and in areas where non-allowable defects
were detected proved that the integrity of braces and
of the threaded spindle is not threatened, especially
taking into account that bridge cranes are being used
for simultaneous conjoint operation solely during
rehabilitation or major overhaul of the hydroelectric
generating set, therefore they are subjected to
negligible dynamic loading.

4. CONCLUSION

It can generally be concluded that non-allowable
indications detected at the right brace and at the threaded
spindle by ultrasonic testing do not influence the load
carrying capacity of the equipment for simultaneous
conjoint operation of bridge cranes 2500/500/50 KN,
because analytical and numerical calculations proved that
almost one third of characteristic cross-sections of the
right brace and of the threaded spindle can carry the
predicted load during rehabilitation or major overhaul of
hydroelectric generating set equipment at HPP '‘Djerdap 2'.

On the basis of performed tests, the use of vital
components of beam equipment (right brace and threaded
spindle) during rehabilitation or major overhaul of
hydroelectric generating set equipment at HPP 'Djerdap 2'
was allowed.
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Sets of Machines and Technologies in the Performance of Construction
Works

Maksim Nazarenko", Ilvan Pereginets?, Viktor Leschinsky?
IKyiv National University of Construction and Architecture, Kiev
2 Kyiv Academy of Construction of Ukraine, Kiev

The criteria used to evaluate the optimization of decision making on the basis of the theory of praxeology have been
applied in this work. The algorithm of supply of machines for construction works is made. The cluster approach for the
organization of construction work technology, which is based on the theory of systems, criteria of decision-making and
synergetic, is used. Its content essence has made it possible to create an optimized set of necessary, according to the
relevant technology, method of organization of construction work in a single system. The results of the research include:
raising the level of awareness and preparing potential participants for the creation of clusters. Development of criteria for
evaluating the optimization of making managerial decisions in order to increase the efficiency of an optimized set of

machines for a construction company.

Keywords: evaluation criteria, optimization, supply of machines, cluster approach

1. FORMULATION THE PROBLEM

Transformation processes in the modern economy
place the building complex in front of the requirement to
stay in the market, which requires a lot of effort and
carefully thought out solutions. The strategy of
management, whose main goal is not so much profit
making today, is becoming more widespread, as the
increase in the investment value of equity capital provides
the future of the economic condition of the construction
company. The problem with construction equipment Kits is
that they have an increased degree of physical wear and
tear, and low technological productivity leads to the use of
a large amount of equipment.

The solution lies in finding new organizational and
technological models for forming sets of machines in
accordance with the program of the construction project,
modern requirements and market needs. One such method
is the application of the cluster approach, which is widely
used in various fields and is based on the theory of
systems [1], decision making criteria [2] and synergetic
[3]. Its essence is due to the ability to create in a single
system an optimized set of necessary, significant
technology, methods of manufacturing any product of the
highest quality, and the availability of adapted control to
ensure minimum energy costs and the maximum
productivity of the implementation of the final project.

2. STATEMENT OF THE MATERIAL

The criteria for the effectiveness of action are, to a
certain extent, the criteria that evaluate the effectiveness of
the universal and synthesized wvalues, and are
phraseological (practical) estimates [4]. Praxeology is a

general theory of the effectiveness of actions, which aims
to achieve the broadest generalizations of a technological
nature [8] (and it is about the technology of effective
work, the recommendations and warnings that are
important for each action and ultimately aimed at
maximum efficiency), and mainly deals with the
effectiveness of action and functioning.

Efficiency is identified with expediency, because
productive actions or methods of action are those that
ultimately lead to the desired result, called goal [4].
Marking the goal M, the result P, the main result - O and
the cost - B, we can write the following phraseological
indicators of universal efficiency [4,5].

The quality of the result

K, =P44 (1)

is the relation of the result to the goal of action.
The quality of the main result

K, =%, 2

is the relation of the main result to the goal of
action.
Inconsistency of the result

P=P-M ©)

is the difference between the result and the purpose
of action.
Inconsistency of the main result

0O=0-M 4)

is the difference between the main result and the purpose
of action.

*Corresponding author: Povitroflotsky Avenue 31, Kyiv, Ukraine, i_nazar@i.ua
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The benefit of the result
y=P-B ®)

is the difference between the result and the cost of
implementing the action.
Economy of the result:

n=P4 ®)

represents the ratio of the result to the cost of the
implementation of the action.

The quality of the main result Ky is the inverse of
the degree of value of the goal, which is defined [3] as a
"relation involves values that the goals (amounts of values
of purpose) to the value of the real effect (the sum of
values of real effects) of the action aimed at achieving this
goal (goals) of action.

Using the resulted criteria (1-6) was a prerequisite
for the development of a scheme for the formalization of
supply of machines (Figure 1).

The cluster concept focuses on ties and
interdependencies between companies integrated into the
network structure for product manufacturing, service and
innovation.

Clusters are different from other forms of
cooperation of companies by the fact that the participating
companies in it form a production and trading network.

The cluster concept goes beyond simple horizontal
ties, in which firms operating on the general market of
finished products belong to the same industrial group,
cooperate in such areas of activity as research and
development, demonstration programs, joint marketing or
procurement activity.

Clusters in large part act as network structures of
combined areas, staffed with heterogeneous and
complementary firms specializing in the creation of any
material or specific innovative product.

e E——

Figure 1: The algorithm of the reasonable choice and calculation of the set of machines

Within the framework of the implementation of this
algorithm (Figure 1), appropriate research has been carried
out in the development and implementation of the cluster
approach.

When establishing strict boundaries for sectors and
industries, the traditional research approach does not take
into account the importance of establishing
interconnections and sharing knowledge within a network
structure.

M.Nazarenko, |. Pereginets, V. Leschinsky
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The cluster concept serves as an alternative to the
traditional sectoral approach in economic market research

(Table 1).
Table 1: Differences between cluster and sectoral
approaches
Ne Cluster approach Traditional sectoral approach
1 Strategic groups with | Groups of companies with

heterogeneous, complementary
firms in network structures

similar network structures

2 Include suppliers, consumers, | Focus on manufacturers of
manufacturers of goods and | finished products
services, specialized institutes

3 Combine a number of | Focus on direct and indirect
interconnected industries that | competitors
use common technologies,
education, information,
resources, channels  and
clientele.

4 Most participants are not direct | Doubtfulness in the
competitors, they have | organization of cooperation
common problems and | with competitors
challenges

5 Widespread improvements in | Narrow-band approach
the field of general interest that
improve  productivity  and
enhance competition.

6 Forums for more constructive | The  dialogue  with  the
and effective dialogue between | government is usually aimed at
the government and the | receiving subsidies,
business community protectionism and  limiting

competition

7 Search for the synergy of new | Search in the direction of

unions and associations

efforts to diversify corporations
under existing conditions

Output positions of the benefits of a cluster
approach (Figure 2):

firms rarely introduce innovations in isolation. It
is much more intense in network science and
production systems. Many participants are
involved in a significant area of innovation
activity, and its success is determined by their
complementarity, the availability of their
specialized knowledge;

the effect of synergy that stems from the
combination of knowledge of different firms and
organizations that complement each other and the
need for firms to combat the growing dependence
on environmental conditions is a driving factor in
the formation of clusters and the conclusion of
agreements by firms on joint innovation
activities;

the initial theoretical position is concluded in the
interaction-based theory of innovation systems, in
which innovation is defined as an interactive
learning process based on the exchange of
knowledge and the joint activities of various
participants and production network structures;
significant innovations are born from new
combinations of complementarity, diverse
knowledge and competence;

different types of network structures and markets
require different styles of innovation;

A=

Figure 2: Innovative synergistic cluster
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The economic efficiency of the enterprise (Figure
3) on the basis of the use of the cluster reduces up to 40%
of the nominal structural cost of production, including: DC
- the sum of direct costs: the cost of raw materials, direct
wages, the work of machines and mechanisms, energy (the
range of structural cost 40-50%); FC is the sum of constant
general economic, general, administrative and social costs
(decreasing the structural cost by 10-20%); LMA -
transport logistics, cost of activities of outside
organizations, marketing and advertising activity aimed at
bringing and maintaining goods (services) in the market
(range of structural cost 0-10%); Increase in sales volume;

Enhancing company status as a cluster member.

43
%3
5

Figure 3: Economic efficiency of the enterprise based on
the use of the cluster

3. CONCLUSIONS

1. The proposed criteria determine the rational set of
machines for a construction company, their choice to
compare different options in an explicit and synthesized
form.

2. It is established that in modern conditions of control
of the process of choosing a construction company a set of

machines based on the use of a cluster, which is based on
the theory of systems, criteria of decision making and
synergetic.

3. The application of the cluster method has the ability
to create, in a single system, an optimized set of necessary,
according to the relevant technology, methods of
manufacturing any product of the highest quality and the
availability of adapted control to ensure minimum energy
costs and maximum productivity of the implementation of
the final project.
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Risk Management in Mechanical Engineering
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In this article, the possibilities of risk management at design, production and repair of heavy machines taking into
account of their operation conditions are considered. It is shown how on a basis of risk based thinking it is possible to
prevent risks and to increase the level of safety of heavy machines. Methods of the analysis and assessment of risks in

mechanical engineering are considered.
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1. RELEVANCE OF THIS PROBLEM

Until recently assessment of risks was not
considered as compulsory procedure at design and
production of the machine and many enterprises were
limited to the analysis of level of their reliability. From
the moment of adoption in the Russian Federation of
technical regulations "About safety of machines and the
equipment” TR CU 010/2011[1] which according to article
4 obliges to machinery out risk assessment at development
stages (design) of machines and the equipment many
organizations which are engaged in production and
operation of such machines and the equipment faced need
to conduct continuous work on assessment of possible
risks and development of ways of their elimination.
Unfortunately, it was quite difficult task. The reasons it is
possible to bring quite a lot, but nevertheless it is possible
to call the main: lack of wide circulation of risk
evaluating. Despite existence of quite broad quantity of
methods of risk assessment (according to 1ISO 31010-2010
[2] their application B 31) enough often such technique
needs to be developed especially for a concrete case, the
machine, the mechanism. Absence of experts and
experience in machinerying out similar works introduces
the amendments on the way of full application of technical
regulations. Development of risks assessment methods at
operation of machines is of great interest to the
operational organizations and the enterprises which are
engaged in guarantee maintenance of this production.

2. PROCESS OF RISK MANAGEMENT AND
THE EXISTING METHODS OF RISKS ASSESSMENT

In a general view life cycle of the machine consists
of four main stages: Design, Production, Operation and
Utilization (Figure 1). Apparently from the drawing
process the risk management at best is present only at the
first two stages: design and productions, process of
operation it is them not captured. Real data on operational
properties begin to arrive only after the beginning of
product operation. In most cases it means that in a link
there is one more participant - the consumer who also as
well as the producer, in case of detection of defects will
incur additional expenses.

Therefore, existence of an opportunity previously
to estimate the risks connected with product operation to
launch in mass production for the producer or before
acquisition for the consumer is the major task.

Consumer

Feedback

Figure 1: Simplified scheme of life cycle of the machine

The existing methods of risk assessment can
conditionally be divided into 4 main groups [3]:

1. Phenomenological methods are based on
identification of a possibility of development of
emergency processes by results of the conducted tests and
pilot researches. It is possible to refer high reliability of
results to advantages of methods, but only in case it is
possible with sufficient reliability to estimate current state
of the studied system elements. Methods well are suitable
for the comparative analysis of various models of the
machine, but - are of little use for the analysis of difficult
multipurpose objects.

*Corresponding author: Leningradsky prospect 64, Moscow, Russia, madi-dm@list.ru
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2. The determined methods assume machinerying
out the analysis of the sequence of succession of events,
beginning from an initial event and to a final condition of
system, through a number of estimated intermediate stages
and states. Development of processes is predicted by
means of methods of mathematical modeling, imitations
and difficult calculations.

The determined methods provide presentation of the
received results and provide a possibility of identification
of the major factors influencing process of change of a
condition of system.

Need of development of difficult mathematical
models and conducting difficult and expensive pilot
studies belongs to shortcomings of this group of methods.

3. Probabilistic methods lean on assessment of
probability of emergency and calculations of probabilities
of events succession. The analysis of possible chains of
events is for this purpose machinery out and the total
probability of emergence of failure of the machine is
estimated. Advantage of a method is the possibility of
drawing up simplified, in comparison with the determined
method, mathematical models. However, simplification of
models leads to decrease in accuracy of estimates. To the
main shortcomings of methods dependence on quality and
volume of information on a condition of system is.

4. The inductive method allows to identify
dangerous situations and events, probability of their
emergence, and also size of possible damage at early
stages. Application of this method allows to correct a
system design at a design stage. Need to consider a set of
various internal, external and random factors in
calculations belongs to shortcomings of this method. For
studying of difficult systems and obtaining the most exact
results of assessment of risks it is necessary to use a
combination of several methods. It allows to increase
quality of the received results and to partially compensate
shortage of statistical information.

3. CHOICE OF A METHOD OF RISK
ASSESSMENT AND SEQUENCE OF ACTIONS

Risk assessment is a number of the logical steps
allowing to apply system approach to consideration of
factors of danger [3].

Basis for risks assessment R within technical
regulation are the functionality of F connecting probability
P emergence of an adverse event and population mean of
damage of U from this adverse event

R=F,{U.P}=Y[F.(U.R)]=[C(U)P(U)dU = [C(Pp (P)dp
i
where: i — types of adverse events, C — the weight
functions considering interference of risks.
The offered technique to be under construction on
the analysis of the possible failures of the machine

revealed by results of preliminary researches. Main stages:

1. Formation of the list of possible dangers. At this
stage, it is necessary to collect and analyses
information on the possible dangers connected with
operation of the machine. And also, to study
available statistical information.

2. The choice of possible sources of threats,
identification of the key knots which are sources of
danger and to define their character.

3. Elimination of dangers which are impossible or
improbable at operation of the studied machine. This
action is necessary for reduction of volume of
necessary works, simplification of estimated actions
and improvement of quality of the received results.

4. Risks Assessment. Determination of probabilities of
emergence of emergency situations, and also
assessment of potential damage from their
emergence.

5. Development of measures for elimination of threats.
After determination of probability of emergence of
an emergency situation and possible damage, the
decision on expediency and ways of elimination of
threats is made.

The most difficult is the calculation stage. For
obtaining exact data on probability of approach of an event
it is necessary to create the sufficient volume of statistical
data that is quite difficult task as not all organizations have
an opportunity to accumulate and analyze such
information. In this situation method of expert evaluations
can be also used. After risks assessment, it is necessary to
obtain data on possible damages from these emergences.

Damage assessment as a result of realization of risk
can be machinery out by means of insurance companies,
the repair organizations or method of expert evaluations.

The conducted researches allow to create lists of
risks and the related material inputs. Then on each point
the decision on the risk level acceptability has to be
passed. If value of risk appears beyond admissible limits,
it is necessary to make the decision on development of
measures for decrease in risk. In case decrease in risk is
not possible, it is necessary to machinery out a package of
measures for its prevention (exception). One of the main
articles of expenses of any machinery producer make costs
of guarantee maintenance. The term of guarantee
maintenance is a strong argument at the choice of a make
of the machine by the end user. Long since producers try
to find optimum values of guarantee periods which will
allow to attract consumers without essential losses on
implementation of guarantee certificates. The main
contribution on the way of achievement of this purpose is
made by the level of technologies of the producer, "nou-
Hau" which allow to distinguish it from a competitive
environment. A lot of things depend also on quality of
materials, level of production of the completing main
suppliers of components, etc. All these factors in total
exert the impact on reliability of the making units and
knots of the machine, and eventually on the total level of
reliability of the machine. Reliability of the machine is one
of the main components of safety of its operation. Quite
often high standards on production, and also high quality
of constructional materials are not an absolute guarantee of
low costs of ensuring reliability of the machine in
operation as there is a set of factors which cannot be
considered by production and design:

e human factor at control of machine;

e climatic features;

e modes of operation and frequency of technical

service;
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e quality and condition of a paving;

e quality of operational materials and spare parts;

o level of technological equipment of the service
enterprises;

o skill level of the personnel making maintenance
and repairs of the machine.

All these factors introduce serious amendments,
changing a curve of costs of guarantee maintenance
towards increase.

There are practically no tools allowing to predict
precisely the size of expenses taking into account multiple-
factor influence of service conditions on technical
condition and requirement of the machine under repair.
For this reason, the majority of decisions is made or
directly by the dealer, on the basis of own experience and
an intuition, or leans on a mathematical apparatus
(mathematical modeling or elements of probability
theory), but without features of operation. As an object of
a research the machine, the most popular segment in
Russia is chosen. (For maintaining confidentiality, the
producer and a make of the machine do not reveal). On the
basis of data on operation the schedule of distribution of
the made replacements of details on systems of the
machine (Figure 2) is constructed.

37
10

0%
W0h
10%
0% -

Figure 2: The schedule of distribution of replacements of
details on systems of the machine: 1- System of steering;
2- Electronic equipment; 3- Transmission; 4- Glazing;
5- Fuel equipment; 6- Suspension bracket

From the point of view of safety of the machine the
system of steering is the most important. The following list
of the most often replaced details during the guarantee
period (Table 1) is characteristic of steering i.e. on these
positions the producer incurs the raised losses during the
guarantee period.

In Figure 3 the example of quality standard of risk
is given. Figures specified the possible analyzed risks.
Let's allow at number 1 it is risk of failure of the pump of
the power steering (GUR). This risk was the most critical.
Respectively it is necessary to develop a number of the
measures designed to reduce this risk. Replacement of
GURA by the electro power steering can be one of such
options.

Knowing distribution of refusals on spare parts, we
machinery out the analysis of dangers and actually risks
assessment. At the exit depending on the purpose of
machinerying out risk analysis we receive high-quality or
quantitative expression of risk.

In Figure 3 the example of quality standard of risk is
given. Figures specified the possible analyzed risks.

Respectively it is necessary to develop a number of
the measures designed to reduce this risk. Replacement of
the hydraulic pump by the electro power steering can be
one of such options.

Table 1. The most often replaced details during the
guarantee period

Name of a detail % of replacements
System of steering 54%
Hose of high pressure of GUR 16%
Steering rack 13%
Driveshaft 8%
Pump GUR 3%
Tube of system of steering 2%
The column is steering 1%
Air valve 1%
Lath emphasis arm 1%
Pr—
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Figure 3: Results of quality standard of risk

For a solution of the problem of influence of
regional features of operation on reliability it is offered to
use two-stage approach to assessment of risks of the
machine (Figure 4).

]
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Figure 4: Two-stage approach to the generalized risk
assessment at operation of the machine

Stage first: allocation of group of risks, the most
critical for this machine.

Risk Management in Mechanical Engineering
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Ranging of the chosen risks on the level of danger
and cost of elimination of consequences.

Stage second: calculation of the general risk
assessment taking into account service conditions.

It is necessary for obtaining preliminary data for
further decision-making, concerning delivery of new
model of the machine without any essential changes in a
design or conditions of a guarantee provision. In this
regard, it is offered to adapt a technique of risks
assessment to operation realities in the conditions of the
concrete region, in our case of the Russian Federation. On
the basis of skilled observations, it was revealed that
guarantee expenses are influenced by the following factors
(Figure 5):

1. Level of reliability of the machine

2. Regional features of machine operation

3. Modes of use of the machine

4. Cost of spare parts, operational materials and
works

For simplification of calculations we accepted some
restrictions:

- in the course of development of the machine there
are risks which are characterized by probability of
emergence of refusals and malfunctions of its main knots,
the systems influencing safe operation (without risk of
refusals of electronic control systems).

- the mode of operation is defined by a manner of
driving of the machine which depends on character of the
driver and operation conditions. As it is not possible to
predict a driving manner, we accepted assessment scale
depending on age of the owner who is indirectly
influencing the mode of operation of the machine. The age
of the owner is specified upon purchase of a machine.

Assessment scales for each of types of risk are
presented in Table 2.

Risk at operation

!
! ! ! }

Risk of Risk of Risk of Risk of
develop the region the mode increase
ment of of in cost of
R1 operation operation spare
R2 (driving parts and
manner) works
R3 R4

Figure 5: Types of manifestation of risk at operation.

For receiving uniform of risk assessment, it is
offered to use linear model of the weighed sum of factors
of a look:

Rob = At X1 + AoXo + AsXs+ ... + AnXn

For obtaining value from 0% to 100 % is

normalized the total value of risk on a formula:

Y=100% * (Rop-Min) / (Max-Min)

Table 2: A risk assessment scale at operation of the

machine
Risk Point Assessment Description
1 2 & 4
elements of an
1 Low exterior, body
interior
Systems of passive
2 Average safety, .D\./S’
transmission,
Risk suspension bracket
developments
. Steering, systems
3 High of active safety
4 Critical Brake system
1 Low Moscow and
Northwest region
Central and
Risk 2 Average Southern regions
region of operation .
3 High Far East
4 Critical Siberia
1 Low over 45 years
2 Average 30-45 years
Risk 9 4
operation mode .
3 High 23-30 years
4 Critical up to 23 years
The model is local
and the main spare
1 Low parts are made in
the territory of the
Russian
Federation
The majority of
spare parts are
imported.
2 Average There is an
. . . opportunity to
Risk of increase in bp Y
P d arrange local
cost o sp‘;fgﬁkps)ans an production
100% import and
impossibility to
3 High arrange local
9 production in view
of lack of
technologies
The producer
abandons the
4 Critical market of the
Russian
Federation

The table of interpretation of rated risk assessment
can be adapted under the concrete organization taking into
account its policy and standards.Use of the offered
approach during the planning of deliveries of new models
of machines and justification of warranty periods of their
operation provides a possibility of planning of the
operating technical influences for the purpose of safety of
use of the machine taking into account regional operation
features.
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Laboratory Test Rig for Nondestructive Inspection of Steel Cord Belts
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The paper gives a survey of NDT of steel cord belts. For the purpose of NDT of steel cord belts a laboratory test rig
is developed at the Faculty of Mechanical Engineering, University of Belgrade. Its intended use is hondestructive inspection
of steel cord belts with Introcon S 2000 instrument. Axial distance between the drums of transporter is only
1500 mm and it can work with belt widths up to 400 mm. Due to its small dimensions and intended work with steel cord belts,
in configuration with instrument for non-destructive testing, it represents a unique laboratory facility.

Keywords: Laboratory belt conveyor, nondestructive testing, steel cord belts

1. INTRODUCTION

Belt conveyor systems and other subsequent systems
usually have a serial structure. This means that a failure of
a belt conveyor, brings all other machinery and equipment
to a stall. Therefore, the problem of ensuring an adequate
level of availability of a continuous transport system is
extremely important [1]. To maintain optimal working
conditions and avoid unexpected halts and shutdowns
different inspection and monitoring methods of belt
conveyor equipment can be applied. Those inspections and
testing can be both destructive and nondestructive.

The belt conveyor consists of 5 main components, as
described in [2]. Despite the fact that failure of any of these
components could lead to the shutdown of the system, this
paper focuses on nondestructive testing (NDT) of conveyor
belts, as the most important component of the belt
conveyor, particularly on the NDT of steel cord belts.

Expected steel cord belt service life is 3-6 years.
With proper maintenance and care it could be prolonged to
more than 10 years. Therefore, steel cord belts are tested
for:

« steel cord state (number of broken cords)

e belt splices stability (consistency of longitudinal
gap between adjacent cords)

e rubber covers (or structural) state [3].

Similarly, according to ContiTech [4], [5] steel cord

belts are inspected in order to perform:
e Dbelt rip detection
» cord condition monitoring
« splice elongation measurement
*  belt thickness measurement
*  belt surface inspection

For belt rip detection ContiTech uses RFID chips
and closed circuit loops and magnetic method for cord
condition and splice monitoring, while the surface is
inspected for defects using line LASER technology. In
accordance with [6] rip detection methods include:

e sensor loops
*  LASER rip detection - triangulation
e wire under belt.

Although all of the aforementioned factors have a
significant impact on the steel cord belt service life, one

should have in mind that durability of the belts is defined
mainly by steel cord condition. Steel cords can be broken or
corroded. Besides, rope splice damage is possible. Majority
of steel cord defects is not visible because of their location
inside rubber. Magnetic method of NDT is usual to detect
the steel rope brakes inside the belts [7]. Besides that,
magnetic devices can also be used for diagnostics of steel
cord belts condition regarding their resistance to puncture
as described in [8].

2. HISTORICAL REVIEW OF NDT

Harrison stated in [9] that "the science of NDT was
born in Australia in 1979 with the patenting of a system that
came to be known as the "CBM" or conveyor belt
monitoring." This new technology permitted testing of
conveyor belt damage and degradation and for the first time
steel cord belts were tested for corrosion. Paper discussed
safety factor analysis and dynamic safety factor analysis.
Splices are considered potentially weak link in a steel cord
belt. At the time the paper was written available sensors for
testing steel-reinforced belting included magnetic, eddy-
current, electromagnetic, X-ray and vibration sensor
systems [9]. Further, Harrison explains magnetic NDT
method that detects corrosion and breaks using variable
magnetic reluctance transducer in [10] and magnetic NDT
method with ferrite-cored coil array and external field of an
axially magnetised cord in [11].

3. REVIEW OF NDT METHODS

Among the most common NDT methods analysed
by Kumar and Mahto in a very comprehensive review
presented in [12] are NDT methods listed below:

1.  Visual & Optical
Ultrasonic
Electromagnetic (EMG)
Thermographic
Radiographic
Liquid Penetrant
Magnetic Particle
Acoustic Emission
Magnetic Resonance Imaging
Optical Microscope
Near-Infrared Spectroscopy
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P. Cawley [13] highlights the "Big Five" among
listed methods (methods marked with 2, 3, 5, 6 and 7 in
previous list). Another systematization of NDT methods
available online at [6] divides them into:

e Visual inspection

e Transmitter-receiver system
» Leakage field measurement

*  Magnetic resistance

*  Opto-electronic imaging

» Portable camera

»  X-ray - portable camera

e X-ray - stationary, continuous

Speaking of X-ray testing, Li et al in [14] described
the MRB (Modified Regular Bands) method which deals
with X-ray images, has a higher precision so it can detect
fine faults, is simple and fast enough for real-time online
fault detection. Although X-ray systems, both portable and
stationary continuous, have superior characteristics in
comparison with all other NDT methods, they are not that
much in use due to their possible hazardous effect on the
human health. Therefore, the most common methods in use
are EMG and magnetic methods.

4. METHODS AND EQUIPMENT FOR NDT OF STEEL
CORD BELTS

In general, steel cord belts are mostly tested with
EMG or magnetic NDT methods. There is a vast variety of
such methods and equipment available on the market. Some
of them will be presented below alongside with the review
of NDT equipment conducted by Blazej [15]. That review
included:

»  Beltscan Pty Ltd (Australia) - Belt Guard™ system
- magnetic, high resolution system

¢ CBM Conveyor Belt Monitoring (Australia) -
Magnetic Flux Leakage (MFL) system

e CBT Conveyor Belt Technology (USA) - C.A.T.
MDR™ system - magnetic, high resolution
system, where C.A.T. stands for Cable Anomaly
Tomography and MDR for Magnetostatic
Differential Reluctance measurement technique
[16]

e Conveyor Technologies (CT Colorado & CT Pty.
NSW Australia)

e TCK (China) - TCK Steel Cord Conveyor Belt
Online Automatic Inspection System - weak
magnetic field system

¢ Veyance Technologies (GoodYear) Cord Guard™
system - high resolution magnetic pictures, and

e Introcon system - Intron (Russia) - eddy-current
system

DIAGBELT system is used for NDT of belt splices.
It consists of 7 modules with magnetic coils, 2 permanent
magnet bars, magnetic encoder (for measurement of
conveyor velocity) and measuring head. Diagbelt uses Belt
Guard™ (Australian) system's measuring head and data
acquisition module [17].

Fenner Dunlop's EagleEye™ system is based on
PLC and uses Magnetic Flux Leakage (MFL) panels or
Conductive Loops or both for rip detection, plus provides
continuous monitoring via Virtual Private Network (VPN)
[18], [19]. G.S. Park et al explained Magnetic Flux Leakage
method (MFL) in [20] in which the defect signals are
mainly dependant on the change of the magnetic flux

leakage in the region of a defect. MFL technique is also
explained in [7].

Metal Magnetic Memory (MMM) NDT technique
for testing of steel cord belts is presented by Xuwei in [21].
It has high sensitivity, small lift-off effect and high
reliability.

EyeQ is magnetic method of automatic detection. It
provides real time monitoring and statistical analysis.
Applied principle of measuring changes in magnetic field is
coupled with vision module (for continuous inspection:
linear DALSA camera with IMAQ vision software and
LabView environment) [22]. A group of members of the
Machinery Systems Division (MSD) in the Institute of
Mining Engineering at Wroclaw University of Technology
(WUT) worked with enhanced EyeQ system in combination
with Computer Assisted Belt Card (belt management
system). They also applied 2 magnetic scanners: HRDS
(modified EyeQ system developed in MSD at WTU) and
the LRM scanner (developed by servicing firm laboratory
of Roman Martyna [23] - NDT system based on Magnetic
Flux Leakage and permanent magnets) to establish steel
cord condition of belt loops in working environment. This
group also developed ABCDE tool - Automatic Belt
Condition Diagnostic Equipment, consisted of 5 modules:
A - vision (digital video recording + mechatronic sensor),
B - magnetic, C - preventive,
D - forecasting, E - safety factor [24], [25].

Embedded Conductive Detection system (ECD)
stands for intelligent monitoring of belt conveyor systems,
which is based on magnet matrix embedded in belt carcass
in combination with outside sensors [26].

More advanced solutions may also include Artificial
Intelligence (Al) systems. Kwasniewski presented in [3]
state-of-the-art solutions for continuous monitoring of steel
cord belts working conditions based on Al. “Major
applications of Al include:

e Fuzzy logic technologies — widely used in
diagnostics;

e Expert systems — in simple terms they include a
“computer adviser”, simulating the work of an
expert in diagnostics that in certain situations is
able to replace or advise the expert;

e Neural networks — commonly used in fault
detection in diagnostics.”

In accordance with the presented system, steel cord
belt attributes of emergency conditions that are subjected to
the continuous monitoring are:

«  Broken cords over the entire belt width (in the belt
cross-section)

e Longitudinal separation of layers along the rubber
matrix (bad adhesion)

e Elongated connections (inconsistency of belt
splices) [3].

At the end of this survey eddy current NDT method
will be presented.

"Javier Garcia Martin et al [27] gives an overview
of the fundamentals and main variables of eddy current
testing. It also describes the state-of-the-art sensors and
modern techniques such as multi-frequency and pulsed
systems. Recent advances in complex models towards
solving crack-sensor interaction, developments in
instrumentation due to advances in electronic devices, and
the evolution of data processing suggest that eddy current
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Proceedings of IX International Conference “Heavy Machinery-HM 2017, Zlatibor, 28 June — 1 July 2017 A.63

testing systems will be increasingly used in the future."
[12]. "Eddy current testing is one of the most extensively
used nondestructive techniques for inspecting electrically
conductive materials at very high speeds that does not
require any contact between the test piece and the sensor."
[12].

Finally, it should be mentioned that there is one more
method that works on eddy current principle. It is pulsed
eddy current (PEC) method, an effective electromagnetic
NDT technique. PEC is explained in [28].

5. LABORATORY TEST RIG

Laboratory test rig for NDT of steel cord belts
(Figure 1, 2 and 3), installed at the Laboratory for Logistics
and Ecodesign at the Faculty of Mechanical Engineering -
University of Belgrade (Department of Material Handling,
Constructions and Logistics), consists of the belt conveyor
(Figure 4) and its components, mobile carrier frame (Figure
5), NDT instrument (in further text scanner) Introcon S
2000 (Fig. 24, 25 and 26) and its girder (Figure 6).

s |

Figure 3: Produced belt conveyor, mounted on mobile
carrier frame with scanner girder attached to its frame

Figure 1: The 3D model of the test rig for NDT of steel
cord belts

Figure 2: The 3D model of the test rig for NDT of steel
cord belts

Figure 5: The belt conveyor mobile carrier frame

Laboratory Test Rig for Nondestructive Inspection of Steel Cord Belts
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Figure 6: Scanner girder: 3D model (left) and produced
construction (right)

The Laboratory acquired 2 steel cord belts for testing
by the courtesy of Kolubara Univerzal d.o.0. (member of
Continental corporation).

One steel cord belt is made by reworking of a worn-
out steel cord belt intended for refurbishment. Both rubber
covers are almost entirely stripped of. Therefore, belt
surface is textured with shallow longitudinal grooves
obtained by stripping of covers, see Figure 7. Overall belt
thickness is 13 mm in average. Belt is made to be 400 mm
in width and 3500 mm in length with vulcanised splice, see
Figure 8 and 9. Steel cord filaments of the belt are
5.3 mm in diameter.

Figure 7: Textured surface of the worn-out steel cord belt

The other belt is specially made for the purpose of
laboratory testing. Belt width and length are the same as of
the first belt, see Fig. 8 and 9. Overall thickness is 9 mm in
average. Steel cord filaments of the belt are made of breaker
layer wires, which are 1.15 mm in diameter. This belt has
intentional manufacture built-in defects made for the
purpose of laboratory investigations. Exact position and
type of defects are marked on map of the belt.

Figure 8: Steel cord belts for laboratory testing: worn-out
belt (up) and specially made belt (down)

- -

igure 9: Steel cord bes mounted on t conveyor:
worn-out belt (left) and specially made belt (right)

5.1. Belt conveyor and its components

The belt conveyor is 1800 mm long and 760 mm
wide and it is consisted of the frame, 5 rollers, 2 pulleys,
take-up device and drive, Figure 10.

Figure 10: The belt conveyor with its components

The belt conveyor frame is made of 2 c-shaped sides
of 5 mm thick steel sheet (Figure 11) connected with 2
supports made of 030x30x1.5 mm steel square tubes
590 mm in length, See Figure 12. Frame sides are on both
ends closed with covers, see Figure 13.

Figure 11: The belt conveyor frame side

Figure 12: The belt conveyor frame support

Figure 13: The belt conveyor frame cover
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Rollers are made of @28 mm and 4 mm thick steel
tubes, 560 mm in length with @16 mm shafts and a pair of
609 ZZ ball bearings each, see Figure 14 and 15.

Figure 14. The belt conveyor roller

Figure 15. The belt conveyor roller's end

Both pulleys are 500 mm long and 159 mm in
diameter with @20 mm shafts, see Figure 16.

Figure 16. The belt conveyor pulley

Axial distance between conveyor pulleys is
nominally 1500 mm. The take-up device is made of M20
threaded rod with travelling distance of 200 mm. The drive
pulley is embedded in conveyor frame using two UCF 204
ball bearing units, see Figure 17.

Figure 17: The drive pulley ball bearing unit UF 204

The tensioning pulley shaft ends with UCT 204 ball
bearing unit on both sides. These units are connected with
threaded rods of tensioning mechanism and they slide
between a pair of 010x10x250 square steel rods. Together
with the steel frame made of L50x50x5 and couple of M20
nuts they form the take-up device, see Figure 18.

Figure 18: The take-up device

Since steel cord belts are not intended for use in such
short belt conveyors, misaligning of the belt occurs as an
issue. Side belt training rollers (4 of them) are installed to

correct belt aligning. They are installed inside the belt
conveyor frame, equally spaced from the front and the back
end of the conveyor, at the distance of 400 mm from the belt
conveyor frame covers, see Figure 19 and 20. Since they are
mounted using slotted holes, they permit adjusting of the
clearance between them and the edge of the belt.

Figure 19: The training rIIer placed on the inner side of
the belt conveyor frame

Figure 20: Training rollers in their Working- position
adjusted for belt width of 400 mm

However, additional belt tracking is needed. Since
crowned pulleys are not intended for use with steel cord
belts, another solution is needed. Flanges attached to the
drums should solve this problem.

Power is transmitted from the 1.1 kW AC electric
motor over the worm gear and a pair of replaceable chain
sprockets, see Figure 21. Three sets of chain sprockets have
been made. Combinations of sprockets provide 3 different
belt speeds: 0.2 m/s, 0.4 m/s and 0.6 m/s.

Figure 21: Belt conveyor drive

5.2. Belt conveyor mobile carrier frame

The belt conveyor mobile carrier frame is a welded
construction made of 040x40x1.8 mm square steel tubes
with 4 telescopic pylons made of 030x30x1.5 mm square
tubes that are made of stainless steel.

Laboratory Test Rig for Nondestructive Inspection of Steel Cord Belts
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Telescoping of tubes provides height adjustment
ability which permits forming an inclined conveyor with
incline up to 18°, see Figure 22. Height can be adjusted
using levers shown in Figure 23. Whole frame is mounted
on 4 wheels with brakes, 125 mm in diameter.

Figure 23: Levers for conveyor height and incline
adjustment

5.3. Description of the scanner and its working principle

The Laboratory is equipped with explosion-proof
version of Introcon S 2000 scanner and it is suitable for
NDT of steel cord belts in width up to 2000 mm. It works
with belt speeds up to 7 m/s. The device is capable of
detecting broken cords, as well as corroded areas and splice
monitoring.Scanner's working principle is based on eddy
currents. "Coil of the eddy current transducer induces eddy
currents in steel cord ropes. The currents depend on rope
condition: integrity and cross section area particularly.
Sensing coil of the transducer gets a signal like a voltage
pulse when break of the rope enters into the transducer’s
sensing area. The transducer covers 10-12 ropes if they are
distanced (17-20) mm each other." [7].

Five transducers are united in a module. Our model
of the scanner - Introcon S 2000 has 2 modules, each
consisting of 5 transducers, see Figure 24.

Figure 24: One scanner module consisted of 5 transducers

Since the scanner is a portable device it can be
disassembled, for storage and transport, see Figure 25.

Figure 25: Disassembled modules of the Introcon S 2000
scanner (Courtesy of Intron)

When the scanner is prepared for operation modules
are interconnected one to another with cable and
mechanically fastened with bolts, see Figure 26.

Figure 26: Assembled scanner with both modules fastened
to each other with bolts and conected with cable

Each one of modules is connected to the separate
basic unit (Figure 27, left), that provides the connection
with the output of each of the transducers. The basic unit
supplies the exciting coils of the transducers by alternating
current, collects analog data from the transducers and gets
pulses from distance counter [7]. The distance counter is
attached to the one of the modules, Figure 27, right. It
provides determination of the exact location of the defects
within the belt, as well as measuring of the belt's speed.
"There are 8 input channels for not more than 8 transducers.
The data are transformed into digital form, processed by
microprocessor, stored and displayed on LED display.

After downloading of the data to a computer they
can be processed by the special software WINTROCON to
analyse the test result and to print the final test report. The
transducer works in one of two modes: local fault (LF), like
rope break, and loss of metallic area (LMA), like rope
corrosion. It is necessary to pass the belt through the
scanner twice, if one wants to get the LF and LMA data
both." [7].
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Figure 27: Basic unit (left) and distance counter (right)
5.4. Installation of the scanner

Scanner's girder is mounted directly on belt
conveyor frame, fastened with bolts, see Figure 1, 2 and 3.
Since conveyor is built for inspection of belts in width up to
400 mm, the girder is designed to support only one module
of the scanner. The girder provides adjustable clearance
between the belt and the scanner. Prisms for adjusting exact
clearance of 10 mm, 15 mm and 20 mm are provided
alongside with the scanner from the supplier, see Figure 28
and 29.

Figure 28: Prisms for adjusting the clearence between the
belt and the scanner

Figure 29: Actual use of prisms for adjusting the
clearance

Module of the scanner with distance counter is
attached to the girder over specially designed supports that
are mounted on the hand lever's places on the instrument,
see Figure 30, 31 and 32.

Figure 30: Hand lever for carrying the scanner

Figure 31: Specially designed support for the scanner

Figure 32: Module of the scanner mounted on the girder

6. CONCLUSION

Non-destructive testing of belt conveyors is one of
the most important issues in maintaining proper operation
of conveying machines, particularly for steel cord belts.
However, the most of currently existing devices are merely
used for field inspection. For the aforementioned fact it is
necessary to create a laboratory test rig which can be used
both for educational and research purposes. For such
purposes a laboratory test rig is developed and installed in
the Laboratory for Logistics and Ecodesign at the
University of Belgrade - Faculty of Mechanical
Engineering  (Department of Material Handling,
Constructions and Logistics). It is a unique test rig in the
HEIs in the area of SEE and WB countries. Its
characteristics, thoroughly presented in the paper, ensure
the boost of educational and research potential of the
institution and give a substantial opportunity for further
development in linking intralogistics equipment and
environmentally related issues.
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Analysis of the influence of basic parameters of the magnetic separator
EcMS-500 for non-ferrous metals on the separation force intensity

Mile Savkovi¢!", Milomir Gagi¢!, Nebojsa Zdravkovié!, Goran Markovié?, Goran Pavlovi¢?
Faculty of Mechanical and Civil Engineering in Kraljevo of the University of Kragujevac, Kraljevo, Serbia
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Eddy-current magnetic separator ECMS-500 for non-ferrous metals is primarily designed to separate aluminium cans
from other waste, but it can separate other non-ferrous metals such as brass and copper. During operation, the magnetic
roller of separator creates eddy current field. These currents interact with metallic waste and generate attractive forces and
interact with non-ferrous metals (aluminium, brass, copper) generating repulsive forces. Consequently, due to the effects of
eddy currents, aluminium cans and other waste of non-ferrous metals are separated by ejecting from the magnetic separator
belt, while passing over the roller. The paper presents the different types of solutions of magnetic separators. A special review
is given to the design of the magnetic separator ECMS-500. The influences of the magnetic roller speed (revolutions per
minute) and the conveyor belt speed on the ejection distance of cans are analysed. Also, the effect of cans shape on the
separation forces intensity is considered. For defined diameter of the belt guide roller, the analysis has identified the optimum
revolutions per minute that provides sufficient force of separation for non-ferrous metals with minimal force that burdens the
connection of the magnet and the rotor.

Keywords: Eddy-current separator, Recycling, Metallic waste, Aluminium cans

1. INTRODUCTION

Application of eddy-current separators began in the
early nineties. Increasing concerns about the preservation
of the environment and the adoption of various directives
on waste disposal increase the development of eddy-
current separators. So, there are many manufacturers in
almost all countries in the world today. At the same time,
there has been published many papers about this subject.
Nijhof G.H., [1] described one of the first principle of the
separation of recycled aluminium and the significance of
this separation. The paper describes the working principle
of used equipment in the recycling process as well as the
whole system of recycling. Rem P.C. et al., [2] are among
the first who described the operation of the magnetic field
on the particles separation. They showed the effects of
particle size, shape and conductivity on the particle
trajectory. Simulation results were compared with
experimental data in order to optimize the design of the
separator as well as its working parameters. Zhang S. et
al., [3] investigated the influence of installation of two-
drum eddy-current separators. The simulation results
showed high compliance with the experimental results and
it was the most significant for processing of small
particles. ECSIM software was used for the simulation.
Zhang S. et al., [4] explored the justification of applying of
eddy-current separators. It is shown that the use of this
separator can provide a high percentage of separation of
aluminium waste.

Kohnlechner R. et al., [5] showed a new type of
separator that takes the influence of variable magnetic
forces and translation of particles. Lungu M., [6] presented
the operation of a new type of separator which separates
metallic particles in two stages: firstly, the high
conducting particles are separated on the upper part of the
drum, and then the remaining low conducting particles are
separated at the lower part of the magnetic drum. Lungu
M. and Schlett Z., [7] gave the solution for a new vertical

drum eddy-current separator for separation of small
particles with the size of 2-8 mm. Permanent magnets are
placed vertically. Comparative analysis has proved that it
was successfully applied and the costs of the equipment is
lower than that of the horizontal drum eddy-current
separator.

Cui J. and Forssberg E., [8] gave an overview of
the significance of mechanical recycling of electronic
waste as a review of the directives for governing in this
area. The paper by Fengjie Y. et al., [9] showed that forces
in the particles of waste and the separation effect directly
affect the flying distance of separated waste. In the paper,
simulation of the process is carried out by the finite
element analysis of the magnetic roller based on
COMSOL software, and the flying distance was got by the
joint simulation of COMSOL software and MATLAB
software. Ruan J. et al., [10] considered the eddy-current
separator parameters that should be set to increase the
separation effect of small crushed particles of aluminium
waste. The critical speed of separation and the detachment
angles of crushed aluminium particles are defined.

The paper by Li J. et al., [11] shown an innovative
method for separation of printed circuit board from
unsorted waste. A model trajectories of particles was
performed by computer simulation and optimal speed of
feeding belt and rotating speeds of magnetic roller are
determined. Fenercioglu A. and Barutcu H., [12] analysed
the force for aluminium waste separation using by FEM,
taking into consideration drum speed, air gap between the
material and the magnet pole, dimensions and conductivity
of the material and magnet height. The same authors
Fenercioglu A. and Barutcu H., [13] analysed the
separation of crushed aluminium and copper cables.
Analysis was performed using by FEM. Optimal conveyor
feeding belt and rotating speeds of the magnetic drum are
defined.
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2. DESCRIPTION OF THE SEPARATOR EcMS-500

Eddy-current separator is an important component
in the recycling chain. This machine is used for separation

Vibratory feeder

of non-ferrous metals, preferably aluminium, brass and
copper, from unsorted or partially-sorted waste.

Supply hopper

Eddy current separator

Magnetic roller

Receiving hopper for separated cans

Figure 1: Position of eddy-current separator in the recycling process

In the recycling chain, bigger pieces are usually
separated first (cardboard packaging, PET, etc.), then the
metallic waste (separator of ferrous metallic waste) and
finally, eddy-current separator that separates non-ferrous
metals: aluminium, copper and brass of other non-metal
waste. Vibrating feeder is often placed in front of eddy-
current separator, distracting complete waste over conveyor
belt to allow easier separation of non-ferrous metals (Figure
1).

Figure 2: Sketch of magnetic roller and conveyor belt

The main segments of eddy-current separator at place
of separation of waste are: conveyor belt, separator’s
magnetic roller shaft, magnetic and non-magnetic roller,
supply hopper, electro-motor for magnetic roller shaft and
conveyor belt drive.

Magnetic roller is a key component of eddy-current
separator that is formed by alternately positioned permanent
magnets in the S-N-S direction (Figure 2).

Magnetic roller, which is attached to the drive shaft,
rotates at high speed. Non-magnetic roller, which is also
connected to the drive shaft, rotates at considerably lower
speed, in conjunction with the belt which is bended over it
(Figure 3). Magnetic rotor is consisted from the shaft and
permanent magnets, which are alternately positioned in the
S-N-S pattern. Rotation of the magnetic roller creates an
eddy magnetic field. When non-ferrous metal waste passes
over the non-magnetic roller (cans, in this case), a magnetic
field is created with an opposite polarity relative to the
magnetic roller, which leads to the repulsive force in the
non-ferrous metal. The intensity of the separation force is
influenced by many parameters, including the speed of the
magnetic roller, conveyor belt speed, the material
characteristics (conductivity and density of the waste
material are dominant). The higher conductivity and lower
density of material creates higher force of separation. Size
and shape of the material also affect to the intensity of the
force of separation.

The materials being sorted are different in shape,
size, density, etc., and it is difficult to issue conclusions
about the intensity of the force without laboratory testing.

The direction of the force F, acting on the metallic
waste is shown in Figure 3. In the initial phase, the force of
gravity is greater than the repulsive forces F;, so the material
stays in contact with the belt. When the value of the vertical
projection of the force F, exceeds the value of the force of
gravity, waste separation occures. Non-magnetic material
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continues to move on the conveyor belt, passing over the
roller and the centrifugal force acts on it. Receiving hopper

Q= <> "

Magnetic ) N
rotating roler

Belt

Non magnetic rotating roller

G
.
.

has, in its middle part, a splitter that separates non-metallic
waste and non-ferrous metals.

Al-waste

Plastics, ete.

Figure 3: The principle of separation of aluminium cans

'
R

Figure 4: Basic functioning principle of eddy-current separator

As shown in Figure 3, the material is ejected and its
movement represents the projectile motion, and the initial
speed is important for the ejection distance of the object.

The characteristics which are significant for the
separation of non-ferrous metals are the shape and the size
of the pieces, density and conductivity of pieces, and also
humidity of the metal pieces, adhesion, a fibrous properties
of the material, etc. Besides this, the separation process may
be affected by design parameters of eddy-current separator
such as belt speed, rotor speed, way of delivery of unsorted
waste, rotor design which directly determines the magnetic
flux and magnetic frequency, type of magnet, etc.

According to the solution of the magnetic roller,
there are two major type of eddy-current separator: with a
centrically mounted axes of non-magnetic and magnetic
rotor (Figure 4a) and with an eccentrically mounted axes of
non-magnetic and magnetic rotor (Figure 4b).

Eccentrically mounted rotor is technically
complicated to perform and produce. In this separator,
magnetic field bandwidth is smaller, so that the non-ferrous

metal is in a shorter time period exposed to the effects of
magnetic force. Separator EcMS-500 is constructed in a way
where the axis of the magnetic and non-magnetic rotor are
mounted centrally. This concept was chosen because it does
not require installation of any electronic equipment, it is
easy for maintenance and does not require a clean and dry
working conditions. Also, the selection of the solution type
is affected by the fact that it is known that cans are the
dominant type of non-metal waste.

3. TESTING OF SEPARATOR EcMS-500

In order to define the basic performance of the
magnetic separator EcMS-500, depending on the user
requirements, it is not always necessary to measure the force
on magnetic roller. Since the primary function of the
separator EcMS-500 is separation of cans from the unsorted
waste, it is assumed that it is enough to measure the
horizontal distance where the cans fall into the receiving
hopper, having in mind that the paper [11] shows that the

Analysis of Influence of the Basic Parameters of the Magnetic Separator ECMS-500 for Non-ferrous Metals on the Size of the Force of
Separation
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horizontal distance is directly dependent on the size of the

magnetic force.

x (mm)
©® A regular shaped can © A4 crushed can
1700 l L L L 4
1600 Y ] Ld hd
o
1500
< >
4 > » o T
1400 \ 4
® ¢
1300
1200
L
¢ 1500 2000 2500 3000 3500 4000 "

n (min')

Figure 5: The effect of changes of number of revolution of magnetic head to the length x
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Figure 6: The effect of changes of belt speed to the length x

Measurements were performed on existing solution
design of ECMS-500 separator.

The ejection distance of cans depends on various
parameters, but in this paper an influence of the number of
revolution of the magnetic roller (Figure 5) and the effect of
changing of the belt speed of the belt conveyor (Figure 6)
are analysed. In both cases, during the examination, there
were used two types of cans: cans of regular shape, i.e. those
that are not crushed and totally crushed cans that have a
minimum volume of form.

The main technical characteristics of the conveyor
are: the height of the upper edge of the roller from the floor
is 880 mm, the angle of the conveyor of the magnetic
separator to the horizontal is 10°, and the width of the
conveyor is 500 mm. While varying the number of
revolution of the magnetic roller, the conveyor belt speed

was v = 1 m/s. While varying the speed of the conveyor belt,
the speed of the magnetic roller was n = 2000 min™.

It should be noted that the measurement was carried
out so that the conveyor contained only aluminium cans
without other waste. In this way, the obtained values of the
horizontal distance where the cans fall is certainly greater
than in the exploitation conditions. However, this does not
reduce the significance of the results obtained, because the
investigated parameters are the speed of rotation of the
magnetic rotor and the speed of the conveyor belt. The test
results showed that with increase of the number of
revolution per minute (Figure 5) over 2000 min?, the
increase of the distance where the cans fall is very small.
This applies to both types of cans, while the distance is
shorter in case of totally crushed cans. Influence of the
speed of the conveyor belt can be seen in Figure 6. When
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the belt speed increases above 1 m/s, the distance (x) is
growing rapidly. The results shown in Figure 5 and Figure 6
were obtained by averaging the values of large number of
repetitions. Also, for retesting with the changed parameters,
the same set of cans was used and with the same order of
placing on the conveyor belt. Changing the speed of the
magnetic and non-magnetic roller was performed via
frequency converters.Design of the magnetic separator
EcMS-500 is shown in Figure 7.

Figure 7: Layout of solution for the magnetic separator
EcMS-500

4. CONCLUSION

This paper presented the basic technical
characteristics of eddy-current separator EcMS-500, where
the axis of the magnetic and non-magnetic rotor are
mounted centrally.

Dependence of the horizontal length of the trajectory
of the ejected cans on the number of revolutions of the
magnetic roller is defined. It was noticed that the increase of
the number of revolutions per minute of the magnetic roller
over 2000 min? leads to slight increase in the horizontal
length of the trajectory. Since the horizontal length of the
trajectory directly depends on the magnetic force, it is
concluded that higher speed of the magnetic roller (more
than 2000 min?t) leads to slight increase of the magnetic
force. This conclusion is important for the construction of
eddy-current separators, because the increase of the number
of revolutions per minute increases the centrifugal force of
the magnets, which burdens their connection with the shaft
of the magnetic roller.

Dependence of the horizontal length of the trajectory
of the ejected cans to the conveyor belt speed is defined. It
was observed that as the belt speed increases significantly,
the intensity of separation force increases rapidly. This
especially refers to the belt speed above 1 m/s. Increasing
the speed also dictates the layout and content of the machine
in the sorting line.

For both cases, it is shown that the shape and
condition of cans affect the intensity of separation force.
Nevertheless, the existing solution of the magnetic roller
induces a separation force with sufficiently high intensity
for any form of cans.
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Application of Reliability Centered Maintenance Methodology for

Maintenance of an Special Vehicle Engine
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The paper analyses the possibility of revising the existing maintenance program of special vehicle engine by
applying RCM methodology. The main objective in considering the application of the new maintenance methodology was
to improve the effectiveness and efficiency of the maintenance of the internal combustion engine, retaining the required
reliability of the engine. Analysis was carried out on the fuel supply engine subsystem, which is the most critical engine
subsystem from the standpoint of the number of failures in the observed period during its exploitation. As a result of these
systematic analyses, the maintenance concept of the critical parts and assemblies of the fuel supply subsystem were
selected and the intervals of realization proposed maintenance activities in accordance with a predefined request that the
reliability of the fuel supply engine subsystem is not less than 0.985. Based on the results, the conclusion is that the
application of RCM for special vehicle engine would be justified since it would contribute to improving the effectiveness

and efficiency of maintaining the engines.

Keywords: Reliability Centered Maintenance, Engine, Failure, Special vehicle

1. INTRODUCTION

Special vehicles engine has an important role in
achieving of one of the three key characteristics of special
vehicles — the mobility. Maintainability, cost effectiveness
of maintenance, reliability and readiness are very
important factors of special vehicles engines.

This paper aims to analyse revision possibility of
the existing maintenance program of a special vehicle
engine by applying Reliability Centered Maintenance
(RCM) methodology. RCM is one of the best known and
most used tools to preserve the operational efficiency and
reliability of large and complex systems (marine, aircraft,
etc.), so the consideration of its application possibility on
special vehicles is a real challenge. Expectations of this
methodology application are to improve the readiness and
availability of technical systems, which is very important
for special vehicle.

RCM applies a systematic approach to determine
the maintenance requirements of system in its operating
context. It is often used to optimize preventive
maintenance (PM) strategies.

2. RELIABILITY-CENTERED MAINTENANCE
METHODOLOGY

Reliability-centered maintenance (RCM) is the best
mix of reactive, time or interval-based, condition-based,
and proactive maintenance practices. These principal
maintenance strategies, rather than being applied
independently, are integrated to take advantage of their
respective strengths in order to maximize facility and
equipment reliability while minimizing life-cycle costs [5].

The components of RCM program are shown in
Figure 1. This figure shows that RCM program consists of
(reactive maintenance, preventive maintenance, condition
based maintenance, and proactive maintenance) and its
patterns.

Reliability Centered Maintenance

Interval (PM)

CBM Proactive

Reactive

- Random failure - RCFA
-FMEA
- Acceptance testing

- Subjected to wear

- Small items
{ iti - Consumable

- No al
-

- Redundant -
Figure 1: Components of RCM program

As shown in Figure 2, the RCM steps are
presented. The steps describe the systematic approach used
to implement the preserves the system function, identifies
failure mode, priorities failure used to implement the
preserves the system function, identifies failure mode,
priorities failure modes and performs PM tasks.

3. ANALYSIS OF THE POSSIBILITIES OF
APPLICATION OF RCM METHODOLOGY FOR
MAINTENANCE OF THE SPECIAL VEHICLE
ENGINE

Special vehicles engine subsystems that had
defined maintenance and in accordance with the Pareto
principle are found in 20-30% of engine subsystems which
had 70-80% of the recorded engine failures in the
observed period, will be subject to revision of current
maintenance. At the end, there will be made selection of
appropriate maintenance concept for assemblies and parts
of the most critical engine subsystem.

In this regard, there will be carried out failure
analysis for individual subsystems of the special vehicle
engine in the observed period of exploitation. The engine
subsystem that shows critical from the standpoint of
reliability will be subject to consideration of the possibility
to apply RCM methodology in the context of the revision
of the existing maintenance program engine. Access to
maintenance revision of the most critical engine subsystem
would be further applied to other engine subsystems.

*Slavko Rakic: Petra Konjovica 12Z, Belgrade, Serbia, raleslavko76@gmail.com
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the vehicle exploitation and are shown in Table 1. Data
were recorded only for engines that had failure. There are
shown 105 records of times to engine failure, which is
more than sufficient statistical collection in relation with
the optimal plan of short tests for assessing the reliability
(with the approved variation coefficient of 0.5, a priori
relative error of assessment of the reliability of work of
0.05 and an initial number of necessary records of 40) [1].
The procedure for determining the Cumulative Density
Function of engine operation time to failure, on the basis
of empirical data, is executed in three steps. There have
been estimated indicators of reliability in the first step. In
the second step, based of the values obtained in the first
step, are determined the theoretical models of the
distribution for the approximation of the empirical
distribution. Afterwards, in the third step is determined the
confirmation approval of adopted theoretical model of the
distribution with empirical distribution [1].

Table 1: Data of the engine operating times to the failure

Step 5.: FMEA

Step 6 LTA

[ees=spessca=a

some engineering methods and analysis for the Condition
Based Maintenence (CBM) algorithm selection in order to
systematically, in addition to previously preventive and
corrective maintenance, consider the options for the
application and other suitable concept maintenance with
priority of maintenance according to the condition.

of concepts in the new maintenance algorithm should
primarily achieve engine reliability improvement with the
possibility of the maintenance cost reduction.

Also, as imperative is given the task to analyze a
lack of preventive maintenance activities in existing
maintainance, which could be the cause of the unexpected
failures with possible safety or major systematic effects.

Ordinal  OPrating| o gingy {OPerating| o oy | Operating | o iy (Oerating) ;. (Operating
O | e ST s | SO e NOOSE e (SE
[EOH] [EOH] [EOH] [EOH] [ECH]
1 135 22 345 43 392 64 448 85 523
2 166 23 355 44 397 65 448 86 523
3 221 24 355 45 400 66 449 87 526
4 221 25 360 46 404 67 459 88 526
5 229 26 360 47 404 68 464 89 532
6 248 27 363 48 406 69 466 90 536
Figure 2: Main StepS Of the RCM 7 251 28 367 49 406 70 473 91 546
8 260 29 371 50 407 71 473 92 561
The main objective was to create conditions using 9 263 | 30 2 | 51 00 | 72 | 474 | 93 | s61
10 272 31 379 52 415 73 474 94 569
11 294 32 379 53 415 74 480 95 572
12 294 33 380 54 415 75 480 96 572
13 307 34 382 55 415 76 486 97 581
14 317 35 382 56 416 77 488 98 581
15 317 36 382 57 419 78 495 99 586
16 320 37 384 58 436 79 496 100 605
Revision of preventive maintenance and selection 17 a0 | 38 | 391 | s | 43 | 80 | 49 | 101 | 605
18 322 39 391 60 438 81 498 102 609
19 331 40 391 61 444 82 498 103 615
20 332 41 391 62 447 83 498 104 634
21 345 42 391 63 447 84 521 105 643

3.1. Determining the Probability and Cumulative Density
Function of engine operating time to failure

Calculating an adequate mathematical model that
can represent a principle of special vehicle engine
performance during its exploitation, in terms of the
appearance of failure, is one of the first steps to be
undertaken. Based on the calculated results, there can be
done an analysis of existing maintenece programs and if
necessary, their revision in order to primarily optimize the
engine maintenance in terms of improving its reliability.

For the purposes of this paper, the efficiency of the
existing maintenance program has been carried out on
twelve-cylinders diesel engine with 735 [kW] which is
built-in in special vehicle.

There has been conducted a data collection of the
engine operating times to the failure expressed in engine
operating hours (EOH), which were obtained by observing

3.1.1. The assessment of the reliability indicators

Based on the records from Table 1 the law of
reliability distribution can be calculated.
From Table 1, it can be seen that:
- the total number of data (sample size): n=105,
- minimum operating time to failure: tmin= 135
[ECH],
- maximum operating time to failure: tma= 643
[EOH].
From the data presented in Table 1 statistical
measures are calculated:
- mean operating time to failure: tme= 423.5619
[EOH],
- the standard deviation of operating time to
failure: SD= 105.24 [EOH],
- median operating time to failure: median = 415
[EOH],
- rang (range) operating time to failure: rang= 508
[EOH].

S. Rakic, U. Bugaric
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Based on the calculated statistical measures, the
coefficient of variation is calculated as follows:

CV:SD/tmot :025

Since the calculated value of the coefficient of
variation is less than approved (CV=5), it can be started
with determining of Probability Density Function of
engine operating time to failure.

The number of intervals of operating time to failure
is determined by the formula [2]:

z=1+3.3-log10(n) = 7.67, so it adopts a number of
intervals: z = 8.

Table 2: The estimated value of reliability indicators

ni SVint CNis f F R h
2 166.75 1 0.000287 | 0.008772 0.991228 0.000289
6 230.25 4 0.00086 0.035088 0.964912 0.000891

10 293.75 9 0.001433 | 0.078947 | 0.921053 | 0.001556
19 357.25 185 | 0.002723 | 0.162281 | 0.837719 | 0.003251
29 420.75 33 0.004157 | 0.289474 | 0.710526 0.00585
17 484.25 415 | 0.002437 | 0.364035 | 0.635965 | 0.003831

13 547.75 48 0.001863 | 0.421053 0.578947 0.003218
9 611.25 52.5 0.00129 | 0.460526 0.539474 | 0.002391

o | N |lo|la|rlw Nk | =

Symbols used in Table 2 have the following
meaning:

i - ordinal number of the interval,

n; - number of failures in the interval,

SVint - the mean value of the interval [EOH],

chis - the estimated value of the number of failures
in the middle of the interval (calculated as the arithmetic
mean of the number of failures at the beginning and the
end of the interval);

f [EOH?] = ni/(n-At) - Probability Density
Function, n = 105 sample size, At = rang/z,

F [-] = cnis/n - Cumulative Density Function

R [-] = (n-cnis)/n = 1-F - Reliability Function,

X [EOH] = f/R - Failure Intensity Function.

Figures 3. and 4. give a graphical representation of
the estimated indicators of reliability.

w107 Probability Density Function
4 T T T T
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Figure 3: Estimated value of failure state density graph
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Figure 4:Estimated value of reliability function graph

3.1.2. Determination of the distribution model and
parameters with the evaluation of the compliance

In order to determine the theoretical distribution
model which could be used to approximate the empirical
distribution, there was used an approximation of the
empirical distribution with theoretical Weibull (Weibull),
exponential, Rayleigh (Rayleigh) and normal distribution.
Rating of compliance of the empirical and theoretical
distributions was conducted by using the Kolmogorov-
Smirnov test and Pearson test of Romanovski.

For the statistical analysis of data was used the
Statistics Toolbox for use with MATLAB [3].

As quantitative deviation indicators (Dn and y?) for
two of the three applied tests, are the far smallest for
Weibull distribution, Figure 5., for the approximate model
of the special vehicle engine reliability has been adopted
the two-parameter Weibull distribution with Scale
parameter nw=463.6393 and Shape parameter Pw=4.5746,
so the formula for reliability function of engine is:

t )W t 45746

R(t) = e{ﬁj _ 67[463.6393] @

When calculating the reliability function according

to the preceding equation, the variable t is expressed in the
EOH.

Comparison of thearetical Weibull (Ftw) and Empirical (F) distribution
1 T T T T T T T T T
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Figure 5: Graphic display of Weibull approximate
distribution from the empirical distribution deviations
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3.2. Selection of the critical engine subsystem

For further consideration of the engine maintenance
program revision, on the basis of collected data on engine
failure and calculating the engine reliability function, from
the standpoint of number of failures of its components and
subsystems in the observed period, it is chosen the most
critical engine system of special vehicle - Fuel supply
subsystem.

Namely, out of a total of 105 analyzed failures, 74
of them referred to the failures of devices, subsystems and
components of the Fuel supply subsystem, which
according to the Pareto principle contribute with 80% in
the cost of engine maintenance, Figure 6.

Fuel supply subsystem is designed for storage,
purifying and supply of the necessary quantities of fuel
into the engine cylinders. The system also provides the
fuel needed to operate the engine preheating system,
engine cold start system, smoke screen forming system, as
well as the overflow of the excess fuel from High Pressure
Pump (HPP), injectors and heating system for the engine.
Fuel supply subsystem comprise: the fuel tank, fuel
distribution valves, electric pump for fuel supply, low-
pressure pump, double-purifier tank, HPP, injectors, one-
way valve for the fuel overflow, vent, pipes, hoses and
electric fuel pump switches.

BO

Figure 6: Number of failures by individual subsystems of
the engine in the observed period

3.3. Identification of the maintenance activities

When identifying maintenance activities from the
previous maintenance program, all planned activities of
preventive maintenance for systems and subsystems of the
engines were analyzed with the special emphasize to the
analysis of the activities of maintenance programs that
were related to the maintenance of the fuel supply engine
subsystem. Preventive maintenance of subjected engine
consists of Basic Maintenance (prior, during and after
exploitation check), Periodic Maintenance (which is
performed at least 2 times per month), 1st Technical
Inspection (after 180 EOH) and 2nd Technical Inspection
(after 350 EOH). Technical Inspection is performed by
people from the technical workshop with the participation
of the vehicle crew, who primarily perform basic work like
washing, cleaning, lubricating, and other works entrusted
by the specialists who perform supervision and checking
of executed works.

Proceedings of IX International Conference “Heavy Machinery-HM 2017”, Zlatibor, 28 June — 01 July 2017

During the analysis of the preventive maintenance
activities it was concluded that provided technical
guidelines do not plan activities on preventive
maintenance of critical components and elements of the
fuel supply engine subsystem of the vehicle, except
checking the seals and tension of fuel tank caps, draining
the fuel tanks with discharging of sludge from the tank,
washing the vent with a float opening and washing of
coarse fuel filter.

3.4. Failure modes and effects analysis

Failure modes and effects analysis (FMEA) is a tool that
examines the potential system or process failures and helps
to determine the specific activities in the field of
maintenance in order to avoid the consequences of
identified failures. Table format allows easy and simple
overview of the analysis. FMEA helps to identify ways of
creating functional failures. Table 4. represents the FMEA
for the most critical fuel supply engine subsystem. It was
performed FMEA at the local level, then at the level of the
engine, and finally the analysis of the final effect of the
failure to the entire special vehicle's mission, from the
standpoint of whether it is a hidden failure, failure danger
to the security of the system or the environment, failure
with consequences for the system's functioning or failure
without consequences for the system's functioning.

3.4.1. Failures risk analysis

Consequences of failures can be categorized in
various ways. The risk analyisis of the fuel supply engine
subsystem failures was performed, with analysis how the
consequences of failure affect on availability and security
as two key parameters essential for consideration of
appropriate  maintenance procedures of this engine
subsystem. Also, the risk analysis takes into account the
values of the particular engine systems. The performed
failures risk analysis should serve for the ranking of the
individual parts and assemblies of the fuel supply
subsystem regarding prioritization of their maintenance
work, reliability and availability = improvement,
maintenance cost reduction and others.

The effects of failure regarding safety were taken
with a weight factor of 30%, the effects on availability of
40% and the effects related to the costs of 30%. It has been
carried out risk failures categorization into 4 categories of
A, B, C and D, depending on the criticality of the index, as
shown in Table 3.

Table 3: Groups of the risk index

‘ Group ‘ The risk index \

B 2.5-2
Cc 2-15
D 1.5-1

Due to the volume of work for risk analysis for a
complete engine, it was performed the failures risk
analysis for the fuel system as it is the most critical
engine's system. In Table 4 are given indices which belong
to the risk group of individual parts and components of the
fuel subsystem.

S. Rakic, U. Bugaric
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Table 4: FMEA and groups of risk

Elements and A
assemblies of | The mode and effect of h £ fail
fuel supply failure The cause of failure group
risk
subsystem
= Elements of HPP not work (Worn out of element is the B
< main cause of failure)
\é ﬁ Decreased power of HPP Re_gulator not wprk properly (Worn out of regulator B
= g engine. or cracking of the spring regulator).
o g No well-setting of HPP commands. B
% E No well-tuned fuel injection angle. B
S'E The engine achieves High pressure pump Rack and Pinion Mechanism is
=) high revs (may cause blocked (engine develops speed higher than the
T large damage) maximum)

Decreased power of
engine.

Engine smokes and not
develop full power.
Engine noises.

Injectors

The defective injectors (uncontrolled leakage of fuel
through a nozzle needle spray hole, nozzle needle is B
blocked or not close well, fracture of the return spring)

LS o Engine cannot start or
% a S starts but after the first | Low pressure pump not deliver fuel to HPP. C
- 52 revs stops.
- £
é = Engine cannot start. Dirty filters or fuel pipelines closed. B
=
g 8 Engine noises.
S35 S Engine cannot start. -
= Q
3 2 % Engine after the first Air in the fuel supply subsystem. C
o8 revs stops.

At this step is achieved a key activity preparation
for the determining of the maintenance on the basis of the
result of failure concept, and not for maintenance due to
failure occurrence. In other words, it is attempted to have
the maintenance that manages the failures and not the
failures that manage the maintenance.

3.5. Decision algorithm

Decision algorithm (DA), shown in Figure 7, is
used to decide whether to use the corresponding optimal
maintenance concept. The figure shows that making
decisions, takes into account three key parameters: 1)
security 2) availability 3) costs. After the completion of
certain engineering methods mentioned in the previous
section as well as performing the analysis of th repairs
level, every possible failure mode is introduced into the
algorithm by answering the typical questions through DA,
so depending on the response and algorithm branch
direction it is come to the final guidelines and proposals
for the selection of optimal maintenance concept for that
type of failure.For each maintenance activity is analyzed
the technical feasibility and effectiveness, as already
described. It is not ruled out and the selection of corrective
maintenance for failure modes extracted from preventive
maintenance, because it could be determined that some
maintenance actions were previously identified on false
assumptions. As for failure modes extracted from the
earlier corrective maintenance, the assumption is that the
majority of them will be again within the corrective
maintenance after the application of the DA.

Failure Mode and Effect Analysis
Maintainability and Testability Analysis

Yes |7, Degradation of performance | Yes
can be identified by crew
of vehicle

No

No
6. Hidden
h failure has .
a direct Yes 9 10. Degradation of
Hidden failure @ performance can be

Y. Failure |Yes| and adverse H—] "
2. Failure i can be identified

fe identified by
is hidden by periodic 7

Yes | periodic inspection

inspection

| ~o

No

3. Failure impacts on
function which is L
requested by law Yes

14, Condition

monitoring (repair or

replacement after failure)
Ce

; across time
No e
using

upgrading

4. Maintenance before
failure is more cconomic

5. Repair or
r ment
after a failure

Figure 7: RCM decision algorithm

3.6. Selection of the optimal maintenance concept

After performing the above given analysis, it starts
the selecting of optimum condition based maintenance by
single engine subsystems, where for this particular case
this will be presented only for the fuel supply subsystem.

Application of Reliability Centered Maintenance Methodology for Maintenance of an Special Vehicle Engine
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One of the major advantages of using RCM
methodology for maintenance is a mode that enables easy,
precise and easily understandable criteria for deciding
which (if any) of the preventive tasks is technically
feasible in any context, and if so to decide how often they
should be done and who should do it.

When considering the possibility of determining the
concept of maintenance by the individual elements and
engine fueling system assemblies, the main condition was
that the reliability of the engine is less than 0,985.

Concepts of maintenance that were considered in
the selection of the fuel supply subsystem maintenance
concept were: run to failure (RTF) or corrective
maintenance, maintenance on the basis of time resources
(TD) and condition based maintenance (CD). The selected
maintaining concepts by individual assemblies and

Proceedings of IX International Conference “Heavy Machinery-HM 2017”, Zlatibor, 28 June — 01 July 2017

elements of the fuel supply engine subsystem with the
intervals of their implementation are illustrated in the
Table 5.

3.6.1. Rationalization of maintenance intervals

When the selection of maintenance concept is
completed, as the result is obtained a set of maintenance
actions within different time intervals, which is, from the
viewpoint of efficiency, necessary to group into a certain
maintenance programs or to incorporate into existing ones.
One of the reasons may be that some maintenance actions
are performed by crew and some require the capacity and
resources of the repair facility, like engine test benches
and stands or other specialist's equipment.

Table 5: Selection of the optimal maintenance concept and maintenance intervals

Elements and
assemblies of . The concept
fuel supply Ordinal (task) of Description of maintenance activities Frequency
- number . [EOH]
engine maintenance
subsystem
Checking of setting commands of HPP and, if
= 1 ™ necessary, adjust it. Crew of vehicle is not carried 100
i out the setting of the commands. A mechanic
a performs the mentioned activities.
%_ K% Dismantling and testing of HPP on bench. The
ES 2 cD engine is not removed from the vehicle. The 200
2 E activities are carried out by expert team from
o E :
53 Overhaul Institute.
Q Disassembly and overhaul of HPP depending on
a condition of HPP. Then, assembly and setting of
5 3 CD HPP on the bench. Checking of injection angle 400
T setting and, if necessary, adjust it. The activities are
carried out by expert team from Overhaul Institute.
» Dismantling and test of injectors on bench.
£ 4 ™ Depending on of the test results, injector shall be 200
S . __— )
2, replaced or repaired. The activities are carried out
= by expert team from Overhaul Institute.
(5]
§ E—? In the previous period, the LPP was extremely
o2 5 RTE reliable the assembly without failure. The proposal
g g— is that the LPP runs to failure without taking action
g3 on preventive maintenance.
< It is necessary to carry out a visual inspection of the
= 6 cD fine filter cartridge. If during the inspection of 100
T filters, filter cartridges do not meet the declared
T characteristics, it should be replaced.
T The emergence of air in the fuel supply subsystem
- % is the result of the leakage of fuel, cracking pipes,
== 7 TD bad hermetic of filter fuel. Checking of the 100
E 2 subsystem is carried out on each of 100 [EOH], by
T © a mechanic.

For example, two or more maintenance activities
require repair capacity, and should be performed in a
different, close time interval. In this case, from the
standpoint of cost effectivness and overall readiness is
better to perform them in one interval.

If the maintenance activity which is determined by
the interval, is faced with shortening the interval, the
higher maintenance costs will occur. This is obvious
because the maintenance activities are more frequent.
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On the other hand, if the maintenance interval is
extended, the maintenance costs will decrease, but
increases the risk of failure. Here the problem of
rationalizing interval will not be considered in detail, so
only the basic remarks are given, bearing in mind that the
optimal maintenance intervals of other engine's systems
and other components of the vehicle systems are not
known.

In this specific case of the fueling system, the
maintenance intervals of the single assemblies and
subsystems are determined so that the following interval is
obtained by multiplying the basic one. In addition, the
proposal is that interval of 1st Technical Inspection of an
special vehicle engine, shifts from the existing (180 EOH)
to 200 [EOH] with additional maintenance activities,
which are given in Table 5. (except the activity at the
ordinal number 3.), and the current interval of the 2nd
Technical Inspection (350 EOH) is to be performed at 400
[EOH], after expanding the content of maintenance
activities according to Table 5. (except the activity in the
ordinal number 2.), by removing the engine from the
vehicle, and performing a complete test and diagnostics at
the test table. Depending on the condition of the engine,
the further activities would be undertaken in order to bring
it to functionally correct state.

4. CONCLUSION

The paper analyses the possibility of revising the
existing maintenance program of special vehicle engine by
applying RCM methodology. Analysis was carried out
for the fuel supply engine subsystem, which was showed
as the most critical subsystem from the standpoint of
the number of failures in the observed period during
its exploitation. As the result of these systematic analyses,
the maintenance concepts of the critical parts and
assemblies of the fuel supply subsystem were
selected and the intervals of realization proposed
maintenance activities in accordance with a predefined
request that the reliability of the fuel supply engine
subsystem is not less than 0.985.

Compared to the existing program of the fuel
supply subsystem preventive maintenance, a new program
proposes additional maintenance activities as a condition
based maintenance and maintenance on the basis of time
resources of critical assemblies and elements of engine
subsystems that are not covered by the current program of
preventive maintenance. In order to optimize the
maintenance interval, the recommendation is that proposed
additional maintenance activities should be included
during the first and second Technical Inspection with a
slight extension of their maintenance interval.

Keeping in mind overall contents of the carried out
analysis, which preceded the selection of maintenance
concept of critical assemblies and elements of the fuel
supply subsystem, the conclusion is that the application of
the basic principles of the RCM methodology during the
choice of optimal maintenance concepts and for other
engine subsystems and by optimizing the interval of their
execution would create conditions to significantly improve
the effectiveness and efficiency of maintenance and thus
the reliability and availability of these types of engines.
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The analysis of the possibility of applying hydrodynamic couplers between the drive electromotor and the gear
reducer was carried out in the biggest Serbian mine in order to improve and modernize the operation of belt conveyors.
This paper contains the basic parameters of these couplers manufactured by Voith, as well as the critical comment on their

eventual application.
Keywords: hydrodynamic coupler, conveyor

1. INTRODUCTION

The hydrodynamic coupler consists of the two
working circuits: the pump circuit (P) - the entrance,
connected to the drive engine shaft and the turbine circuit

(T) — the exit, which is connected to the working machine
shaft. Both circuits are placed in the common housing
filled with oil [1].

Figure 1: The mechanisms of the hydrodynamic coupler: the pump working circuit (on the left), the turbine working circuit
(in the middle) and the outer covering (on the right); the cross-section of the coupler

The rotation of the pump circuit speeds up the
working fluid which enters the working space of the
turbine circuit with the increased kinetic energy which is
further transferred to the working machine.

Namely, the oil as a working fluid flows at a great
speed exposed to the low pressure in the closed
circulation circle formed by the blades of the working
circuits. When the speed of the working oil movement
is increased, the mechanical energy of the engine is

*Corresponding author: Svetog Save 65, Cagak, Serbia, svetom@mits.rs

transformed into the Kinetic energy of the oil in the
channels of the pump circuit. The reverse process takes
place in the channels between the blades of the turbine
circuit.

The oil is slowed down there, i.e. its kinetic
energy is transformed again into the mechanical energy
of the turbine circuit.

In this manner, the energy transfer from the pump
circuit to the turbine circuit is performed hydraulically [1].
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Oilflow

Figure 2: The scheme of the principle of operation of the hydrodynamic coupler

2. THE ANALYSIS OF THE POSSIBILITY OF * When there is too little oil: _
INSTALLING THE VOITH TURBOCOUP-LER TVVS - Ittakes more time to start the machine,
ON THE BELT CONVEYOR - The machine cannot be started at all,

- The machine operates with the increased slippage.

The Voith couplers are specially designed to
adjust to working with different working fluids [2]:

e Qil-standard use,

» Water-especially in underground exploitation (TVV
couplers), EP

e fluid (Environment Pollution-free  Fluid) -
biodegradable,

* Hi-fluid (High flash point fluid) - does not contain
chlorinated hydrocarbon or phosphoric ester. The
fluid density is smaller than water density.

Figure 3: The basic types of the couplers with the constant
quantity of oil: T (on the left), TV/TVV (in the middle) and
TVVS (on the right)

The consequences of irregular pouring of oil may be
the following [2]:
* When there is too much oil:
- It takes more time to start the engine,
- The engine cannot be started at all,

- The engine cannot reach its nominal speed. . . .
Figure 4: The hydrodynamic coupler Voith 750 TVVS
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Table 1: The differences between the drive through the
inner and the outer working circuit [3]

Drive through the Drive through
outer working the inner
circuit working circuit
Thng\{ﬁ:eght Affects the Affects the
coupler reducer shaft engine shaft
Less inertia on the o
reducer side Greater inertia
Inertia (fewer blows in on the reducer
the event of a side
sudden blockage)

Pouring of The entire
the fluids Eaﬁ())/u—sme (t:lcj)runpsler machine must be
and the around e\gen if the started in order

amount brake is closed to perform
control inspection
Emptying of the
slowdown
chamber
depends on the
characteristics of
Starting Always acts _the starting — the
same at starting starting can be
problematic
during the
blockage of the
belt conveyor
| he b Less-especially
. Always the best during the
Cooling possible starting and
blockage
The Voith turbo
couplers are
) optimal for
Starting starting the belt
characteri- conveyors through
stics the outer working
circuit (the mixed
profile in the inner
working circuit)
Slippage Less Greater
The construction The lower price
Brake with a shaft / for the brake
installation additional brake installed on the
flange necessary elastic coupler
The special properties of TVVS coupler in

comparison to the other types are [2]:

e the lengthened slowdown
additional rim chamber,

e this type has thermal capacity increased by 15%
which allows the coupler to be started more often,

e the heat removal is faster by 10% providing faster
cooling and shortening the period between two
consecutive starts.

chamber and the

1 9 8

Figure 5: The coupler parts: 1 - the radial sealing ring,
2 - the ball bearing, 3 - the outer working circuit,

4 - the inner working circuit, 5 - the coupler housing,

6 - the ball bearing, 7 - the radial sealing ring, 8 - the

counterweight, 9 - the frictional covering, 10 - the lid

Figure 6: The inner working circuit has freely movable
separate segments

TypeTVVS

TypeTV/ TVV

Figure 7: The comparison of the different types of turbo
couplers

3. CONCLUSION

Due to the characteristics of the hydrodynamic
couplers, there exists the possibility of their application in
belt conveyors in coal mines on condition of removing
certain flaws which even this highly sophisticated
equipment is not immune to.

The Application of Voith Hydrodynamic Couplers While Starting the Belt Conveyors of Mining
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Generally speaking, the turbo couplers have many
advantages and therefore should be included in
exploitation as soon as possible.
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Some Modern Solutions for Delivery Operation in Postal Traffic
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Drones, autonomous, ie. robotic vehicles that perform delivery operations to the final destination is topical subjest
of this paper. This paper provides a brief overview of the most important research in this area as well as a critical review
of the results achieved and the potential for further experiments. Also there is overview of the experience of mostly involved
postal companies in testing the possible use of drones and robots to the postal service. At the end some attempts with
combined delivery by courier and drones together and prediction of consequences of automated delivery introduction has

been presented.
Keywords: Automated delivery, Postal traffic.
1. INTRODUCTION

Companies that dealing with transfering of items
are faced with increasing customer requirements in terms
of delivery deadlines and the total number of items, as
well as specific requirements relating to the handling of
goods. Automation of a broader spectrum of
entrepreneurship, with optimization of network for items
transport, has become a major tool in the struggle with
competition [1,2]. Manipulating industrial robots have
found their wide application in handling shipments. In the
postal centres where is a large concentration of letters and
parcels, introduction of manipulative robots increases the
efficiency of processing by increasing the velocity and
capacity. Also, costs of manipulation are reduced while
quality, ie. reliability of processing, is improved [3,4,5].
This potential has been recognized long time ago and
robots are a standard part of all modern sorting centers
around the world.

After the introduction of automatic machines for
processing of items by almost all major market
participants, automation of other parts of the delivery
chain has been started. The problem with that intent
represents lower concentration of items outside the major
processing centers. In such circumstances, the use of
robots and automated machine is less profitable. At this
moment around the world conducts a number of pilot
projects related to the implementation of robots and drones
mainly as solutions for automated delivery and/or
collection of items.

This paper provides a brief overview of the most
important research in this area as well as a critical review
of the results achieved and the potential for further
experiments.

2. HOMING DELIVERY ROBOTS AND
VEHICLES

Homing delivery robots and vehicles represent a
technology that was introduced in the postal traffic in the
last few years. The idea is to replace couriers by robots in
the future or at least to assist them in the delivery of items.
This technology is in the early stages of testing in the UK,
Switzerland and Germany. The robots use existing
technologies developed in mobile communications, IT

industry, standard sensors, processors, microphones,
cameras and speakers so that their price is not a limiting
factor in the eventual use. Robots of Starship Technologies
company (Fig. 1) used in these experiments have the
ability to record all relevant events in their environment:
using the built-in microphone operator can hear sounds
from the environment, have a built-in camera in order to
be guided and speakers which serve to client to hear the
operator's instructions. Compared to the drones, which will
be discussed below, this robot has a much higher capacity
and longer battery life. Speed is, on the other hand, limited
to the speed of pedestrians and the average is 5 km/h with
expected delivery time of 30min.

)

Figure 1: Homing delivery robots

*Corresponding author: Vojvode Stepe 305, Belgrade, a.cupic@sf.bg.ac.rs
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The client has the ability to communicate with the
robot via a PC application or telephone so that, in addition
to monitoring the current location of the robot by the
customer, delivery is possible to the desired address and
the location of the user's phone. Developed robot is
rational in terms of resource use, has low maintenance, so
that use does not depend on the techno-economic
indicators. Possible problems might occur because of
traffic safety and unclear legal regulation of technology
that is still in its infancy [6].

2.1 Homing delivery vehicles

The idea of autonomous, ie. robotic vehicles that
perform all operations from the start to the final
destination is not new but still self-guiding delivery
vehicles exist only as prototypes whose testing is still done
on the streets in the cities. Techniques used by
autonomous vehicles for moving in their own environment
are based on technologies such as radar, GPS, LiDAR
(Light Detection and Ranging), 3D mapping, odometry,
etc. (Fig. 2). Advanced guidance and control systems
perform the collection and processing of information
obtained from the sensor to decide of the next action
which vehicle should make. In other words autonomus
vehicles learn and adapt to the surroundings of their
environment.

LIDAR UNIT
AT MAIN
CAMERAS == = COMPUTER
( _ IN TRUNK
RADAR 7 = |
SENSORS
I | II' \ =
[
]
(] |-._\
ADDITIONAL
~ LIDAR UNITS _ .

Figure 2: Homing vehicle [7]

The first homing car appeared in the 80s of the last
century at Carnegie Mellon University and since then
numerous companies and research centers have
experimented with this type of transport mean. There are
several reasons for resistance in this area regardless of the
poor results achieved in the implementation of these
systems. Introducing of homing vehicles in widespread use
should bring:

e Reducing the number of traffic accidents and
thereby reducing the number of injured and
killed, reducing damage and insurance costs.

e Increase of production capacity of roads leading
to a decrease in the density of traffic.

e Reduction of man’s obligations while driving
(increasing vacation time, less fuel consumption,
less air pollution, reducing parking area, etc.).

e Improvement of existing and creation of new
business models of transport services such as car
sharing, e-hailing, real-time ridesharing and other

services called "divisible" economy, aimed at
reducing the number of private cars.

The main problem and reason because self-guiding
vehicles, despite the clear benefits, are not flourished in
traffic is the time required for transformation from not
autonomous to autonomous. Besides, people from
different reasons (lack of trust, fear, driving pleasure, job
losses in the transport industry, etc.) in a large number do
not want to give up control of their vehicles.

By development of this technology companies
engaged in the transfer of items and their clients should
have significant benefits. That it is not just about some
toys from science fiction films evidence the first delivery
by the autonomous truck that took place 25th October,
2016 between Fort Collins and Colorado Springs (about
190 km). That day the truck equipped with hardware and
software of start up company Otto (Fig. 3) made delivery
of 50,000 units of beer from the factory to the distribution
center. The driver turned on the autopilot immediately
after entering the highway and took command during the
descent of the highway. According to SAE standard
autonomous cars are divided into six groups (0-5),
regarding the levels of autonomy. Mentioned truck is the
fourth level and is capable of fully autonomous driving at
highway speed of 90km/h (without complicated tasks as
leak pedestrians, intersections and other restrictions on
driving through the urban environment). The company
Uber is immediately prior to previously mentioned
delivery bought the Otto company for 680 million dollars,
which clearly shows that the technology of autonomous
vehicles, especially in truck transport, is on the step of
introducing the large-scale use.

Figure 3: Homing delivery vehicles: a) OTTO truck; b)
equipment for guidance;

It should be expected that the autonomous transport
first introduces in the transport of goods by trucks because,
for example, in USA 70% of transported cargo (10.5
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billion tons) is transported by trucks and they simply do
not have enough drivers (deficit currently stands at 48,000,
but until 2024 could reach 175,000 drivers) [8]. Drivers
will continue to remain an important part in the transport,
but it is not difficult to imagine how their role changes in a
role similar to role of port pilots. They, in overseas traffic,
have the task to "only" import and export the ship to/from
the port. In road transport drivers should take trucks on/off
the highway along which transport of goods should take a
place in a kind of virtual compositions of trucks like
wagons whose "rails" woud be software.

The first company of the postal sector which has
one of it’s research arm devoted to this particular field is
DHL. They plan to implement robotisation of logistics
operations completely and leave them to the autonomous
delivery robots. Perhaps for this step is still early in Serbia,
but if in the world some pizzerias introduce prototypes in
the delivery, why it would be impossible for the Post of
Serbia or any of the courier company?

Despite the obvious benefits of self-guiding robots
and delivery vehicles, there are many restrictions in their
use, especially in the so-called "last mile" delivery.

2.2 Robots that are already in use in the postal sector

Robots in the postal sector, as already mentioned,
are no exception and they are widely applied. Except
delivery robots, far wider application found different
variations of industrial robots, particularly in the sorting
process.

There is a lot of examples, but at this point will be
emphasized three concepts. The first is the increasingly
frequent use of robots for sorting. They are placed along
the conveyor (the left edge) and serve to direct items to
destination routes. The advantage of this method of sorting
compared to conventional machines for the processing of
items is that the robot can perform divert of items to a far
greater number of different directions in relation to the
executive mechanism (which has following rule: one
device - one or two destinations). Another, no less
important, advantage is reflected in the fact that robots
placed along the sorting line have option of accepting and
packaging the sorted package on the palets or other means
of consolidation.

Besides, great application robots are found in the
merging of packages where they are used as sophisticated
solutions for packaging and palletizing of processed and
unprocessed packages.

Following the trend of more intensive introduction
of an AGV (Automated Guided WVehicle) system in
logistics, appeared systems for items sorting which
function is to set items on the individual robots (mini
AGV). Each robot has a rotating mechanism by which,
when it is placed next to aperture for the acceptance of
packages to a particular delivery route, renders the
package to a corresponding aperture. Apertures are, as
opposed to the slides in the continuous processing
systems, arranged in two directions. Parcels are coming by
continuous conveyor and after that they are taken and
placed on robots. Based on the code of items, robots can
transport items to the field with the destination ports
extending along the conveyor, but also normally to its

direction. Sorting capacity of such systems is flexible and
determined by the number of robots that are included in
the process. Despite the large number of robots,
destination directions (apertures) and the capacity, the
sorting system works perfectly.

3. DRONES

Aircrafts without crew are called drones (pilotless
radio-controlled aircraft). International Civil Auviation
Organization groups the aircrafts into two categories
according to the mode of handling: the aircraft which is
operated by remote controls and autonomous aircrafts. In
autonomous aircrafts trajectory, altitude, speed and other
flight characteristics are entered into a computer that is
located at the drone before the journey begins, then drone
execute orders independently.

It is important to distinguish modern drones of
nowadays from aircraft used for military purposes, which
are a kind of forerunner. The aircrafts used for military
purposes are simple but they are generally complex robotic
machines, airplanes and helicopters. The drones were
originally designed for military purposes. The idea about
drones dates from the 19th century and the Austrian
balloon with gunpowder for bombing of Venice. Modern
drones for the first time, then, secretly, were used in Il
World War by the US military. The technology was later
largely evolved in the direction of development guided and
homing rockets. In the following decades drones arrived in
the armies of other countries. With the advent of new
technologies, such as digital camera, satellite navigation
and microprocessors, the possibilities of unmanned aircraft
are improved. Some countries, such as China, Israel and
Iran have companies for the production of military drones.
The second group of drones could be classified as all the
others, which are used in other areas of life and business.
Drone technology is now available to everyone.

3.1 Drones classification

Currently, the European Union does not regulate
civilian use of drones whose mass is less than 150
kilograms. These drones are regulated by national rules
adopted by the EU member states. Drones over 150
kilograms falling within the competence of the European
Aviation Safety Agency (EASA). In relation to the mass
drones are divided into three classes:

* Class I: up to 5 kilograms,

* Class I1: 5 to 25 kilograms,

* Class I1I: 25 to 150 kilograms.

In relation to the level of construction, population
density and the presence of people, drone’s flying area is
divided into 4 classes:

e Class I: an area where is no elevated structures or
facilities and where are no people, except staff
necessary to fly and operate dron.

e Class IlI: an area in which are additional
commercial facilities or buildings that are not
intended for people, except staff necessary to fly
and operate dron. There are allowed only
occasional people passing through the area
(cyclists, pedestrians, etc.) but without retention.

e Class Ill: an area in which are buildings and
facilities primarily intended for residential,

Some Modern Solutions for Delivery Operation in Postal Traffic
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business or recreation (residential buildings,
residential houses, schools, sports fields, parks,
etc.).

e Class IV: area of narrow urban areas (inner cities,
towns, and cities).

In our country, the Civil Aviation Directorate deals
with regulation of this area. According to the rules on the
unmanned aircraft from the 2016, Directorate divided
drones into 4 groups [7]:

e a mass up to 0.5 kilograms, a maximum flight
altitude of 50 meters, a maximum speed of 30 m/s
and the maximum range of 100 meters,

e amass of 0.5 to 5 kilograms, a maximum flight
altitude of 150 meters, a maximum speed of 30
m/s and the maximum range of 2500 meters,

e a mass of 5 to 20 kilograms, a maximum flight
altitude of 500 meters, a maximum speed of 55
m/s and the maximum range of 2500 meters,

e a mass of 20 to 150 kilograms, without height,
speed and range restrictions.

To be able to use drone, ie. be able to fly, it is
necessary comply with strict rules and have the required
documentation for flying. First of all, the drone must be
registered in the records of the aircraft, which leads the
Civil Aviation Directorate. Since safety is always at the
first place, there are rules that must be followed when
using a drone. It can fly only during the day and whoever
manages drone must perform all the checks before the start
of the flight. In other words, the drone must be technically
correcting for flight. It is prohibited to operate with more
than two drones at a time, as well as manage the drone
from a moving vehicle. Also, it is forbidden to operate
drone under the influence of alcohol and psychoactive
substances. Must fly at least 30 meters away from people,
objects, vehicles, roads, boats and power lines. Above the
group of people distance should be minimum 150 meters.
Dron can not fly close to the airports, the minimum
distance from the airport must be 3 kilometers. In the
world there are even special devices that prevent drones
from flying in areas where they could be harmful by
operating at frequencies on which they are managed,
taking control over them and land or return them to the
starting point.

3.2 Drones components

There are a number of different drones, but the base
components of each of them are (Fig. 4):
e RC transmitter and receiver,
o Frame,
e engines, propellers and speed controller,
o flight controller (autopilot),
e Dbattery and charger.

Frame is a platform for building a drone. The most
common frames are with four engines uniformly
distributed on the diagonals. However, if it carries a
greater burden, it is necessary to use multi-engine drone,
with six or eight engines. In addition to the frame, engines
and propellers are a very important part because they
allow the drone to fly.

The flight controller is the brain of each aircraft which
allows the stabilization.  There are also advanced
controllers with pre-set computer path which includes the
operations of take off and landing. The selection of the
autopilot usually depends on the purpose for which the
drone is used and how big is the budget. Lithium - ion
batteries are almost always used because they have a high
power and they are easily accessible. When choosing
batteries, two most important factors are the capacity and
voltage. The voltage depends on the number of cells
(usually 3 or 4) cells. The battery capacity is usually 3000
mAh. Generally speaking, greater capacity allows for
longer flight time.
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Figure 4: Quadcopter drone parts [9]

RC receiver and transmitter are also very important
because they are an essential part of drones which are
manually controlled from the ground. There are a number
of different transmitters on the market. Higher number of
channels are better solution because that allows to control
multiple functions and services. The transmitter usually
transmits signals at a frequency of 2.4 GHz. This range
was chosen because it is very reliable and resistant to
interference. In addition to the main parts, the drone may
contanin accessories such as: camera, parachute, GPS,
navigation systems, telemetry, wireless video, etc.

3.3 The use of drones in the postal traffic

The drones are used for different purposes,
however, these devices have become popular only in
recent years and their applications in various fields rapidly
increasing. The drones are used for police purposes like
robots for surveillance of various rallies and campaigns.
FBI uses drones to patrol the border of the United States.
In the UK, drones are used to search for missing persons
and monitoring of traffic accidents. The drones are also
used for scientific and research purposes. They allow
easier access to investigated places (glaciers, volcanoes,
archaeological sites). They are also used in nuclear
accidents to measure contamination. Drones have many
applications in agriculture. In the United States drones are
used to monitor the fields and record crops. They are also
used in the art, for movies, music videos and concerts.
Drones are also used in construction, medicine, emergency
situations, rescue services and even in some special tasks,
such as, for example, disperse the fog (China) or drone
hunter (USA). The drones are also used for entertainment
purposes, but there are also drone races, as well as
competition in acrobatics. Also, drones are used for the
delivery of food and medicine in emergencies, as well as
delivery of shipments.
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Postal administrations around the world, in order to
remain competitive and maintain a leading role in its
sector of business, must provide to their customers the best
services and promote them on a daily basis. Delivery of
shipments by drones or other services based on their use
had not yet officially appeared in any of the post offices.
So far postal operators have done experiments and set
plans for further development and testing of this
technology. Here is a brief overview of the experience of
mostly involved postal companies in testing the possible
use of drones to the postal service.

Deutsche Post — in collaboration with DHL
("Deutsche Post DHL") is the first company in the postal
sector which is engaged in the development of this service.
In Bonn 2013th the first time was tested drone that could
be used for the urgent necessary goods delivery to difficult
reach areas. The aircraft is named Paketkopter. Dron was
going from the post office, which is located on the left side
of the Rhine river, to deliver the drugs to pharmacy which
is located about 800 meters away on the opposite side of
the river. The experiment was successfully carried out
which encouraged people employed on this project for the
further development of service. The next experiment was
in 2014, when was performed delivery of package with
drugs on the island of Juist located about 11 kilometers
from mainland. Tests have been carried out less than a
month and have done several deliveries. The biggest
change at this stage was the transition from a manual to an
autonomous control system. Drones have worked as
autopilots and flight is scheduled to last about 30 minutes.
The third, and so far, last, phase of a research was
conducted at the beginning of 2016th. It was conducted the
delivery of urgently needed goods from Ulm station to the
Bavarian village Rit im Winkl. During the test, which
lasted three months, was used third generation
Paketkopter, called York. In the test participated villagers
themselves by applying transfer of items also in the
opposite direction, from the village to other places. For
three months they carried 130 autonomous loading and
unloading. The most important task was to overcome the
height difference and often temperature fluctuation in
testing. The distance of package transmission was 8 miles
and drone took about 10 minutes to cross the road.

The next steps in the development of this service
are increasing of drone's possibilities and finding new
locations for testing. The next test should be package
delivery in urban areas. Also, efforts will be made to the
fact that in the future drones are in contact with the ground
crew. It is planned to equip aircaft with communication
module. The main objective of Deutsche Post is to provide
a new service to customers which essence is rapid dispatch
and delivery of shipments.

Swiss Post, in cooperation with the largest logistics
center in the country "Swiss WorldCargo™ and company
for the production of drones "Mattern”, in 2015 began
testing drones for the parcel delivery. The first objective of
the survey was abilities of drone technology and testing
the profitability of these business ideas. At the end of 2015
Swiss Post made the first experiment in Switzerland with
dron called Maternet One. It is specifically designed for
this test. It was autonomous, designed to carry small
packages and very simple to operete. Maternet One had
capability to transport items up to 1 kg at a distance less

than 10 kilometers. The first test was considered as
successful and the biggest problem was weak battery,
which could not allow longer retention in the air.

For now, Swiss Post has not introduced this service
to its range. This service was used selectively as a
supplement, for the experimental purpose. The aim is to
ensure safe and fast delivery regardless of geographical
circumstances. The plan is to use drones in those areas
where it makes economic sense and of course where it is
technically feasible. The focus is primarily on the use of
drones in exceptional cases (if some location is cut off
from the outside world due to weather and other natural
disasters). Another focus is on an emergency transport of
items of the highest priority, such as, for example,
laboratory samples. It is believed that this service, if it
flourishes, will be introduced in 2020 in official use.

Finland Post "Posti" in cooperation with their
largest e-commerce retailer "Verkkokauppa.com™ started
to develop delivery by drones in 2016. Finland is regarded
as the first country that is doing experiments in urban
areas. The test last for 4 days, from 2 to 5 September 2016.
Dron was transporting packages, not heavier than 3
kilograms, from Helsinki to Somenlina island, which is
located 5 kilometers from the capital of Finland. In the
first delivery drone carried out task, with the landing of the
location not far from planned. The reason was a strong
wind durin the test. The test is considered successful. For
those 4 days they done several transmissions because the
plan was to move all the lighter packages by drone (letters
and hevier parcels as before by boat).

The goal of Finland Post is to increase
transmission speed and to improve access to rural areas.
They believe that new technologies will enable faster and
easier shopping and delivery for both the sender and the
recipient. It is expected that this service will be officially
in use in 2020.

"Australia Post" was started in 2016 on the
development of this service. One of the main reasons is
that there are a large number of customers in remote areas
who purchase a services three times more than those who
live in the cities, but postal operator make delivery for
them at most once a week. The first experiments were
done around Melbourne. They done several test flights at a
distance from 10 to 15 kilometers. They were used most
sophisticated drones equipped with parachutes, lights and
sirens to warn people if they are too close to the drone
(Fig. 5). The tests have lasted for 2 weeks and
characterized as successful.

Figure 5: Australia Post dron
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The plans are to perform testing in 2017 as often as
possible, up to twice a week. Testing will be conducted at
different locations, with up to 50 deliveries per test. Civil
Awviation Directorate of Australia approved the commercial
use of drones in rural and less populated areas, while for
the densely populated areas license does not exist yet. In
accordance with that, if tests give good results, operator
plans to begin delivery by drone in rural areas in 2019.

"La Poste" in cooperation with the manufacturer of
drones company "Atechsys", was during 2016 carried out
the first test of shipment transfer by drone. Dron was able
to make autonomous delivery at a distance of 8.7
kilometers carrying a weight of 1.5 kilograms.

Currently plan is to test new drones that can carry
loads of up to 3 kilograms, at a distance of up to 20
kilometers and at speeds up to 30 km/h. The main
objective of La Poste in the future is better connectivity to
rural areas and faster item transfer.

The USPS in cooperation with Amazon did a
couple of tests. Amazon already has in its range this
service and occasionally delivers packages by drones.
However, USPS still considering the introduction of this
service because they previously conducted a survey among
citizens on the subject of what they think about drones in
the post. Opinions were divided so everything is still
questionable.

In addition to these posts, which have the best
results, there are several others that have shown interest in
this service. China Post had done the first tests in
November 2016 in several locations in the country. Posts
of Singapore, Denmark and the United Kingdom are next
that will start the process of research and development of
this service in their countries.

4. COMBINED DELIVERY

From above text, it is clear that each technology has
its advantages and disadvantages. The main disadvantage
of automated product delivery by robots, self-guiding
vehicles and drones is reflected in the so called last mile
delivery. At this stage, it is necessary to make individual
delivery to each recipient. In rural areas, this means high
mileage per each item and, in this case, delivery by robots
or drones can easily compete with the classic courier
delivery. This can be seen also from the directions in
which experiments were conducted, mentioned in the
previous section. However, in urban areas, where the
density of delivery is expressed, couriers have a great
advantage because they can perform a large number of
deliveries at a small delivery area and reduce the unit price
per delivery. Robots and drones described in this paper are
provided for a single delivery of items which greatly
reduces their effectiveness in this part of the delivery, in
particular if a package has been taken over in one of the
units of postal network.

With this in mind, the increasingly frequent are
attempts with combined delivery by courier and drones
together, ie. robots that take over items in delivery vehicle.
This reduces the path and time that these devices should
overcome, the vehicle becomes a kind of outward-
incoming platform and courier gets the role of the operator
who sets the items on robots/drones, performe their
journeys and collection after delivery and organizes the

whole process. Thereby robots and drones become courier
"helpers" thereby increasing the range and speed of
delivery.

UPS has successfully tested a drone designed to
launch from the top of one of its delivery trucks (Fig. 6).
The test, performed in Lithia, Florida, with Workhorse
Group, an Ohio-based electric truck and drone developer,
successfully sent the drone first on an autonomous
package delivery and then back to the truck while it was
out making a separate delivery. This test is different than
anything they’ve done with drones so far. It has
implications for future deliveries, especially in rural
locations where their package cars often have to travel
miles to make a single delivery. Sending a drone from a
package car to make just one of those deliveries can
reduce costly miles driven. This is a big step toward
bolstering efficiency in network and reducing emissions at
the same time.

Figure 6: Combined delivery by UPS

However, as TechCrunch reports, it wasn’t all
smooth flying. During a second test, some type of
interference caused the drone to abort its launch the
aircraft tried to land on top of the UPS truck, fell to the
side and was nearly crushed by the still-closing lid of the
vehicle. With ORION, UPS’s On-Road Integrated
Optimization Navigation routing software, a reduction of
just one mile per driver per day over one year can save the
company up to $50 million. UPS has about 66,000
delivery drivers on the road each day. Rural delivery
routes are the most expensive to serve due to the time and
vehicle expenses required to complete each delivery. In
this test, the drone made one delivery while the driver
continued down the road to make another. This is a
possible role UPS envisions for drones in the future [10].

These efforts follow a boom in electronic
commerce, which has forced logistics companies to find
new faster ways to deliver packages to customers. The key
is to make integrating smart technology, such as a small
computer, so that the van can collect and process data on
the vehicle's location, load, and delivery route and then
send that information to the distribution manager. The
vans should be electric — a critical feature as cities pass
stricter emissions laws for its busiest urban centers, and
should be equipped with an automated cargo space and
delivery robots and/or drones.
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Figure 7: Mercedes concept Robovan

The van driver can deploy the autonomous vehicles
to deliver multiple lighter packages to customers by
road/air, while he or she walks to another customer's home
carries a heavier parcel. Cloud-based software could
communicate with a main distribution center or calculate
ideal delivery routes for the package deliverer.

These vans (Fig. 7) would be equipped with a
racking system that would enable 400 packages to be
delivered every 9-hour shift, compared to 180 packages
using previously available methods [11].

5. CONSEQUENCES OF INTRODUCTION OF
AUTOMATED DELIVERY

Automated delivery will bring many benefits for
investors, owners of delivery companies and their clients.
But the implications of automated delivery will likely have
a profound effect on the postal workers around the world.
Only some, not all, workers will be able to upskill,
because the challenge now is that robots will always learn
faster than humans, as they are networked and can process
faster and work at an accelerated pace. The postal industry
will need solutions to unemployment and they must
prepare for changes in society and their economy. While
universities actively try to teach students coding,
technology is quickly advancing that robots will be able in
a close future to self-code. This means that understanding
how to manage systems of robots towards solving
problems will be key. How will postal industry respond to
automation? We see a few options:

1) Resist automation. The companies may seek to
stay in this level of automation, keeping their
workers intact. The risk is that their
competitors could move ahead in productivity
by deploying robots.

2) Embrace automation, as it lifts companies’
productivity. The management might welcome
automation, embracing the productivity
benefits it brings to company performance. The
risk is that displaced workers who are unable
to upskill will be left in the cold.

3) Upskill workers with STEAM (learning that
uses Science, Technology, Engineering, the
Arts and Mathematics) education. All workers
whose positions are threatened by automation
could benefit from provided or low-cost
education that enables them to upskill so they
can manage or support automation rather than

be displaced. Some have found that robots
actually increase the number of jobs in some
scenarios.

4) They could wait for administration to embrace
universal basic income (the experiments are
happening in Finland, Oakland and more). In a
less likely scenario, administration embracing
universal basic income, which would be a
social program to provide all citizens with a
living wage (food, clothing, shelter, and
education) regardless of employment status or
age. The funds would be derived from taxes on
the companies that are deploying automation.
The hope is that automation increases total
productivity, generating more food, goods, and
services than ever before, thereby creating a
surplus for humanity [12].

It is likely that every employer and every country
will find its measure in the introduction of automation,
which also applies to automated delivery. One thing is
certain, the pressure of a competitive environment in the
transfer of items will bring, sooner or later, more efficient
and productive solutions based on automation in areas
where it has not been.

6. CONCLUSIONS

About robots, autonomous delivery vehicles and
drones as possible solutions for specific segments of the
delivery in the Post of Serbia has not yet been discussed.
Currently it is not realistic to expect any activity in this
direction due to the fact that technologically advanced
postal operators in the world perform only testing of this
technology. However, the period of time between testing
and deployment with any new technology it's shorter and
shorter. The chances are that the introduction of automated
delivery robots, autonomous delivery vehicles, drones or
some even more sophisticated means will not wait as the
introduction of automation in the processing of postal
items. This would be not only unjustified but also harmful
and irresponsible due to the fact that from the committed
errors and omissions must learn.
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F-MODIPROM: An Advantage Gained from Using Fuzzy Numbers
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Combining the methods for determining the relative importance of criteria and alternatives ranking methods, the optimal
decision is made about certain multicriteria problem regardless the nature of parameters describing it. The appropriate
material handling equipment (MHE) selection is a vital task for improving the productivity of an organization. Hence, the
problem of selecting the right type of MHE for a given task can be solved using multi-criteria decision-making (MCDM)
approach capable of dealing with a combination of crisp and fuzzy data. This paper tries to quantify the level of benefit
provided by employing the fuzzy numbers in the MCDM maodels. In the paper, by increasing the fuzziness level steadily in
the fuzzy numbers, the obtained rankings by F-MODIPROM approach are compared with the ranking obtained with the
crisp values. The statistical significance of the differences between the ranks is calculated using Spearman’s rank-
correlation coefficient. The purpose of this paper is to give systematic review and adequate support for decision-making in

the selection procedure and find appropriate situations when using crisp or fuzzy numbers will be more adequate.
Keywords: MCDM, stochastic test, crisp, fuzzy, -MODIPROM

1. INTRODUCTION

Generally, while considering any selection problem
in the domain of logistics and logistics systems there is a
great number of technically feasible alternatives, and the
task of designer is to choose from the set of possible
solutions the one that best meets the technical and
economic conditions defined by the terms of reference [9].
As a process, material handling incorporates a wide range
of equipment and systems that support logistics and make
the logistics system work. The determinations of proper
material handling system is important for reduced costs,
increased profits and efficiency of labor force. For
example, material movements accounts for about 30 to
40% of the cost of final product [11]. It is observed that
there are about 50 different types of MHEs and they are
characterized by about 30 different attributes [4].

The proper type of MHE must be chosen taking
into consideration all the relevant parameters and
functions. For MHE selection, most of the influencing
attributes are expressed linguistically and use of fuzzy set
theory comes as an aid for obtaining the final solution. The
problem of selecting the right type of MHE for a given
task can be solved using MCDM approach capable of
dealing with a combination of crisp and fuzzy data.

In the existing literature, fuzzy MCDM models, in
which fuzzy numbers are used instead of crisp values, are
proposed to deal with the vagueness and imprecision.
Also, there are numerous examples where various
outranking methods and their modifications are used in the
selection of final decisions in solving various multicriteria
problems [9]. Therefore, a small number of available
studies in the literature propose approaches to measure the
benefit generated by incorporating fuzziness in their
selection models [17].

Generally, an integrated approach (F-MODIPROM
[10]) is used to obtain final ranking of alternatives of
considered problem and to compare ranking obtaining with
crisp and fuzzy data. The proposed approach minimizes
the influence of experience and subjective evaluation of
the decision-maker.

In this study, by increasing the fuzziness level
steadily in the fuzzy numbers, the obtained MHE rankings
are compared with the ranking obtained with the crisp
values. The purpose of this paper was to give systematic
review and adequate support for decision-making in the
selection procedure and find appropriate situations when
using crisp or fuzzy numbers will be more adequate. A
study compaing usage of the fuzzy and crisp numbers or
one that provides recommendations about when one is
preferred over the other. The statistical significance of the
differences between the ranks is calculated using
Spearman’s rank-correlation coefficient. When the
statistical significance of the difference is above a pre-
defined value, it is recommended to use the fuzzy numbers
instead of crisp ones.

2. METHODOLOGY

2.1 An integrated approach F-MODIPROM

An integrated approach F-MODIPROM (Fuzzy-
MODIfied PROmethee Method) [10] is a combination and
expansion of some formulated models for ranking
alternatives of the considered problem and also for a
sensitivity analysis of the final order of alternatives due to
changes in criteria relative weights. The proposed
algorithm of integrated approach, with all the above
elements, is shown in Figure 1.

*Corresponding author: Dositejeva 19, Kraljevo, Serbia, markovic.g@mfkv.kg.ac.rs
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The developed method for decision-making is carried
out in several stages, for multiple criteria scenario and
with the possibility of taking into account the linguistic
expressions of the importance of criteria.
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Criterion type Il (V-shape criterion) and type V
(V-shape with indifference criterion) is replaced with the
linear criterion whose parameters are calculated through
linear regression.

The square and cube criteria whose parameters are
calculated by regression analysis are introduced (Figure 2)
[9]. The final order of alternative solutions depends on the
applied technique of multi-criteria decision-making and,
especially, on the procedure of defining the evaluation
criteria, transformation (normalization) of criteria and
determination of their relative importance.
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Figire 1: The integrated approach F-MODIPROM

The MODIPROM method (MODIfied PROmethee
Method) [9], which is combined with fuzzy set theory, is
based on the improvement of a group of methods for
multicriteria ranking, as follows:

e change of the existing generalized criteria and
introduction of the new ones,

e procedure of selection of generalized criteria within
one criterion function,

e analysis of effects of change of weight coefficients,
transformation of the mean values of the outranking
flow for the purpose of solving complex criterion
functions and

e the possibility of taking into account the linguistic
expressions of the importance of criteria.

Changes of generalized criteria refer to retaining
generalized criteria type | (Usual criterion), type Il (U-
shape criterion), type IV (Level criterion) and type VI
(Gaussian criterion).

Figure 2: Changes of generalized criteria

(g — the threshold or indifference, p — the threshold of
strict preference, o — the standard deviation of Normal
distribution and by, b1, by, bz — the coefficients of the
regression line)

2.2. Spearman’s rank correlation test

To analyse the statistically significant differences
between the ranks with fuzzy and crisp data Spearman's
rank-correlation test is used. Spearman’s rank correlation
test, which is a special form of correlation test, is used
when the actual values of paired data are substituted with
the ranks which the values occupy in the respective
samples [8]. In this study, Spearman’s rank correlation test
evaluates the similarity of the outcomes (rankings a set of
MHE alternatives). To test the null hypothesis in
Spearman’s correlation test, test statistic Z is calculated
using Egs. (1) and (2) and compared with a pre-determined
level of significance o value. In Egs. (1) and (2), d
represents the ranking difference between j results, K is the
number of alternatives to be compared and rs represents
the Spearman’s rank correlation coefficient.

K 2
6- % (dj)
j=1

"k <1>

Z=rJ(K-D @
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2.3. Fuzzy set theory

Fuzzy sets theory is a convenient mathematical tool
for modeling various processes dominated by uncertainty,
ambiguity, subjectivity, uncertainty. The fuzzy data can be
linguistics terms, fuzzy sets or fuzzy numbers. In the
following few lines, in order to apply the proposed
method, are given some terms related to the theory of
fuzzy sets.

Fuzzy set theory states that, in a universe of
discourse X, a fuzzy subset A of X is defined by a
membership function ,; (x), which maps each element x

in X to a real number R in unit interval of [0,1]. The
function value ,; (x)represents the grade of membership

of x in A. The larger the value of 5 (x), the stronger is

the grade of membership for x in A [4].

Fuzzy set theory is used to convert imprecise
linguistic terms, such as “high” and “moderate” into
numerical values using triangular fuzzy numbers (TFNs)
or trapezoidal fuzzy numbers (TrFNs). Similarly, when a
quantitative property is stated vaguely or imprecisely, it is
also expressed by TFN or TrFN according to fuzzy set
theory.

For example, if it is stated that the distance
travelled by an MHE is approximately equal to 200 units,
it becomes difficult for the DM to ascertain the exactness
of the data for further processing. Therefore, this imprecise
value is represented by a TrFN as (180, 200, 200, 220),
taking into consideration 10% fuzziness. On the other
hand, another MHE property with a value “approximately
between 360 and 400” can be denoted by a TrFN as (324,
360, 400, 440) with 10% fuzziness [4]. Figure 3 exhibits a
triangular and trapezoidal fuzzy membership function.

A fuzzy number is a convex normalized fuzzy set
with continuous membership function that characterized
confidence interval [m, n] and level of security «o

(a€[0,1]). The TFN can be denoted asA:(a,m,n),

where m — left spread, a — central value and n- right
spread (Figure 3).

Figure 3: Membership function of TFN and TrFEN

A fuzzy number A=(a,B,z,5) is a TrEN if its
membership function is expressed as follows:

(X—a)/(ﬂ—a),asxsﬂ

uy (x)=04 1, B<x<t ®3)
(X—§)/(T—5),T§XS6
0, otherwise

Each fuzzy number is defuzzied using Eq. 4. For a
trapezoidal fuzzy number A=(a,p,7,5) its defuzzied

value is defined to be

A:a+ﬁ:r+5 4)

Based on Yager’s centroid index, the geometric
center of fuzzy number X on the horizontal axis is
calculated as follows:

1
90 g, dx
¥g =2 ®)

1
[ paxdx
0

where g(x) can be considered as a weight function of x
values. Usually, g(x) is assumed equal to x, X is the
membership degree of x values, and the denominator is
considered as a normalizing factor equal to the total area
under the membership degree function in Figure 3 [18].

3. ANALYSIS OF THE LEVEL OF FUZZINESS

F-MODIPROM approach requires the weights of
criteria and MHE alternative values at the criteria as
inputs. For numerical illustration of correlational test in
further works it will be considered a selection of three wheel
electro forklift unit for warehouse operation [7, 8].

An organization was in need of purchasing forklift for
its warehouse facility. It isa MCDM problem and for ranking
a set of alternatives of forklifts that satisfy in advance
required parameters, the initial set of 9 characteristics was
observed (Table 1) as a initial set of selection criteria.

Starting sample that is considered consists of 10
forklifts of different manufacturers. Their initial values are
collected from appropriate catalogs. Only criteria weights are
required to be fuzzy numbers, since MHE characteristics
values at criteria are crisp values.

In this study, five cases (B-F) are developed by
varying the lower and upper values of fuzzy numbers while
keeping their centres constant at their crisp values (case A).
The level of fuzziness is determined with the spread (the
number of units that lower and upper values apart in TFN and
TrFN and takes 0,1,2,...,4).

For each case, the criteria weights are readjusted by
equaling the number of units upper and lower values are apart
with the spread value given for that case.

Material Handling Equipment Selection Using an Integrated Approach F-MODIPROM: An Advantage Gained from Using Fuzzy Numbers
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Table 1: Forklifts characteristical values for 9 criteria

Travel Lift .
c . M_ax. speed speed Turning Level of Engine Wheel- Total
Model apacity I!ﬂ with the with the radius noise power base width
(ko) Tre];?:)t load load (mm) (dB) w) — mm) )
(km/h) (mis)
7FBEST15 1500 3310 12 03 1450 62.4 75 1200 990
2ET2500 1300 3000 16 0.48 1440 66 115 1249 1060
2ETC3000 1600 3000 16 0.49 1548 66 11.5 1357 1060
J30XNT 1361 3032 15.7 0.39 1481 69 48 1290 1050
J35XNT 1588 3032 15.7 0.36 1577 69 4.8 1386 1050
TX30N 1350 3300 145 0.34 1525 61 10.7 1300 1105
TX35N 1600 3300 14.5 0.31 1525 61 10.7 1300 1105
ERP15VC 1500 3320 12 03 1452 59 6 1222 996
ERP15VT 1500 3320 16 0.43 1476 65 12 1290 1050
ERP16VT 1600 3320 16 043 1476 65 12 1290 1050
Table 2: Criteria weights for six cases A-F ) o o
3.1. Analysis of statistical significances
Criteri. ights for si A-F .. . .
crtera rteriaweightsfor s cases (-9 In order to analyze statistical significances of the
A I - -1 differences and to compare the results of ranking for each
Spread0  Spreadl Spread? Spread3 Spreadd Spreads case are developed the program tools in the environment
Capacity (kg) 9 899 8910 78910 68910 57910 of Microsoft Excel, that uses a special type of correlation
Max. lift height o 188 789 6789 5789 56910 test - Spearmans_ . rank gorrelatlon test (Figure 4).
(mm) Developed tool, it's possible for a given level of
Rt 566 567 5678 4678 3478 significar;}ce to I((:.ompare the results of ranking and compaLe
Turning radius . " sas sass 2456 2347 outpyts the ranking obtalngd using by combined app'roac .
(mm) Testing the null hypothesis H,, i.e. the Spearman's test
Level of noise (dB) 3 233 234 2345 1345 1236 statistic Z value is determined by using the expression (1)
Engine power and (2) and compares it with a value that corresponds to a
(kW) 2 122 123 1234 1235 1236 given significance level a.
Lift speed with the Correlation is a bivariate analysis that measures the
load (m/s) 5 455 456 456,7 35,6,7 45,79 . .
strengths of association between two variables and the
Wheglbase (mm) | 011 012 0123 0124 0125 direction of the relationship. In terms of the strength of
_ relationship, the value of the correlation coefficient varies
Total width (mm) —, 677 678 6789 5789 57810

For each case, the ranking scores are obtained by F-
MODIPROM approach and provided in Table 3.

Table 3: Ranks of forklift alternatives obtained by

combined approach

Ranking score
Alternatives
A B C D E F
7TFBEST15
1 1 1 1 1 1
2ET2500
3 3 3 5 6 6
2ETC3000
7 7 7 8 7 7
J30XNT
2 2 2 3 3 3
J35XNT
4 4 4 2 2 2
TX30N
9 9 9 10 10 10
TX35N
10 10 10 9 9 8
ERP15VC
5 5 5 4 4 4
ERP15VT
8 8 8 7 8 9
ERP16VT
6 6 6 6 5

between +1 and -1. When the value of the correlation
coefficient lies around + 1, then it is said to be a perfect
degree of association between the two variables. As the
correlation coefficient value goes towards 0, the
relationship between the two variables will be weaker. The
direction of the relationship is simply the + (indicating a
positive relationship between the variables) or - (indicating
a negative relationship between the variables) sign of the
correlation. In this study, Z = 1.645 is selected as the
critical value at the level of significance a = 0.05. If we set
a = 0.05, achieving a statistically significant Spearman
rank-order correlation means that we can be sure that there
is less than a 5% chance that the strength of the
relationship we found happened by chance if the null
hypothesis were true.

PMAIA e
E METODA FAMOD - SPEARMAN TEST i

=1y
wr f
]
-
W
-
a |
-
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Figure 4: Spearman’s rank correlation test program tool
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If the calculated value of Z obtained by test exceeds
the critical value, the null hypothesis is rejected and it is
concluded that there is evidence of a positive relationship -
agreement between the two sets of rankings.

The Spearman’s correlation test results (Table 4)
indicate that the differences between rankings are not
statistically significant (Z values are above the critical
value of 1.645).

Table 7: The differences and correlation values

Analysis of differences using Spearmann’s rank correlation test

Alternatives

A-B AC AD AE AF
7FBEST15 0 0 0 0 0
2ET2500 0 0 2 -3 -3
2ETC3000 0 0 -1 0 0
J3OXNT 0 0 -1 -1 -1
J35XNT 0 0 2 2 2
TX30N 0 0 -1 -1 -1
TX35N 0 0 1 1 2
ERP15VC 0 0 1 1 1
ERP15VT 0 0 1 0 -1
ERP16VT 0 0 0 1 1
Spearman’s
correlation 1 1 0,9515 0,8909 0,8666
coefficient rs
Statistical
significance value 3 3 2,745 2,672 26
Z

As the outcome of the test, can be observed that
as the level of fuzziness increases, the similarity of the
rankings decreases. The all Z-values even the lowest value
indicates that using fuzzy numbers instead of crisp values
does not provide any differencies in the ranking.
Confirmation of above mention fact is provided in Table 7.
Cases B and C provided the exact ranking with Case A.
The highest rank difference is 3 for cases E and F when
the spread is increased to 4 and 5. Generally, the rank
difference increases when the spread is increased. The
advantages gained from changing the spread without
changing the center of the fuzzy number is statistically
insignificant. In that case the user can use crisp values as
the criteria weights.

4. CONCLUSION

This paper tries to quantify the level of benefit
provided by employing the fuzzy numbers in the MCDM
models. The increasing of fuzziness level steadily in the
fuzzy numbers, the obtained rankings by F-MODIPROM
approach are compared with the ranking obtained with the
crisp values. There are developed the various cases by
increasing the spread while keeping the centre of the fuzzy
numbers constant. The Spearman’s correlation test results
indicate that the differences between rankings are not
statistically significant in some cases.

As the outcome of the test, can be observed that as
the level of fuzziness increases, the similarity of the
rankings decreases. The Z-values indicates that using
fuzzy numbers instead of crisp values does not provide
any differencies in the ranking. In the proposed cases, it is
assumed that the mean values are known with certainty but
the users are not sure about the spreads. However, the
average values may be unknown along the spread of the
fuzzy number which implies increased uncertainates and
imprecision.

Definition of new cases i.e. comparasions of Z-
values obtained for shifted the average and spread value
together, are direction for feature research and justifing the
usage of fuzzy numbers instead of the crisp ones. The
purpose of this paper was to give systematic review and
adequate support for decision-making in the selection
procedure and find appropriate situations when using crisp
or fuzzy numbers will be more adequate.

REFERENCES

[1] Chu, H. K., Egbelu, P. J.,Wu, C. T.: “ADVISIOR: A
computer-aided  material  handling  equipment
selection system”, Int. J. Prod. Res., 33 (12): 3311-
3329, (1995)

[2] Dagdeviren, M.: “Decision Making in equipment
selection: an integrated approach with AHP and
PROMETHEE”, Journal of Intelligent
Manufacturing, 19, pp. 397-406, (2008)

[3] Fisher, E.L., Farber, J. B., Kay, M. G.: “MATEHS:
An expert system for material handling equipment
selection”, Engineering Costs and Production
Economics, 14, pp. 297-310, (1998)

[4] Khandekar A.V., Chakraborty, S.: *“Material
Handling Equipment Selection using Fuzzy
Axiomatic Design Principles”, 5" International &
26" All India Manufacturing Technology, Design
and Research Conference (AIMTDR 2014), IIT
Guwabhati, Assam, India, pp. 21-1-21-7, (2014)

[5] Kim, K. S., Eom, J. K.: “An expert system for
selection of material handling and storage systems”,
Int. J. Ind. Eng., 4(2), pp. 81-89, (1997)

[6] Kulak, O., Satoglu, S. 1., Durmusoglu, M. B. “Multi-
attribute material handling equipment selection using
information axiom”, Proceeding of ICAD2004, The
Third International Conference on Axiomatic Design,
Seoul, pp. 1-9, (2004)

[71 Markovi¢,G., Gasi¢, M., Savkovi¢, M., Marinkovic¢,
Z., Tomi¢, V.. “Criteria system defining in
multicriteria decision making problem at transport-
storage system elements choice”, 5th International
conference — Transport and logistics, pp.177-184,
Ni§, (2014)

[8] Markovic G., Bogic¢evi¢ Z., Savkovic M.,
Marinkovi¢ Z., Tomi¢ V.: “Application of
correlation test to criteria selection for multi criteria
decision making problems in domain of logistics
systems “, The Eighth International Conference
Heavy Machinery HM 2014, p.p. G31-36, (2014)

Material Handling Equipment Selection Using an Integrated Approach F-MODIPROM: An Advantage Gained from Using Fuzzy Numbers



A.100

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Proceedings of IX International Conference “Heavy Machinery- HM 2017, Zlatibor, 28 June — 1 July 2017

Markovi¢, G., Gasi¢, M., Kolarevi¢, M., Savkovic,
M., Marinkovi¢., Z.: “Application of the
MODIPROM method to the final solution of logistics
centre location”, Transport 28(4), pp. 341-351,
(2013)

Markovi¢, G.: “Model of regional logistics with
transport systems”, PhD thesis, pp.183, (2014)

Onut, S., Kara, S.S, Mert, S.: “Selecting the suitable
material handling equipment in the presence of
vagueness”, International Journal of Advanced
Manufacturing Technology, Vol. 44, pp. 818-828,
(2009)

Park. Y.: ICMESE: “Intelligent consultant system for
material  handling equipment  selection and
evaluation”, Journal of Manufacturing Systems,
15(5), pp. 325-333, (1996)

Sabzi, H. Z., King, J. P., Gard, C., Abudu, S.
“Statistical and analytical comparison of multi-
criteria decision-making techniques under fuzzy
environment”, Operation Research Perspectives, 3
(2016), pp. 92-117, (2016)

Tabucanon, M. T., Batanov, D. N., Verma, D.K.:
“Intelligent decision support system (DSS) for the
selection process of alternative machines for flexible
manufacturing systems (FMS)”, Comuters in
Industry, 25, pp. 131-143, (1994)

Taha, Z., Rostam, S.: “A hybrid AHP-PROMETHEE
decision support system for machine tool selection in
flexible manufacturing cell”, J. Intell. Manuf. 23
(2012), pp.2137-2149, (2012)

Yurdakul, M., Tansel, IC. Y.. “Application of
correlation test to criteria selection for multi criteria
decision making (MCDM) models”, International

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

Advanced Manufacturing Technology 40 (2009), pp.
403-412, (2009)

Yurdakul, M., Tansel, I. Y.: “Analysis of the benefit
generated by using fuzzy numbers in a TOPSIS
model developed for machine tool selection
problems”, Journal of Material Processing
Technology, 209, pp. 310-317, (2009)

Yager, R. R.: “A procedure for ordering fuzzy
subsets of the unit interval”, Information
Sciences,24, 143-161,1981

http://www.toyota-forklifts.eu/en/Products/electric-
counterbalanced-trucks/toyota-traigo-
24/Pages/Default.aspx

http://www.cat-lift.com/_cat/index.cfm/north-
america/english/products/lift-trucks/class-i-electric-
counterbalanced/2500-4000-Ib-capacity-3-wheel-
pneumatic-tire

http://www.hyster.com/north-america/en-
us/products/3-wheel-electric-trucks/

http://nissanforklift.com/forklifts/TX-3Wheel-AC-
ElectricRider.htm

http://www.yale.com/emea/en-gb/our-
products/product-overview/3-wheel-electric-
trucks/electric-fork-lift-truck-rear-wheel-drive-1250-
1500kg/

http://www.jungheinrich-
lift.com/_jh/index.cfm/products/forklifts-and-lift-
trucks/electric-counterbalanced-forklifts/efg-110k-
115-electric-3-wheel-counterbalanced-forklift

G. Markovi¢, M. Savkovié, N. Zdravkovi¢, A. Cupié, M. Popovié


http://nissanforklift.com/forklifts/TX-3Wheel-AC-ElectricRider.htm
http://nissanforklift.com/forklifts/TX-3Wheel-AC-ElectricRider.htm
http://www.yale.com/emea/en-gb/our-products/product-overview/3-wheel-electric-trucks/electric-fork-lift-truck-rear-wheel-drive-1250-1500kg/
http://www.yale.com/emea/en-gb/our-products/product-overview/3-wheel-electric-trucks/electric-fork-lift-truck-rear-wheel-drive-1250-1500kg/
http://www.yale.com/emea/en-gb/our-products/product-overview/3-wheel-electric-trucks/electric-fork-lift-truck-rear-wheel-drive-1250-1500kg/
http://www.yale.com/emea/en-gb/our-products/product-overview/3-wheel-electric-trucks/electric-fork-lift-truck-rear-wheel-drive-1250-1500kg/

IX International Conference “Heavy Machinery-HM 2017”, Zlatibor, 28 June — 1 July 2017, A.101-A.104 A.101

Digging Resistance Model Shovel Manipulator
of Hydraulic Excavator

Vesna Jovanovi¢!™, Dragoslav Janosevié¢!, Jovan Pavlovi¢!, Goran Patrovié¢!
!Faculty of Mechanical Engineering, University of Ni$, Ni$ (Serbia)

The paper defines a mathematical model of resistance digging of hydraulic excavators with shovel manipulator.
Mathematical model of resistance digging covered are: motion parameters of bucket in digging operation, the geometry of
the slice of material, geometry of the bucket and the captured material characteristics. The developed mathematical model
of resistance digging can be used for numerical dynamic simulation of excavator operation. As an example, are determined
components of resistance digging for shovel bucket capacity of 4.4 and 6,5m? for model of crawler hydraulic excavator,

weighing approximately 100000kg.

Keywords: Hydraulic excavators, resistance digging
1. INTRODUCTION

For optimal design and efficiency work rating of
hydraulic excavator it is necessary detailed analysis of
digging force in a whole working range.

For such analyses, previous studies were focused
on the analytical determination of changes digging forces
during digging operations. Whereby the developed
mathematical models that define the digging resistance
depending on the geometry of the tool-bucket, geometry
and physical properties of materials steak-land and the
operation time of digging. In this paper is developed a
procedure for determining the components of digging
force (resistance).

2. MATHEMATICAL MODEL

Mathematical model of resistance digging is
developed based on a physical model of the excavator with
manipulator shovel bucket (fig.1). The configuration of the
kinematic chain of the excavator is composed on: the
support and movement mechanism L, rotating platform L,
and a four-member planar manipulator with: boom L,

Y2 . 1Y

stick L4, bucket plates Ls and bucket jaw Ls. Members of
the manipulator moved by drive mechanisms with
hydrostatic actuators - hydraulic cylinder: boom cs, stick
¢4 bucket cs and jaw ce.

Dynamic numerical simulation of the excavator is
defined on the basis of general mathematical model of the
excavator and model simulation conditions. Mathematical
model of the excavator consists of a mathematical model
of the kinematic chain and a mathematical model of the
driving mechanisms of the excavator. Models of
simulation conditions include parameters excavator
working conditions and working technology models -
models manipulative task of excavator. Mathematical
model of excavator is considered in the absolute
coordinate system OXYZ while members of the excavator
kinematic chain are defined in the local coordinate system
Oixiyizi. In the simulation, is adopted in a general excavator
manipulative task comprising the operations of: digging -
horizontal loading materials (fig.2), capturing - filling
buckets material, transfer of material in the unloading
plane, and unloading of material back onto a new plane -
digging a new position [1].

Excavator with loading manipulator,
materials, with a reduced digging resistance,

loading

X3

@3

><V

é\\&!‘.‘.‘ 6 me ) \(/’54;

\"@& Os X

A X1

Iy

Figure 1: Mathematical model excavator with loading manipulator
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X ; X

Figure 2: Trajectories bucket teeth during manipulative task of excavator with loading manipulator

is achieved with horizontal path of bucket teeth maintain
constant optimum cutting angle bucket. Horizontal
capturing enables the cranked quadrilateral driving
mechanism buckets, facilitated operating, only by starting
hydrocylinder of the boom c3 (fig.2), and stick c4 [2].
During the operations of digging and loading
materials occurs the outer (technological) load of
kinematic chain excavator in the form of vector force
digging resistance W determined in the absolute
coordinate system of the excavator by the equation:

W =W,i+W, j+W,k 1)

where: Wx, Wy - digging resistance force components
along the axes that are building the resultant:

5
W,y = W2 +Wy2)0 @)
oriented normal to the cutting edge of the bucket,W; -
lateral resistance digging collinear with the cutting edge of
the bucket. The general model of the resistant digging
force has been developed with the following assumptions:
a) a components of digging resistance force normal to the

to cutting edge of bucket are unevenly distributed along
the cutting edges (fig. 3) with the resultant

a)

W,y shifted with respect to the center of the cutting edges
of bucket Oy, for coordinate z., b) the direction of digging
resistance force perpendicular to the cutting edge of the
bucket is defined with angle of resistance digging 6w in the
local coordinate system of the jaw bucket, ¢) the lateral
components digging resistance forces Wz and Wz are
different in size but opposite directions with resultant W,= W -
W2 acting in the direction of the cutting edge of the bucket.

The intensity of the components digging resistance
force perpendicular to the the bucket cutting edge is
determined depending on the geometry of the slice, the
physical and mechanical characteristics of the captured
materials and the method to control the movement bucket,
by the equation [3][4]:

ny:kk'bs'hk'@ru'gk (3)
where: ki - specific digging resistance of material, bs -
width slice of land, h - height slice of land, & - specific
resistance digging factor, &, - factor of method to control
the movement bucket in digging operation.

Kinematics of digging is carried out by the
horizontal capturing and arch filling bucket, in the plane
digging OXY of the absolute coordinate system, wherein
the slice

Y

z

O<—

Figure 3: Models of resistance digging: a) unequal distribution of digging resistance along the cutting edge of
the bucket, b) height slice
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of captured material has a constant width, equal to the the
width of the bucket and a variable height h along a cutting
radius, determined by the equation (fig. 3):

h=( = Xa )2 + (Yo = Ya)? @)

where: Xw, Yw - coordinates of the center cutting edge of the
bucket, xa,ya- coordinates of the point A which is in the
intersection of the line I, placed along the radius of the
cutting lines and |, placed along the slope of the
excavation materials of the massif determined equations:

l, : y:y5+M(x—x5) (5)
Xw — 5
l,: yztg("m(x_xwll) (6)

Because occurrence inhomogeneity of the material
excavation on digging trajectory there is a need to the
intermittent movement of bucket whose influence on
changing character of resistance digging, take into account
the factor method of control &, determined by the equation:

£ —(1+3f)+ 1, sin(Zttj-sin(nu;rttJ, vi<t, (7)

5 5

where: f, - coefficient change amplitude of resistance
digging, ny - coefficient change period of amplitude of
resistance digging, t - current time digging operation, ts -
end time digging operation.

Changing the specific resistance digging, resulting from
the difference in the physical characteristics of captured
material in the operation start of the loading - when
separating the material from massifs in the natural state,
and at the end of the charging bucket - when includes the
very loosely by the material, taking into account the factor
the specific resistance digging & is determined equation:

gkzll—[tt” Vi<t (®)

In the simulation excavator, changing the direction
of action the normal component of resistance digging Wyy
is defined in the local coordinate system and in the

absolute coordinate system of closed bucket by changing
the angle of resistance digging (fig.3):
t
O = Oy +t—(ewk —Oup)
524

6
Pu=0,+20, ©)
i=3

where: Gup, Ouk - the start and end angles of the direction of
action the components of the normal digging resistance,
which correspond to the natural directions of actions
digging resistance for digging technology of a loading
manipulator excavator.

Component of the resistance digging force W,
collinear with the cutting edge of the bucket is determined,
depending on the moment of resistance of rotation the
caterpillar of the support and movement mechanism in
relation to the substrate and action horizontal resistance
components digging, by equation [3]:

WZ :(:uo mg.ll h_{_WX.Zle (10)

4 h

max W

where: uo - coefficient of rotation the caterpillar of the
support and movement mechanism m - total mass of
excavator, l; - length of reliance of the support and
movement mechanism, hmax- maximum height the slice
excavation material, zw - coordinate positioning of
resistance digging in relation to the center of the cutting

edge of the bucket.
3. EXAMPLE

On the basis of the developed mathematical model,
a detailed analysis of the components of resistance digging
force which loading kinematic chain crawler excavator
mass of about 100000 kg with loading manipulator. The
analyzed two possible variants A and B separated
kinematic chain excavator model (Table T1). Both variants
of the kinematic chain excavator, for comparative analysis,
simulated model are the same technology i.e. the same
manipulative work task with the given external
coordinates. During manipulative task is simulated:

Table 1: Material characteristics of the excavation and method of movement bucket

Characteristics Parameters_ Variants of excavator
Mark [Dimension A B
Excavator mass m kg 100000 90000
Bucket volume v m3 6,5 4,4
Bucket width bs mm 3150 2300
Category of excavation material 1 v
Specific resistance digging K kN/m? 165 320
Material density kg/m3 1650 2200
Coefficient change amplitude of resistance digging fu - 0,03 0,08
Coefficient change period of amplitude of resistance digging Ny - 2 3
The initial angle of direction of resistance digging Owp ° 220 220
The end angle of direction of resistance digging Ouik ° 270 270
Coefficient of rotation the caterpillar of the support and movement mechanism | o - 0,6 0,6
Coordinate of positioning resistance digging Zw mm 1050 750

Digging Resistance Model Shovel Manipulator of Hydraulic Excavator
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Figure 4: Components of resistance digging: a) variant A, b) variant B - normal Wy, Wy, Wy, and collinear W, in relation
to the cutting edge of the bucket and which allows the stability of the excavator Ws W,

a) stable operation of excavator - without moving the
support and movement mechanism; b) trapezoidal
cycloidal model character changes of the angular
velocities of member’s kinematic chain excavator with
accelerated, slow-motion and constant phase.

For excavator models A and B the components of
resistance digging force, normal Wxy (Figure 4, b) and W;
collinear with respect to the cutting edge of the bucket are
determined for different characteristics of the material and
methods to control the movement bucket in digging
operation (Table T1). Since the model excavator A with a
larger capacity bucket intended for the excavation of softer
material category I, in determining the resistance digging
are adopted less values of the amplitude coefficients and
the period of the change resistance digging, assuming the
loading of a softer homogeneous material occurs need for
a smaller number of interruptions movement of bucket in
loading material.

At excavator model B with a smaller capacity
bucket are adopted higher values of the amplitude
coefficients and the period of the change resistance
digging assuming the loading of a harder material 1V
categories appears need for a greater number of
interruptions movement of the of bucket due to
inhomogeneous structure of the material.

Other characteristics of the material and geometry
slice of materials are chosen and defined in such a way
that the normal component of resistance digging the less
than intensity boundary resistance digging force from a
stability condition Ws (Figure 4, b) and the conditions non
sliping W, of excavator, thus fulfilling the requirement of
a stable operation of excavator at the digging operation.

4. CONCLUSION
Changes in component of resistance digging of the

bucket loading manipulator of hydraulic excavators,
obtained based on developed mathematical model,

shows that the largest intensity has the horizontal
component, which occurs approximately half the duration
of the operation digging. Vertical component of resistance
digging force is bit smaller, with increased intensity in the
end of the digging operation when there is a higher filling
bucket with material. The minimum intensity has a lateral
component digging resistance force acting in the direction
of the cutting edge of the bucket.
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Analysis of the Influence of Manipulator Mechanisms Parameters of
Mobile Machines on their Performance

Jovan Pavlovi¢'™, Dragoslav Janosevi¢!, Vesna Jovanovié!, Nikola Petrovi¢?
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The paper present analysis of parameters of drive mechanisms and hydrostatic system of four-bar linkage
manipulators of drive mechanisms in mobile machines with hydro-cylinders for actuators. General transformation and
transfer functions of drive mechanisms are defined. Also is developed a mathematical model for determination of the
duration of operations of manipulation task depending on: scope of the movement of manipulator member that performs an
operation, the parameters of the drive mechanism and a pressure and flow of the hydrostatic drive system. As an example,
results of the analysis of parameters influence on loader performance are given, for drive mechanism of the manipulator

and of the hydrostatic system.
Keywords: Loaders, Drive mechanisms, Manipulators
1. INTRODUCTION

Mobile machine manipulators represent a transfer
part of a kinematic chain that connects a supportive
member with an executive member - a machine tool. The
basic function of the manipulator is to enable the active
operation of the tool on the subject of work in a particular
working area of the machine. Depending on the shape of
the work area, the kinematic chains of the machine
manipulators have a certain number of members that build
the kinematic pairs of fifth class - rotary or sliding joints
with one degree of freedom (Fig.1). The drive mechanisms
of mobile machine manipulators for the actuators have
hydro-cylinders that are powered by hydrostatic systems
with hydropumpes of constant and variable specific flow
[1].

The paper analyzes the influence of the parameters

of the drive mechanisms of the manipulator and the
parameters of the hydrostatic system on the duration of the
manipulation task of mobile machines.

Figure 1: Manipulators of mobile maschines

2. TIME OPERATIONS

The duration of the manipulation task is one of the
basic parameters of the performance of mobile machines.
This is also indicated by the equation that defines the
technical performance of the machine:

3600
tC

U, Vv 1)

where: Uy - performance of mobile machine [m%h], V -
volumen (capacity) of tool [m®], t. - duration of time
operation of manipulative task [s].

According to the given equation, for the same tool
capacity, the machine will achieve the maximum
performance for the minimum cycle time.

In order to set the observed time criterion as a
criterion for evaluating the efficiency of the machine drive
mechanisms, the analysis of the influence of the
parameters of the manipulator driving mechanisms on the
duration of the machine's manipulation task was first
performed.

The duration of the machine's manipulation task
equals the sum of the duration of each operation:

to= 2t )

where: n, - number of manipulation task operations, t; -
duration of time operation.

Duration of time operation is determined by
equation [2]:

Gija Gija
- -
i1 Hij O1 Q i L
where: 61,64 - The initial and final generalized (inner)
coordinates of the member i of the kinematic chain of the

machine which is the operator of the operation j, éij - angular
velocity of the member of the kinematic chain of the machine
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during the operation j, it? - the transformation function of the
flow of the member of drive mechanism which is the carrier

of the operation j, ifi - the kinematic transformation function

of the member of drive mechanism which is the carrier of the
operation j, Q - the flow of actuators of the drive mechanism
during the operation.

The transformation function of the flow and the
kinematic transformation function of the drive mechanism are
known for a particular position of the executive member of
the mechanism that is performing the operation. However, in
order to determine, according to equation (3), the operation
time of the manipulation task of the machine, it is necessary
to define the change in the flow in the actuator (hydro-
cylinder) of the mechanism during the operation.

The flow and pressure of the actuator of the drive
mechanism are the parameters of the power of the hydrostatic
system of the machine. Hydrostatic drive systems of mobile
machines have been developed and futher they are
developing, in the direction of optimally utilizing the energy
of the drive engine under different operating conditions of the
machine, with the possibility of simultaneously unfolding at
least two operations of the manipulation task. These
requirements are achieved by hydropumps of the hydrostatic
system with regulation of power parameters. Regulation of
hydropumps is volumetric. The signal of regulation is a
change in the pressure in the actuators or a change in the
speed of the drive motor, resulting from a change in
movement resistance during the operation [3] [4].

3. ANALYSIS

An analysis of the influence of the parameters of the
manipulator driving mechanisms during the duration of the
manipulation task is given for the drive system of the
excavator with the following parameters and characteristics

(fig. 2):

P4
K
P 6)
A Np=const
Pi ]
Po P 03023=a3
03033=hs
~Q 023033=C3
Qmin 0 Qmax OsT, =ty

o the hydrostatic power Nh of the drive system of
the excavator is known,

o the excavator drive system has a double piston-
axial hydropump of a variable specific flow with collective
regulation according to the criterion of constant hydraulic
power (Nh = const) (Fig. 2b).

For the adopted regulation of the hydrostatic power
parameters, the dependence of the flow rate on the
hydropump pressure is determined by the equation (Fig.
2):

N
Quin =—+ Voop=pi 2Pk
Pk
N
Q=1Q=—" Vv p,<p=p <p (4)
i
N
Qmax =—- V 0<p=p <p,
Pp

Where: pp, px - the pressure of the start and end of hydro-
pump regulation, p;, p; - pressure in the actuators (i, j) of
the drive mechanisms with which the operation of the
manipulation task is performed simultaneously.

By changing the equation (4) into equation (3), the
duration of the operation, among other things, depends on
the pressures in the actuators of the drive mechanisms. In
this way, the digging resistance that occurs during the
operation, through the drive mechanisms, affect on the
flow regulation, respectively the duration of the operation.

As an example of an analysis of the influence of the
parameters of the drive mechanisms on the duration of the
manipulation task of the excavator it is given for the
operation of the material transport at arm lifting of the
shovel excavator manipulator.

The time of arm lifting ts;, at transferring of the
affected material from a certain loading position 3, to a
certain unloading position s, has the value (Fig. 2) [5]
according to the equation (3):

03k O3k
ty = d.ﬁz J’ L (5)

Q0
93,3 031 93p Q : It3l : |c3

2 Ly

3.1

Figure 2: Hydraulic excavators: a) drive system and kinematic chain of manipulator: 1 - diesel engine, 2 - elastic
coupling, 3-hydropump, L1 - motion mechanism, L, -platform, Ls-arm, L4 - stick , Ls - bucket , a) diagram of regulation of
hirdropump [5]
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For the excavator drive system with hydropump
of the variable specific flow with collective regulation
according to the constant hydraulic power criterion, the
time of arm lifting t3 will be minimal if the condition (fig.
2b) is fulfilled:

t; >min V Qua = P< Py (6)

The dependence of the pressure p in hydro-cylinder
of arm on parameters of arm drive mechanism can be
determined, for the most frequent relative position of the
members of the kinematic chain of the manipulator, in the
transfer of loaded material, determined by the angles s, and
045, from the equilibrium conditions for the joint Oz of
manipulator expressed by equation in terms of equality [6]:

M 03g — M p31 O
respectively:
g(m, +m,)-t, -cos(@; +8,)=p-i% i3 (8)

where: Moy, Mpa1 - the moment of loading and the drive
moment of arm mechanism, m,m, - the total mass of the
members of the manipulator and the mass of the affected
material, tu 0y - the coordinates of the center of the mass of the
manipulator in the position of material transfer determined by
the angles 0 and 6ss, p - pressure in the hydro-cylinder of the

arm, i, - the transformation function of the pressure of arm

drive mechanism, ic“g =r3 - the transformation function of the

moment of the arm drive mechanism [2].
For the position of the arm 6:=- 4y, the time t3 will
be minimal if the condition is satisfied:

g(mm + mz)‘tu = pp : itgl ’ I(!\gmax (9)

where: p, - pressure of start of the hydropump regulation,
iC“g max —a3 - maximum value of the transfer function of the
moment of the arm drive mechanism.

By replacing equation (8) with equation (9),
equality is obtained:

i 8max - COS(63 + 5, ) 2 cos(d; +4,)

p= = . (10)
P iM Pby,  siny;,
Which according to relations (Fig. 2a):
b _ % (12)

siny g siny,

Cs :\/ag2 +b2 —2a,b, cos y,

Can be expressed depending on the parameters of the arm
drive mechanism:

cos(8; + 5, W1+k2 -2k, cos
p=p, (3 u)\/_ 3 3 L0573 (12)
siny;,

where: k, =a’/b? - the ratio of the connection lengths of

the arm drive mechanism to which the coordinates of the
joints of the hydraulic cylinder on the platform and on the
arm are determined, y3=6s+f33-a32 - the angle between the

connecting lengths of the hydro-cylinder.

According to equation (12), the time t; of the
transfer operation of the material is going to be minimal, if
the condition is fulfilled:

2
12(00503+5u)\/1.+k3 2kg 0575 _, )
P, sin 7,

when the hydropump, according to equation (4), gives a
maximum flow Qmax.

The pressure p in the hydro-cylinder of arm
depends on the ratio of the torque load Mgy and the drive
moment of Mys: expressed in function from the angle of
the arm position 6s.

4. EXAMPLE

A numerical analysis of the influence of the
parameters of the manipulator drive mechanisms and the
parameters of the hydrostatic system during the duration of
the manipulation task is given for a hydraulic excavator,
weighting 17000 kg, equipped with a shovel bucket, volmen
of 0,6 m3.

The operation of the lifting of the manipulator with a
full bucket was considered, from the starting angle 3, = -10°
to the final angle 95,=30° of the arm lifting. The manipulator
was lifted by pulling out two hydro-cylinders of arm, a
piston/piston rod diameter of 115/80 mm, powered by a
piston-axial hydropump of a variable specific flow with
collective regulation of constant hydraulic power (N, =
const). The pressure and flow rate of the hydropump at the
start of the regulation is: p,=12 MPa, Q=120 I/min.

At the lifting operation, the drive moment of the Masg
of drive mechanism was determined based on the measured
values of the condition of the excavator's operation in
exploitation conditions [2]. The moment intensity has an
extremely variable character (Fig. 3).

Two variants | and 1l of arm drive mechansim are
observed with the same sizes of hydro-cylinders and various
transmission functions (Fig. 4a) apropos different coordinates
of joints in which hydrocylinders are connected to members
of the kinematics pair of arm mechsnim..

|V|03g
[kNm]

140

220

10 -3 0 5 10 15 20 5 63

Figure 3: Change of drive moment of the drive mechanism
of the hydraulic excavator's arm
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Figure 4: Parameters of arm drive mechanism: a) transformation function, b) pressure and flow in the hydraulic cylinders
of the drive mechanism depending on the change in the angle of the lifting angle

The obtained results show that the pressure and
the flow of the hydrocylinders of the mechanism are
different for the same change in the drive moment for
variants | and Il of the arm drive mechanism (Figure 4b).
The differential pressure, apropos flow of the hydro-
cylinder occurs due to the different transmission functions
of the selected variant solutions | and Il of the arm drive
mechanism.

The duration time (fig. 5) of the lifting operation
of the excavator manipulator for the same range of arm
movements is different for the variant solutions | and Il of
drive mechanisms due to the difference in the transmission
functions of the mechanisms.

t3 [s]
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Figure 5: Time change of arm lifting

63 [°]
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o

5. CONCLUSION

Based on the performed analysis and the
presented results, it can be concluded that during the
duration of the operations of manipulation tasks, apropos
performance of mobile machines, the transmission
functions of the drive mechanisms of the manipulator and

the character of the regulation of the hydrostatic
parameters of the hydropump powered by the actuators of
the mechanisms is important.

The defined duration of mobile machine operations
can be used as a criterion for the optimal synthesis of drive
mechanisms of machine manipulators.
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In the executed researches it is accepted that the highest efficiency of transformation of electric energy into energy
of acoustic vibrations and radiation in the work environment is subject to the approval of the resistance of the medium and
the use of force apparatus. Implementation of the proposed approach is implemented reflect the changes in the rheological
properties of the technological environment, by choosing the physical model and its mathematical description. Presented in
the mathematical form of the stages of the cavitation process. The key parameters of cavitation bubbles in an acoustic field.
The estimation of the cavitation process on the coefficient of the cavitation index and absorption coefficient in cavitating
medium. The absorption coefficient is a measure of the efficiency of cavitation effect, the connection of this parameter with

power density of shock waves.

Keywords: disperse medium, ultrasound, cavitation, rheology, intensity, impedance, absorption coefficient.

1. FORMULATION THE PROBLEM

Ultrasonic cavitation technology allows to intensify
the technological processes, to increase the utilization of
raw materials, to modify the original properties of the
material, to create new substances and the environment to
ensure environmental cleanliness and safety of production
[1-11]. The process of turning electric energy into
acoustic waves and its radiation in the working
environment shall be carried out with the greatest
efficiency, subject to the approval of the resistance of the
medium and the use of force apparatus. Therefore,
research aimed at improving the efficiency of cavitation
technologies for the realization of different kinds of
technological processes is the task urgent.

2. FORMULATION OF THE TASK

The aim of this work is to study the process of
cavitation treatment of technological environments, the
setting of parameters of influence and assess its
effectiveness.

3. STATEMENT OF THE MATERIAL

Implementation of the proposed approach requires
determining the change in rheological properties of the
technological environment, which is the viscosity,
plasticity and elasticity [2]. The procedure for accounting
of these properties lies in the choice of the physical model
with further mathematical description and assessment of
the impact in the calculation of dependencies. From a
physical point of view, the choice of model predefined the
main characteristics of the deformation and stresses that
occur during the technological influence and form the so-
called stress-strain state.

The main properties of the processed media are the
basis of any material. There are three idealized models of
materials: the ideal elastic body (Hooke); ideally viscous
liquid (Newtonian); a perfectly plastic body (Saint-
Venant) [3]. In real-world environments, which have a
complex structure, can occur for all three rheological
properties. To build the model they are interconnected in
series or in parallel (tab. 1). Such models belong to the
basic elastic-plastic body Saint-Venant, the viscoelastic
body of the Kelvin-Voigt and Maxwell visco-plastic body
Shvedov-Bingham and others, the use of which is
determined by other properties.

The next step envisaged in the mathematical form
of the stages of the process of cavitation: the formation of
bubbles, their oscillation, the development and collapse.
This process is accompanied by complex maso and heat
transfer in the formed cavitation region.

The key parameter in the evolution of the gas and
air bubbles in the acoustic field is the energy, the
components of which are the pressure, time and speed of
flow of the process of cavitation [5, 6]. Under the action of
ultrasonic harmonic oscillation on environments, the
amplitude of the sound pressure is determined in
accordance with dependencies:

P. = P C @A, 1)

where: p, and C, — the density and speed of sound in

cavitating medium; o — the circular frequency of the sound

wave; Kk = @9 wave number; A - the vibration
c

amplitude of the radiator; o, C, — the impedance of the

medium, which determines the speed of oscillations for a
given acoustic pressure.

*Corresponding author: Prospect Peremogu, 37, Kyiv, Ukraine, iryna_bernyk@i.ua
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The propagation of ultrasonic waves associated

with the transfer of energy. The energy density of sound 20
waves, which falls per unit volume of the medium, can be /
expressed as: i 00 ] /

E, = pv?/2=27"pf2A? )

Intensity, W/em*
N O
QD %

The energy of ultrasonic waves that pass through
unit area per unit time, it is customary to characterize the

S
M

intensity of ultrasonic vibrations. When the plane wave is /_/_ ______ A
perpendicular to the surface, ultrasound intensity is V] 200 400 g0 800 1000
associated with the amplitude of the sound pressure Viscosity, mPa-s

dependence:

Figure 1: The change in the intensity of the cavitation
s eora ) processing of disperse media, depending on their
I =27"pcf “A” =P /(2pc) ®) viscosity: 1 — maximum intensity, 2 — min intensity

Table 1: Rheological models of simple and complex
dispersed technological environments
In practice, an estimation of the cavitation process

AN [ A e

Hooke's (elastic) Newton's (viscous) Saint - Venant's
(dryfriction) Maxwell's
(elastic - viscous)

J— -

| H (B A
Ll i

27 Mﬁ\f_“"‘_ Prandtl's 7 ] o
- ((elastic - plastic) LA AN
—m,fr\f\.f Visco - plastic TN F
Elastic - viscous Voigt is _
Plasticmodel ((Buerger's) ((elastic - viscous)
i | 1 M 1
/ —— |1 Mr=— | Myom—
A
] _ _ / ‘n,/_ ; E .V/\ jﬂ
Elastic - viscous , Elastic - viscous Elastic - viscous Visco - elastic - plastic
((Poynting - Thompson's) ((Kelvin's) (efireys) (tshlinskoho)

W
== M= 4{ MMyoe—
— \/

= Elastic - viscous Elastic - Viscous
Elastic - VISCOUS Plastic (Bingham's) . .
((Mersich's) plastic (Shvedov's)

using the ratio of the index of cavitation K, which equals
the time average volumetric concentration of bubbles:
The change in the intensity of the viscosity (Figure 1)

proves the necessity of taking into account dissipation in Zvi
the determination of the parameters of the cavitation K=—1i (4)
process. v, + ZVi
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where: V, — the volume of fluid without bubbles, V; -

the average volume of cavitation bubble, i =1, N, N — the
number of bubbles.
Then the wave resistance of cavitation medium can
be represented as:
1/2

1
PC =Pl =z | O
14 KB,

0

where: p,C, — the wave resistance of the medium; B -

By
the ratio of compressibility of gas-vapor mixture in the
bubbles to the compressibility of the fluid.

The dependence of the wave resistance of the
medium from the cavitation index (Figure 2) shows that
when the cavitation index of only 0.2% impedance and
hence the amplitude of the current bubble sound pressure
is reduced almost five times.

R
P
a8
s
s
{q —
g 4az 04 a6 a8 7

Figure 2: The dependence of the impedance changes of
the medium from the cavitation index.

The bubbles, having a high compressibility, assume
the external force in the sound wave, the same reducing
the bulk modulus of elasticity of the medium of the E. and
the speed of sound:

¢ = <. (6)

An important parameter in the evaluation of
process efficiency is the ratio of the velocities at the initial
speed the process of cavitation cc, which varies from the
origin of cavitation bubbles, their collapse cx:

k(;:Cc/CK (7)

The next process parameter is the absorption
coefficient in cavitating medium K, . This parameter

depends on the complex amplitude of acoustic pressure in
the cavitation medium and the complex amplitude of the
volumetric content of cavitation bubbles.

K, = —ﬂln—’o‘f‘)\71 ,

. ®)
Co P

where: po — the equilibrium density of the medium, kg/m?;
p — the instantaneous pressure, PA; co — the speed of sound

in the liquid phase, m/s, V — instantaneous volume
content of bubbles. Analysis of the dependence (8) shows
that the absorption rate corresponds to the maximum
efficiency of the cavitation process. In Fig. 3 shows the
dependence of the absorption coefficient in cavitating
liquids on the intensity effects for different viscosity
ratios.

The absorption coefficient can be a measure of the
effectiveness of the cavitation effect. Evidence of this
conclusion to serve the relationship of the absorption
coefficient with the specific power of the shock waves on
the basis of consideration of local area processing medium
volume ASAx. So, using the law of conservation of
energy, we find that the power density of the shock waves
to be determined according to the expression:

ASI AS(I—1e™)

P = = =
" AXAS AXAS ©)
_ —kAx _ —kAx
(r-1e )=k|(l e )sz
AX kAX

where: 41 — the change in the intensity of this wave as a
result of absorption, W/m?2,

The expression for the work of the cavitator in
contact area has the form [6 ]:

A =m Ao’ u (10)

where: M, — mass technological environment; A, —the
amplitude of the contact zone; x - wave coefficient,

which takes into account the influence of the environment
on the movement of the cavitator.

Average power cavitator P, :

P, =05m.A 0’ u (11)

Expressions (10) and (11) are the values of the
unknown parameters of the work and power of the
cavitator, which are implemented in the contact zone of
the cavitator and technological environment. The
difference of the dependence (11) from the existing ones
lies in the fact that in the known dependence [4, 8, 9] used
the concept of added mass, which is supposedly attached
to the surface of the cavitator. In fact, the mass of the
environment is variable [6] and depends on acoustic
parameters in (11) takes into account the wave factor
A .Under the conditions of pulsed energy transfer

cavitator to the notion of vibration amplitude loses its
definition, because the regime is not harmonic, but
nonlinear.

Research and Calculation of Rational Modes and Parameters of an Ultrasonic Cavitator
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Figure 3: The dependence of the absorption coefficient
in cavitating liquids on the intensity effects for different
viscosity ratios: 1 - 1 MPass; 2 - 200 MPaes; 3 - 400
MPaes; 4 - 600 MPaes

With this kind of movement is determined by the
movement in the relevant time periods: t, =t +1,

where t, — part of the period in a single move A, and t,
- inA,. Denoting a =t /t, n w,=27lt, - the

average frequency of; F,, F, — the amplitude of forces in

the respective periods of oscillation of the contact zone.
Under these conditions, the expression of specific
energy, per unit volume of the cavitation medium has the
form:
E_AE _ FAXY _ Ftao, 12)
V. pSAxt,  2mpSa

In the formula (12) contains all the components of
parameters of the dynamic action of the cavitation device
and the characteristics of the technological environment.
Given formula (1 - 12) are initial information for
development of algorithm of calculation of the cavitation
device, which implements a harmonious and non-linear
law of actions on the technological environment. And the
absorption coefficient is a measure of the efficiency of
ultrasonic cavitation, because of (9) follows: the specific
energy of shock waves generated per unit time, is equal to
the product of the absorption coefficient and the intensity
of the primary ultrasound waves. Therefore, the absorption
coefficient defines the ratio of useful energy created in the
form of shock waves are necessary for the realization of
cavitation process energy.

4. CONCLUSIONS

1. An accurate description of cavitation processing
technology of dispersed media depends on the choice of
the model. The key parameter in the evolution of bubbles
in an acoustic field is the energy, the components of which
are the pressure coefficient of energy absorption, the time
and speed of flow of the process.

2. We found that the characteristics of manufacturing
environments, which can serve to define a rational model
of technological process are: the load on the emitter,
rheological properties and conditions influence the emitter.

3. The absorption coefficient is a measure of the
efficiency of ultrasonic cavitation, i.e., determines the ratio
of useful energy created in the form of shock waves are
necessary for the realization of cavitation process energy.
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Determination of Expulsion Costs in Resistance Spot
Welding

Miomir Vuki¢evié!™, Miso Bjeli¢?, Marina Pljaki¢?, Milan TeSevi¢?
Faculty of Mechanical and Civil Engineering, University of Kragujevac, Kraljevo (Serbia)

This article deals with calculation of the expulsion costs during resistance spot welding. It identify significance of
this phenomenon in the overall technology and also indicates the possible directions for action to tackle or eliminate this

phenomenon.

Keywords: Welding, Resistance spot welding, Expulsion, Costs

1. INTRODUCTION

Transformation of the electric energy into the heat
ie. the heating of the conductor during the time is de-
scribed by Dzul's law:

t
Q=[p-j* s dt (1)
t1

— generated heat, W
— specific electrical resistance, p= R-S/¢, Qm

— current density, j=1/S, A/m?

length of conductor, m
— area of cross-section, m?

— volume, m?, V= /.S

Resistance spot welding is performed by placing
welded sheets in a overlapping position between the elec-
trodes, Fig. 1. Electrical current is conducted through the
electrodes into the sheets. In the area of sheets contact, the
temperature rapidly increasing to a value above melting
point. RSW is terminated by reduction of current to zero
and by the electrodes opening.

< LwW>2"T 0T O
|

1. Cooling system
2. Upper electrode
F 3. Upper sheet
4. Lower sheet
5. Molten core
6. Lower electrode

Figure 1: Resistance spot welding [1]

Formation of connection between welded sheets
can be divided into three phases, fig 2.
L ¥F

Positionipg
p d, P ﬁ
| 1
L =3
£ 1
al | %tﬁ
I F

Figure 2: Phases of RSW [1]

The first phase starts immediately with the flow of
electrical current. There is an intense heating and stirring
of the metal.

The second phase begins at the moment when soli-
dus temperature is reached. Highest temperatures occur on
contact surfaces between two sheets.

The third phase includes the cooling and crystalli-
zation of the molten core. Molten core is a part of the
welded sheets with variable volume formed by the melting
of welded sheets.

Shape of molten core as well as final shape and its
dimensions depend on welding parameters, fig 3. If we use
mild regimes during welding, the isotherms will have the
shape of an ellipse so the core and the welded point will
have the shape of an ellipsoid. Welding with sharp regimes
will produce a much more complex shape of the isotherm
and the welded points, too. Peaks of the isotherms will
have the tendency to break through to the surface of the
welded sheets in the contact zone between the electrode

*Corresponding author: Dositejeva 19, 36000 Kraljevo, vukicevic. n@mfkv.kg.ac.rs
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and the sheet. Or they will tend to break the coronary zone
towards the gap between the welded sheets. Such a ten-
dency is created by the combined influence of the so-
called skin effect and contact resistance. In extreme condi-
tions, liquid metal manages to break through to the surface
of the sheets, which is called expulsion in that area. In
order to avoid expulsion, the welding times are radically
shortened, the force increases in order to increase the re-
sistance of the coronary zone and the amount of coolant is
increased.

. — — 1

b) Mild regime

Figure 3: Influence of welding regimes on dimensions and
shape of welded spot [1]

2. KINETIC OF ELECTRICAL RESISTANCE

The change in total electrical resistance during the
RSW is obtained by experimental measurements and has
the structure and appearance as in fig 4.

%)\

'xll‘ll ‘ 1T v

]

Figure 4: Kinetic of RSW [1]

Dickinson [1] has defined minimum of electrical
resistance and denoted it by o.. This is the point where the
value of the contact resistance drops to the zero value.
From this point onwards, the welding process takes place
on the basis of changes in its own electrical resistivity. The
point of maximum resistance B [1] represents the maxi-
mum amount of energy involved in the process, while the

point v [1] indicates a moment of material displacement.
Kinematics of electrical resistance consists of four zones.

| — Establishing physical and electrical contact.

Under the influence of the welding force and the
temperature rise, deformation of contact micro relief ac-
celerates rapidly, the surface of the local contact increases
and contact resistance drops. Increase of electrical re-
sistance is result of heating caused by the high initial value
of the contact resistance.

Il — Initiation of the melting process in the area of
contact surfaces of welded sheets. Given the great mutual
proximity of the a-peak and inflection points, the begin-
ning of the formation and the process of growth of the
melted core are related to the minimum resistance (o, Rc =
0), so there is no difference between them, that is, the
zones | and |1 are considered as one.

111 — It is characterized by three processes:

- the temperature rise in the volume layers of weld-
ed sheets has as a consequence increase of electrical re-
sistance which causes release of larger amount of heat by
which

- increases the volume of molten metal core, ie af-
fects on

- increases the diameter of the coronary zone,
which surrounds the core.

Temperatures in coronary zone are lower in com-
paration to the temperatures in molten core and of course
value of electrical resistance is lower, due to which the
electrical current tends to flow precisely through that part
of the conductive material. The incidence of the described
cyclical changes has a tendency to be reduced during the
welding, so there is temperture stabilization in the vicinity
of the B-peak.

IV — The continuation of the decrease in electrical
resistance due to the growth of the melted core and the
growth of plastic deformations. It is carried out on the
basis of inertia of characteristic processes, ie latent heat.
At some point, such a thermal state of the surrounding ring
is established, and mechanical properties that prevent the
further growth of the core reach. This is the moment when
the pressure of the liquid metal increased so much that it is
greater than the tensile strength of the coronary zone and
when there is a high likelihood of expulsion. If the explul-
sio is reached, the liquid metal breaks into the gap between
the welded sheets and further into the surrounding space,
that is, the liquid metal pierces the surface of the welded
sheets around the contact area between sheets and elec-
trodes.

3. WHAT IS EXPULSION

The influence of the basic process parameters, as
well as the influence of the type of welded material on the
kinetics of electrical resistance is advantageous to be
shown through the area of definition of the welding pro-
cess, fig 5. It is obtained by experimental measurements in
which the welding time and current vary at certain values
of the welding force. Two sets of points are characteristic:

- beginning of the metal melting, o.-peaks, and

- start of metal expulsion, v-peaks.
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3 2 [LE
Figure 5: The domain of existence for RSW[1,4,5]

As can be seen, the B-peak is not important for this
procedure, ie appropriate set of points does not set the
boundary of the process. When a number of dots corre-
sponding to a-vertices, ie the origin of the melted core
(curve a-b-v) and the set of dots that correspond to the
occurrence of the expulsion or a series of v -peaks (curves
v-g-d) are obtained a three-part process space is obtained.

The middle segment A, defined by the curve o and
n-peaks, with a cross-section v, represents the space of the
existence of a RSW process for a given welding force and
base material. The boundary curves of this segment are
derived from the fact that the set of a-peaks corresponds to
the minimum dimensions of the molten core, that is the
beginning of base material melting and the set of n-peaks
corresponds to the largest possible dimensions of the
welded point. It is evident therefore that only the process
whose value of electrical current and time of weling de-
termine the point located in the area between boundary
curves that is in the area of the existence of welding (A) is
considered successful. Marked zones are characterized by
the following characteristics.

A - The zone of the existence of the process. It also
includes optimal technology parameters. By comparing
ordinates 1 and 2, it is noted that the process realized with
parameters closer to ordinate 1 corresponds to sharp re-
gimes, while the mild regimes correspond to the ordinate
2. For the selected welding current, the diameter of the
point will be even greater if the time of welding is close to
the value t2 and vice versa if Tz< tl point will not be
formed, because the process will be terminated. In con-
trast, the welding technology should be designed so that
the point of the state is in the considered zone A, but close
to the boundary v curve.

The welding technology with value of electric cur-
rent which correspond to ordinate 2 has a much wider
interval of time regulation (Atz = t4-t3).

The welding technology realized at time tz = t4, but
with a current smaller than the value which correspond to
the ordinate 2, allows obtaining points with smaller diame-
ter as the current approaches to the value which corresponf
to the ordinate 3. Increase of time of welding at this par-

ticular value of electric current point allows growth of
point dimensions but in a way that expulsion can not hap-
pen.

B - Unachievable to hard-to-achieve welding tech-
nology. This zone is on the right side determined by the
curve of the a-peaks.

V - The zone where expulsion will happen for sure.
The welding time and current are inversely proportional,
that is, this is the limit of sharp regimes. Namely, if longer
time of welding is applied expulsion will occur at the
moment when the value of welding current which corre-
spond to the ordinate 2 is reached. During this period of
time, all phases of the welded point development will be
carried out, fig. 2. It is especially important that a coronary
zone with good mechanical characteristic is formed which
reduces the likelihood of leakage of liquid metal from the
welding zone. With increased value of electric current
while simultaneously shortening time of welding all phas-
es of point developement will be also shortened. In such
conditions, the coronary zone can not be fully formed and,
in particular, it can not achieve the necessary resistance in
order to prevent the pouring of liquid metal into the sur-
rounding area.

4. RSW COSTS

In the automotive industry large production series
are realized. RSW is used to produce a large number of
welded points. Therefore it is justified to use highly auto-
mated equipment. The structure of the welding costs con-
sists of the six elements, fig 6.
Labor costs — Tip
Fixture costs — Tep
Costs of robot application — T
Electrode costs — Te

Costs of power source - Tur

Costs of electric energy - Tes

Figure 6: Total costs for RSW[1,4,5]

Total welding costs for car bodywork [2], fig. 6 can
be calculated as:

Tu= Tes+Tur+Te+Tr+Tep+TiD

Tu=409.20+473.66+402.44+506.26+205.01+
+583.36 = 2579.93 RSD

Costs of material expulsion can be calculated as:

Tis= mis-Com+CsP i
Tis— costs of material expulsion, RSD
mys — mass of expulsed material, kg
Mis= PisMim
pis — portion of expulsed material, %,
mim — mass of molten core, kg,
Cowm — costs of base material, RSD,
Cs — costs of electric energy, RSD/kWh,
P — power of welding machine, kW/point,

Determination Of Expulsion Costs In Resistance Spot Welding
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po Yl |
1000- 77,

U - voltage, V
1z - current, A
ns — efficiency of power source,
& - duty cycle of welding machine,
Po — idle power, kW/point,
tis — time of expulsion, hours
mIS

e+Py-(1-¢)

ts =t

z

M
t, — time of welding, hours

The car body consists of several different parts
(floor, side panels, roof, door, door of luggage, hoods and
side wings, figure 7) of various sheet thicknesses, and
therefore it is necessary to calculate the extrusion costs for
each part of the body, especially. Structure of expulsion
costs can be described by:

- mass of expulsed material,

- the energy of the expulsed material,

- the kinetic energy of the expulsed material,

- light energy,

- sound energy ...

Of these impacts, this article includes the first two.
The mass of the expulsed material is expressed by the Figure 7: Parts of car body
percentage of the expulsed amount of material, p.

Table 1 shows the following values: p = 2, 4, 6, 8,

In accordance with the achieved mass amount of
expulsion and the methodology of the calculation, the cost

10%. of expulsion is calculated and shown in the table 1 and in

fig 8.
Table 1. Costs of expulsion during the year

Costs of expulsion, RSD
Body parts Ammount of expulsion, p, %

2 4 6 8 10
Floor 13.14 26.28 39.42 52.56 65.70
Side panels 4.21 8.42 12.63 16.84 21.05
Roof 0.51 1.02 1.53 2.04 2.55
Four doors 5.91 11.82 17.73 23.64 29.55
Doors of lugage department 1.48 2.96 4.44 5.92 7.40
Hood 0.26 0.52 0.78 1.04 1.30
Side wings 1.03 2.06 3.09 4.12 5.15
Cost of expulsion for one car body, RSD
Total costs, RSD/car | 2654 | 5308 | 7962 | 10616 | 13270
Costs of expulsion per year (for 90000 cars), RSD

TOTAL COSTS, RSD/year | 2388600 | 4777200 | 7165800 | 9554400 | 11943000

W Tesu - costs of electric energy,
[ Turu - costs of power source,
[ Teu - electrode costs,

Trou - costs of robot application,
[ Trru - fixture costs
I Tuou - labor costs,
[l Tisu - costs of expulsion.

Figure 8: Percentage participation of individual costs
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The costs of extrusion costs are relatively low and
ranges from TIS = 0.26 din / point on the motor cover (so-
called hood) at the amount expulsed material of 2%, to
TIS = 65.7 din / point on the car floor and at the amount of
expulsed material from a welded point of 10%. The signif-
icance of this phenomenon, in a cost-effective sense, is
illustrated [2] by the number of cars and apartments that
would be "saved" if the expulsion was eliminated. At p =
2%, it would be saved for example 1.85 FIAT 500L cars
or one-bedroom apartment at prices that are present in
Kragujevac. For the most pronounced displacement, p =
10%, the corresponding cost is for example 9.25 FIAT
500L cars, which is the equivalent of five one-bedroom
apartments, again in Kragujevac. It is obvious that this
type of cost should be included in the total cost of the
process, figure 6. Compared to the total number of 90000
cars per year these costs are not high.

It is therefore concluded that the phenomenon of
expulsion is inadmissible and it is a sign of the imperfec-
tion of technology and that it is necessary to take measures
to avoid expulsion. Such attitudes would certainly be more
convincing when changes in mechanical properties of the
welded joints due to the expulsion and therefore the re-
sistance of the welded points would be analyzed.

This paper has the task of pointing out or suggest-
ing at least one direction that can suppress or reduce the
expulsion of the material.

5. POSSIBILITIES OF AVOIDING EXPULSION

It has already been pointed out that for the area of
the defined process technology, the value and position of
the B-peak point (the maximum value of electrical re-
sistance) are not of crucial importance. However, in the
process of determination of optimum values of the welding
parameters the set of of this peak positions is important
which is shown as a dotted line at fig 5.

Domains of welding technology parameters defini-
tion are determined for particular values of force and par-
ticular sheet material. Variation of force value gives us
whole set of domains of defined technology for particular
sheet material. By their superposition a three-dimensional
space which define possible welding parameters is formed,
fig. 9. It is characterized by two planes.

The first represents a set of a-vertices i.e. it is ob-
tained by superposition of the boundary curves of the
starting formation of welded point. The second character-
istic plane represents a set of v -points which correspond
to the beggining of expulsion. Space which is covered by
these planes is basically a domain of welding parameters
definition for RSW. Since each point of this space is de-
termined by the values of all three basic parameters of the
welding technology every change of their value directly
creates new position of the correspondent point.

Therefore one of the basic values of this representa-
tion is the our ability to predict consequences of any pa-
rameter value variation. On the other hand this reperesen-
tation can have significant application in the domain of
process design in welding technology and also in the man-
agement, optimization and other simulation methods.

The third value is connected to the choice of logis-
tics which can be applied in order to reduce the occurrence

of expulsion ie in order to totally eliminate possibility of
expulsion.

vy

o

Figure 9: Domain of process parameters definition for
RSW

Representation of domain of process parameters
definition is directly related to the changes in the value of
two characteristic electric resistances; At the contact be-
tween the welded sheets (pdd) and the volume or thermo-
genic resistance of the sheet material (pg). The shape and
position of the curve and the plain of process startiong
position (a-peaks) are determined by the values of the
contact electrode resistance or by the heat induced in the
contact zone of welded sheets.

Reduction of contact resistance leads to shifting of
boundary curve and plane into the domain of larger weld-
ing currents. And vice versa if contact resistance increases,
boundary curve and plane are shifted into the domain of
higher current values. The shape and position of the
boundary curve and expulsion plane (v-points) is deter-
mined by the values welded sheets resistance ie by the
quantity of induced heat. Bigger value of electrical re-
sistance narrows the domain of process parameter defini-
tion and vice versa.

6. CONCLUSIONS

The phenomenon of expulsion occurs at the end of
the process of forming a welded point. The expulsion must
be suppressed or reduced because it represents a qualita-
tive evaluation of the resistance spot welding process.
Expulsion costs should be included in calculation of total
costs of the process especially in large series production.

The methods of expulsion preventing described in
this article are reduced to the optimization of the basic
parameters through logistics built on the basis of the do-
main of process existence.
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Microstructure of the weld seam and the HAZ has an essential impact on different mechanical properties of welded
joint. This article presents a methodology for prediction of Vickers hardness in HAZ of welded plates. In order to achieve
this goal we have used 3D model of heat transfer during welding, coupled with Kirkaldy’s model of austenite decomposition.
This coupling have made possible prediction of the volume fractions of ferrite, pearlite and bainite and also prediction of
Vickers hardness distribution. Results of simulation run were found to be in reasonable good accordance with experimental

ones.

Keywords: Welding, Numerical modeling, Simulation, Microstructure, Hardness

1. INTRODUCTION

Simulation models of welding processes give us an
insight into the influence of welding parameters on temper-
ature field in welded parts and by means of temperature
fields and the influence to geometry and microstructure of
welded joints. Microstructure of welded seam and HAZ has
critical impact on mechanical properties of welded joint.
Since the first analytical models of Rosenthal [1] and Ryka-
lin [2], complexity of simulation models has grown rapidly
[3,4]. But this complexity makes these models unreachable
in realistic conditions due to the long time to run the simu-
lation.

Despite good weldability of P355GH steel, it is very
important to predict microstructural changes during its
welding having in mind that this type of steel is widely used
for elevated temperature purposes. Hardness of HAZ which
mainly depends on martensite content, has great influence
on cracking resistance [5]. Bearing in mind the need to re-
duce the simulation time, in this article we have coupled an
analytical, three-dimensional, quasi-stationary model of
heat transfer during GMA welding [6] with Kirkaldy’s
model [7] of austenite decomposition during cooling stage
of welding process. Coupling of these models made us pos-
sible to estimate the value of Vickers hardness in the cross
section of the welded joint.

2. MODEL OF HEAT TRANSFER

Welding heat source acts in a narrow localized area
where a molten pool is formed. Regardless of difficulties,
modeling the heat transfer during welding gives us infor-
mations about the influence of different process parameters
on the heat transfer process itself and also nformations
about the influence to the output results that include seam
geometry, welded microstructure, deformation, etc.

Quasy-stationary partial differential equation which
describes 3-D heat conduction during welding [6] in mov-
ing coordinate sistem, fig. 1 is given by (1):

[ Lé'fliq}aT A (82T T T
v 1= (9

+— — = =t t— |+ 1
c, T |o& pc, | a&® oy’ 622j o @

Figure 1:Moving coordinate system

Proportion of the liquid phase can be represented by

(2):
0 for T<T,
fiq = Tl for T, <T<T,
Tliq _Tsol
1 for T>T,

= Tliq

As a heat source model, we have used Goldak's dou-
ble elliptic model [8]. The feature of this model is that the
front half of the model is a part of an ellipsoidal source,
while the last half is a part of the second ellipsoidal source.
Within the front half of the model, heat density distribution
is carried out by (3):

6V3f,Q <& o b
_o3hQ g Mg Mg 9@ (3)
Ay thhﬂ\/;

The heat density distribution within the last half of
the heat source model is described by (4):

i (%, Y,2) =
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63 73:72 73L§ 4?
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It is necessary that the following condition be ful-
filled (5):
f,+f,=2 (5)

On the basis of (1) it may be seen that the calculation
of temperatures in welded plates requires knowledge of the
values of selected thermo-physical parameters: density,
specific heat capacity and thermal conductivity. It is possi-
ble to adopt that the values of these parameters are constant,
but in real terms this is not the case. In order to calculate
temperature distribution in welded plates more accurately,
it is necessary to use values of the given parameters as a
function of temperature.

3. THERMOPHYSICAL PROPERTIES

In the experimental part of this article we have used
P355GH steel with chemical composition shown in Table 1
as a base material and OK Autrod 12.50 wire with chemical
composition shown in Table 2 as a filler material. Since it
was not possible to found literature data about the density,
specific heat capacity and thermal conductivity as a func-
tion of temperature temperature, we have used methodology
presented in [6,9].

Table 1. Chemical composition of base material

C Si Mn Nb P S
% % % % % %
0.20 0.19 1.45 0.014 | 0.016 | 0.062

Table 2. Chemical composition of filler material
C Si Mn P S
% % % % %
0.08 0.58 1.06 | 0.009 0.01

Results of density modeling using mentioned meth-
odology can be seen on fig. 2.

p, kg/m’ 4

8000 |

7500

7000

= Base material

=+ = Filler material

6500 : : : :

500 1000 1500 2000 T.°C

Figure 2: Density of base and filler material vs.tempera-
ture

Thermal conductivity and effective heat capacity for base
and filler material as a functions of temperature are shown
in fig 3 and fig. 4.

2, W/mK |

45

Base material
40 = - = Filler material

357

30r

25t

20 1

15 -
500 1000 1300 2000 T.°C

Figure 3: Thermal conductivity of base and filler material
vs.temperature

c, JkgK
8000
Base material
[ =+ = Filler material
6000 T
4000
2000

0 o
500 1000 1500 2000 T.°C
Figure 4: Effective heat capacity of base and filler mate-
rial vs.temperature

4. MICROSTRUCTURAL MODEL

The microstructure of the welded joint, that is, mi-
crostructure of the weld seam and the HAZ, has a crucial
effect on the mechanical properties of the welded joint. De-
scription of steel microstucture in practice is most com-
monly made using austenite isothermal transformation dia-
grams and the continuous cooling diagrams in welding. For
specific steel, these diagrams are obtained by experimental
testing. However, in the absence of experimental diagrams
for the steel of a particular chemical composition, models
which desribe austenitic isotermal transformation process
can be used. Based on the research [10,11], Kirkaldy [7]
proposed a series of equations which describe kinetics of
austenitic isothermal transformation.

For the reaction of the austenite transformation into
ferrite under isothermal conditions, the time required for the
particular amount Xg of ferrite to be formed can be de-
scribed as (6):

dX
2(1-X¢) : 2X¢ (6)
Xe ° (1=-Xg)°®

S
ul
Il
pe)
n
O ey X
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Simillary, for the reaction of the austenite trasformation into
pearlite, Kirkaldy proposed (7):

X
dX
e = RPI 20-Xp) . 2X» ()

"X T A-Xp)

And for the reaction of the austenite trasformation into bain-
ite (8):

X
dX
T = RB.[ A
0 XB 3

X )
(1_ XB)T

Coefficients Re, Rp, R are described by (9-11):

59.6Mn +1.45Ni+67.7Cr + 244Mo 9
= (G-1) (-23500) ©)
27 (Ag-T) e ¥

o _L79+542(Cr+Mo+4Mo-Ni)

RF

2% (Ae-T) D,
(2.34+10.1C +3.8Cr +19M0)10*Z
B~ (6-1) (727500] (1)
27 (By-T)-e ™

While coefficients Z and Dp can be calculated as (12-13):

1_ 1 +0.01Cr+0.052M0 (12)

D_P e[ -2;:00] e( -3;200)

[ X4(1.9C+25Mn+0.9Ni+L7Cr+4Mo-26) |

Z=¢ (13)

Or if following condition (14) is satisfied then value of the
coefficient Z is equal to 1.

(1.9C+2.5Mn+0.9Ni+1.7Cr+4Mo—-2.6) <0 (14)

Based on Kirkaldy's model, we have calculated TTT
diagrams for the base material, fig. 5, as well as for filler
material, fig. 6, using MATLAB.

T,°C
900

800

700

600

500

400

300 - - -
107" 100 10" 10¢ s

Figure 5: TTT diagram for base material
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Figure 6: TTT diagram for filler material

5. HARDNESS

Hardness at any point in HAZ depends on the frac-
tion ammount of individual phases: ferrite, X, pearlite, Xp,
bainite, Xg and martensite, Xu. If we know fraction am-
mount of each of these phases at a certain point, the hard-
ness can be computed [12] using the equation (15):

HV = HV, - X +HV, - X, + HV, - X, + HV,, - X,, (15)

Hardness of the individual phases depends on the
chemical composition of the steel and on the cooling rate at
700 ° C [13]. Hardness of ferrite and pearlite can be calcu-
lated as (16):

H, =42+223C +53Si+30Mn+12.6Ni+7Cr +

19M0+(10—198i +4Ni+8Cr +130V ) log(V,)

For the bainite and martensite hardness is calculated
based on (17-18):

H, =-323+185C +330Si +153Mn + 65Ni
+144Cr +191Mo + (89 +53C —55Si 7)
—22Mn —-10Ni—20Cr —33Mo)log(V, )
H,, =127+949C +27Si+11Mn +

18
+8Ni+16Cr+21Iog(Vr) (18)
Cooling rate at 700°C is described by (19):
V, = 3600(—800 —>00 j (19)
At8/5

During the time, grain size increases while the level
of increase depends on temperature, activation energy and
time [12,14] and can be descibed by (20):

Q
do_k [ (20)
d 2g
Direct application of Kirkaldy’s model in case of
welding is not possible because the welding processes take
place with variable heating and cooling rates. According to
Scheil's additivity rule [15], fig 7, during continous cooling,
austenite decomposition starts when the following condi-
tion is fulfilled (21):

Numerical Simulation of Hardness Distribution at the HAZ of P355GH Steel
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Z—"=1 (21)
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Figure 7: Scheil's additivity rule

6. SIMULATION

The simulation was conducted with following weld-
ing parameters: welding current | = 221.1 A, arc voltage U
= 21.9 V, welding speed vy = 0.008 m/s, temperature of
plate Tp = 22°C, and atmosphere temperature, Ta = 20.5 °C.

Results of simulation are shown of figs.8 - 12.
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Figure 8: Simulation of ferrite volume fraction
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