u] =,

3anpononosano memoouxy ananizy 006208iMHOCMI HECYHUUX
8aNli8 eKCUEHMPUKOBUX MEXAHIZMIB8 HA OCHOB8I CKiHueHHO-efle-
Menmnoz0 modeatosanns. Ilpu nposedenni ananisy odocnioicy-
emvcs ycmanenuil pyx mexawizmy. Ananiz 0oezositnocmi 6asy-
€mMvCa HA MO00esi a0umMueH020 HAKONUHEHHS NOWK0ONCeHD.
Ouinka nanpysicenv y eany npoeooumvcs Ha 0a3i CKiHueH-
HO-eJleMeHmH020 M00eI08AHHA (PYHKUIOHYEAHH MeXAHIZMY
8 YCmaneHomy pexcumi Ha podouux uacmomax, AKi € HaWOAUINC-
wumu 0o kpumuunux. Ilicas eusenenus Konyenmpamopis na-
npydcens ma HAUHANPYICEHIWMUX OINIAHOK 64y NPOBOOUMBCS
ananiz xapaxmepnozo wuxay nasanmaxcenus. Ilicas 3eedenns
UUKIY HABAHMANCEHHS 00 HUSKU CUMEMPUMHUX UUKTIE NPOBO-
QUMbCS OUIHKA ROWKO0NCEHHS ALY HA KONHCHOMY UUKIL Ma 1020
pecypcy.

Ha 6a3i 3anpononosanozo memody nposedeno ananiz 006-
2061MHOCMI HeCYy1020 6ANY UEHMPOOINHCHO-2IPAUTIH020 PYOHO20
mauny xyaicnozo muny. Ha 6asi mexaniunoi modeni 3 memotro
niosuwenns epexmusnocmi ma weuodKooii ckinuenno-eaemenm-
H020 po3paxynKy nodyooeano cnpoujeny po3paxynKosy mooein.
3anpononosano modenv pyxy pyou 8 nOMOILHUX KaMepax npu
ycmanenomy pexcumi pyxy. Ilodyooeano diazpamu Kemnéena
KOUBAHL CUCMEMU MA BUABNEHO, WO MEXAHIZM MIUHY He 6X0-
dumbw 00 pezonancy 3 po604o10 wacmomoto 30ydxcenns. Buseneno
0inanKY KOHUEHMPAUTi MEXAHTMHUX HANPYICEHb MA OLNAHKY MAK-
CUMATILHUX MEXAHIMHUX Hanpydicenv y eany mauny. IIposedeno
ananiz ymoe QYHKUIOHYeaHHs 6any ma O06MUCIIEHO 3HAUEHHS
MeICU BUMPUBATIOCHT MAMEPIAY ALY 6 30HI HALOINLUUX HANDY -
scens. Ilodydosano xapaxmephuii yuka HABAHMANCEHHS GANY
MAUHA NPU YCMANEHOMY PeNcuMi podomu, AKull CKAA0AEs-
ca 3 16 dinsnox. Koocny Oinsnxy 3eedeno 0o cumempuiozo
UUKILY, WO 00360JIUILO OOUUCTUMU NOWKOONCEHHS 6ATY HA KOIHC-
Hill QiNAHYL YUKIY MA HA 6CLOMY UUKIL HABAHMAIICEHHS 8 ULNO-
My. 3acmocyeanns memoouxu aOUMUEHO20 HAKONUMEHHS NOWKO-
0dicens 00360UN0 OUIHUMU PECYPC 8ANY MAUHA. 3anpoOnoHosany
Memooury OuiHKu 0062061HOCI HECY4020 6aANYy Modjce Oymu
BUKOPUCMAHO 011 AHANI3Y Pecypcy PIZHOMAHIMHUX 2ipHUMOne-
pepodnux mexawismie, 001AOHAHHA Jle2K0i NPOMUCTOB0CHI Mma
sibpozenepamopis

Kntouoei crosa: excuenmpuxosuii mexanizm, 6a2amouuxio-
6a 6moma, CKiHueHHOo-eJleMeHmHUlL anauia, Ounamiuni nasanma-
scenns, diazpama Kemnéena

u] =,

Received date 24.07.2019
Accepted date 07.10.2019
Published date 23.10.2019

|DOI: 10.15587/1729—4061.2019.174030|

ESTIMATION

OF DURABILITY OF
CARRIER SHAFTS
IN ECCENTRIC
MECHANISMS

D. Arinova

Doctoral Student*

E-mail: d_arinova@mail.ru

B. Uspensky

PhD**

E-mail: Uspensky.kubes@gmail.com
K. Avramov

Doctor of Technical Sciences, Professor**
E-mail: kvavramov@gmail.com

V. Povetkin

Doctor of Technical Sciences, Professor®
E-mail: vv1940_povetkin@mail.ru
*Department of Industrial Engineering
Satbayev University

Satpaev str., 22a, Almaty,

Republic of Kazakhstan, 050013
**Department of Reliability

and Dynamic Strength

A. Pidgorny Institute of Mechanical
Engineering Problems of the National
Academy of Sciences of Ukraine
Pozharskoho str., 2/10, Kharkiv,
Ukraine, 61046

Copyright © 2019, D. Arinova, B. Uspensky, K. Avramoo, V. Povetkin

This is an open access article under the CC BY license
(http.//creativecommons.org/licenses/by/4.0)

1. Introduction

One of the main causes of failures of rotary mechanisms
is the fatigue stresses of the carrying shaft. Analyzing such
stresses, taking into consideration all the different loading
features that arise from the operation of a machine, is a com-
plex task that can rarely be solved by classical analytical or
semi-analytical methods. Solving such a task at the design
phase would increase the service life of a mechanism, thereby
improving its durability and reliability. Therefore, it is a re-
levant task to devise a procedure for analyzing the multicycle
fatigue of the shaft. The most conventional methodology for
analyzing the dynamic stressed-deformable state of complex
structures is the method of finite elements, which allows the
detailed consideration of features of their geometry.

Many engineering offices involved in the design of ma-
chine-building structures try to replace experimental re-
source studies with numerical modeling. First, experimental
research is extremely expensive. Second, modern finite-ele-
ment software packages make it possible to carry out nu-
merical simulation of extremely complicated engineering
structures, which produces sufficiently reliable resource
calculations.

A Weller fatigue curve is used for conducting resource
calculations; it is obtained experimentally. Many factors,
such as a material’s properties, geometric heterogeneities,
loading conditions, environmental conditions, influence the
parameters of the Weller curve and, therefore, the fatigue
durability of rotating shafts. Local points of stress concentra-
tions are typically a source of fatigue breakdowns.



2. Literature review and problem statement

3. The aim and objectives of the study

Paper [1] gives the experimentally-derived Weller curves
for samples with circumference incisions at different coeffi-
cients for stress concentrations. Works [1—3] report studies
into the effect of incisions and scratches on the fatigue destruc-
tion of samples under the influence of monoharmonic periodic
load. Paper [4] experimentally shows that the main cause of
fatigue breakdowns of a car carrier shaft are significant fluctu-
ations in stresses in the regions of their concentration, which
leads to the emergence and development of fatigue cracks.

During service time, rotating parts of machines are exposed
to irregular cyclical loads. For this type of rotating machine
parts, their durability can be assessed using two main approa-
ches. Conventional fatigue analysis is performed in a temporal
domain; this employs a cycle counting technique called the rain
flow method [5]. Spectral fatigue analysis implies the construc-
tion of a density function of the probability of stress range [6].
When using a conventional approach, the complex history of
loading a part is reduced to a series of damaging cycles [7],
which could then be applied to calculate their cumulative da-
maging effect [8]. A brief overview of fatigue analysis methods
is given in paper [9]. The prediction of durability of a rigidly
fixed beam under the influence of single-axle and multiaxial
loading using the rain flow method and a Dirlik formula is
reported in studies [10, 11]. The applicability of approaches in
the time and frequency domains for different mechanical com-
ponents, as well as their relative advantages and disadvantages,
are considered in work [12]. Paper [13] examines the durability
of a wind turbine, which is assessed using the rain flow method
and a Dirlik approach. In studies [7—13], fatigue durability
is calculated using different spectral methods for numerical-
ly simulated or real vibrations of a part or a machine and is
compared to durability calculated by conventional methods.
However, the accuracy of methods formulated in both time
and frequency domains can only be reliably confirmed by com-
paring the estimated service life with the service life obtained
from experiments. Currently, industries use computer analysis
to systematically design reliable structures [14].

The task of static analysis of a crank shaft was solved in
paper [15] using a finite element approach with the most
loaded regions of the shaft identified. Work [16] analyzed
the fatigue of a crank shaft in the diesel engine operating at
the rated frequency of 1,500 rpm. Study [17] experimentally
shows that a rotor breaks most often when it is constantly
rotated. A procedure for assessing the limit of the multicycle
curved fatigue of a crank shaft is described in [18].

A significant drawback of studies reported in [14—18]
is that the stressed-deformed state of a crank shaft is
considered without taking into consideration the influence
exerted by other rotating parts. Work [19] experimentally
shows that the resource of a locomotive carrier shaft is
significantly influenced by the attachments of wheelset
pairs, bearings, and brakes. Fatigue cracks were observed in
the places where the shaft was connected to these elements
in the absence of noticeable defects of the material. The
scientific literature pays little attention to computer analysis
of shafts of eccentric mechanisms. The predominant method
for studying the fatigue of eccentric mechanisms is a field
experiment [4, 18, 19, 20—22]. Such studies can increase the
cost of a structure, reducing its competitiveness. Therefore,
it is expedient to undertake a research aimed at analyzing
the durability and resource of the carrier shaft of eccentric
mechanisms using computer simulation.

The aim of this study is to devise a procedure for assessing
the durability of the carrier shaft of an eccentric mechanism,
which would make it possible to calculate the resource of such
structures and to develop recommendations to prolong it.

To accomplish the aim, the following tasks have been set:

—to devise an approach to calculating the resource of
carrier shafts of eccentric mechanisms;

— to apply this approach to studying the resource and the
stressed-deformed state of a mill shaft.

4. Approach to calculating the resource
of carrier shafts

We propose an approach to the numerical assessment
of the resource of force transmissions in mechanisms and
machines, which is based on a joint analysis of the dynamic
stressed-deformable state of a structure and its resource. The
durability of a carrier shaft in the centrifugal-gyration rocker
mill, the type of CGM 140,320, is considered as an example.

To calculate the resource of carrier rotating shafts, the fields
of dynamic equivalent stresses over its single rotation were
determined. We have considered the case of shaft rotation at
constant angular speed. The most loaded operation mode of a
structure was analyzed. In this case, it was assumed that grind-
ing chambers are fully loaded with ore. Thus, the stressed-de-
formable state for the most loaded case was investigated. Then
there is a major assessment of the structure resource.

When calculating SDS,; it was assumed that the material
of a shaft is isotropic, without cracks and defects. The con-
nection between stresses and deformations is described by
the Hook law. Deformations and displacements are related
via Cauchy linear formals. The stressed state of the structure
was assessed by finite-element modeling. Particular attention
in calculations was paid to regions with stress concentrators
that occur in places where the geometry of the shaft changes.

To assess the durability of a shaft, the dynamic SDS is
calculated and the resource is evaluated, which is expressed
in the form of the following algorithm:

1. The finite-element dynamic SDS of the structure.

2. Analysis of linear resonance properties of the structure
using the Campbell diagrams. Calculation of the shaft resource
should be carried out at modes closest to resonant ones.

3. Identify the most characteristic cyclically changing
SDS of the structure under the most loaded mode.

4. Analyze fatigue of the shaft based on the following
algorithm:

4. 1. Split a cycle into sections of a simple shape.

4. 2. Reduce each section to an equivalent symmetrical cycle.

4. 3. Assess shaft damage at each section.

4. 4. Assess shaft fatigue over a single loading cycle.

4. 5. Evaluate shaft resource.

5. The resource and stressed-deformed state
of the shaft of the mill CGM 140/320

We shall examine the stressed-deformable state and
resource of the ore mill CGM 140/320 [23]. The mill’s
complete geometric model includes both moving parts and
elements that attach it to a fixed base. The main fixed parts of
the mill are the frame and the case with a rack. Moving parts



include a shaft with a counterweight, a link, and a carrier
with grinding chambers (Fig. 1). This design enables com-
plex flat motion of grinding chambers.

Fig. 1. Moving parts of the structure:
a — shaft with a counterweight; b — link with a carrier pin
and a block; ¢ — carrier with grinding chambers

In the course of finite-element modeling of the mill move-
ment, special attention is paid to the interaction between
moving parts shown in Fig. 1.

3. 1. Model of the structure

The following assumptions were made when modeling
the structure’s dynamic SDS.

1. The dynamics of the mill’s rotor are weakly influenced
by its stationary parts, so the frame and body were not in-
cluded in the finite-element analysis, except for the body
bushings in which the rotor is installed.

2. Friction between parts of the machine was not taken
into consideration.

3. Fixing the shaft in the bushings was considered abso-
lutely rigid. Such an assumption increases the shaft stresses.

4. The contents of grinding chambers were considered
a solid body.

The geometric model of the mill, taking into consider-
ation the described assumptions, is shown in Fig. 2.

c d

Fig. 2. Estimated model of CGM 140 /320:
a — side view; b — isometric projection; ¢ — rear view;
d— front view

The following materials that make up the main elements
of the mill CGM 140,/320 were accepted: shaft, carrier pin —
steel 45; counterweight — steel 3; link — steel 20; grinding
bodies and grinding chambers — steel 65G; block — bronze
BROF 10-1-OST1-90054.

We examined effect of the load in the form of ore in grind-
ing chambers on strength of the carrier shaft. Ore in grinding
chambers was considered to be a solid body.

When modeling ore, we employed data on the bulk
weight of barite ore with a grain size of 10 mm (1.42 kg/dm?).
Taking into consideration that the permissible load on grind-
ing chambers is 30—40 %, we used a material that models ore,
with a density of 0.568 kg/dm?, which corresponds to the
grinding chamber loading by 40 %.

To properly build a finite-element model of the mill and an-
alyze the strength of its shaft, it is necessary to correctly assign
connections and loads applied to the elements of the machine.
The bushings that host the shaft are stationary and are rigidly
attached to the body. Our calculations take into consideration
the gravity force acting on bodies. The pulley’s angular speed
o changes over time ¢ in the following manner [24]:

o(t)=52(1-¢"")+780e™ ¢, rad /s, )

where o is the angular speed of the pulley; ¢ is time.
The character of the shaft angular velocity over time is
shown in Fig. 3.
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Fig. 3. Dependence graph of the shaft angular speed on time:
o — shaft angular speed, t— time

5. 2. Numerical simulation of resonance behavior

The finite-element modeling was employed to investi-
gate the system’s natural frequencies and oscillation forms
at different values of angular speed of carrier shaft rotation.
According to the results from modeling, a rapid enough con-
vergence of results is achieved when using tetrahedral 3D
finite elements. Moreover, these finite elements are good at
approximating a region of the structure.

The shaft’s oscillation calculations were carried out at a ra-
ted angular speed of its rotation, which corresponds to 30 rpm.
According to the results from calculations, the torsional oscilla-
tions of the shaft occur in line with the first form (Fig. 4).

A B e —
2.7364 2.4346 2.1329 1.8312 1.5295 1.2278 0.92609 0.62437 0.32266 0.02095

Fig. 4. Distribution of displacements (mm) along the torsional
shape of shaft oscillations



Dependences of frequency of the system’s natural oscil-
lations on the angular speed of shaft rotation are shown in
Fig. 5. Such dependences are termed the Campbell diagrams.
Their analysis reveals that the system’s natural oscillation
frequencies are weakly dependent on the angular speed of
shaft rotation in the range of ®&[200;800] rpm. There are
no critical shaft frequencies over this range.

Frequency (Hz)

Thus, the region on the cheek of the shaft near the
crank is the most loaded. Therefore, analysis of the dynamic
strength of the rotor comes down to analyzing the dynamic
SDS in this loaded place.

It should be noted that at the beginning of motion, the
system undergoes a short transition process. Studying the
steady motion mode of the mill is carried out using simu-

lation data that are at a distance
of 3 from the onset of motion.

2087 The yield limit of the shaft’s
500 - material (steel 45) is 323 MPa; the
strength limit is 540 MPa. Thus,
400 | ~Mode the maximum stresses on the shaft
+RrATIO=1  under the steady motion mode of
the mill at any kind of loading do
300 not exceed 10 % of yield limit of
the shaft’s material. Results from
200 - calculating the dynamic SDS of
the entire shaft are used to study

100 its multi-cycle fatigue.
o | | L, ‘ —4 Rotational 5. 4. fﬁnalysis of multi-cycle

20.94 30.94 40.94 50.94 60.94 70.94 8094 velocity (rads) ~ shaft fatigue

Fig. 5. Campbell diagram of the carrier shaft in the range of shaft angular

velocities e [200; 800] rpm

Thus, under conditions of regular operation of the mill
there are no resonance phenomena.

5. 3. Dynamic SDS of the shaft

The dynamic SDS of the shaft was calculated over its five
rotations at a constant angular speed of 500 rpm. The mini-
mum and maximum distribution of dynamic equivalent shaft
stresses are shown in Fig. 6, 7, respectively.

I | I [E—
22.498 19.998 17.499 14.999 12.499 9.9992 7.4995 4.9997 2.4999 0.00017567

Fig. 6. Distribution of dynamic equivalent stresses (MPa)
at a minimum magnitude of their values
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Fig. 7. Distribution of maximum equivalent
dynamic stresses

The character of dynamic equi-
valent stresses over time in the
most loaded region of the shaft is
shown in Fig. 8.

Thus, the cycle of equivalent stresses (Fig. 8) is asym-
metrical and polyharmonic. Let us analyze fatigue of the
shaft under such a load cycle according to the algorithm
described above.

The dynamic process (Fig. 8) shall be divided into
16 asymmetrical cycles. As an example, a single cycle of
equivalent stresses is shown in Fig. 9. Data on 16 asymmetric
cycles are given in Table 1. It shows the maximum and mini-
mum equivalent stresses in cycles in MPa.
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Fig. 8. Change in stress over time in the most loaded region
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Fig. 9. Cycle of equivalent stresses



Table 1
Cycles of equivalent stresses
Section number Omax, MPa Gumin, MPa
1 23.888 22.796
2 23.888 23.833
3 24.298 23.833
4 24.298 23.871
5 25.457 23.871
6 25.457 24.766
7 27.258 24.766
8 27.258 24.565
9 24.626 24.652
10 24.652 24.355
1 26.105 24.355
12 26.105 23.621
13 24.209 23.621
14 24.209 22.656
15 22.932 22.656
16 22.932 22.498

Damage to the shaft due to its loading at each section
is calculated according to the damage summation rule [25]:

16 1
p=Y—, 2

; N (2)
where N, is the number of cycles that would cause destruc-
tion at the corresponding magnitude of equivalent stresses.
The number of cycles (Fig. 9), which a shaft could withstand,
is equal to 1/D.

To determine a shaft endurance limit, one uses a multi-
plier method by Marin. Then the endurance limit of a shaft
is calculated [26]:

o, =kkkk kG, 3)
where ¢/ is the endurance limit of a material; &, is the sur-
face factor; k, is the size factor; k& is the load factor; &, is
the temperature factor; &, is the reliability factor; k, is the
multiplier taking into consideration other effects.

To determine the endurance limit of a shaft’s material o/,
a steel reference book is used. Following [27], the endurance
limit of steel 45 when tested for torsion over a symmetrical
cycle is 157 MPa. The Marin multipliers are determined
from experimental studies reported in paper [25]. For harde-
ned steel, the coefficient %, is 0.41. The multiplier k&, for
cylinders under the influence of bending and torsion loads
is calculated depending on the diameter of the cylinder, and
this multiplier decreases as the diameter increases. Therefore,
the diameter of the cylindrical surface is used to estimate the
value of this multiplier. For the cylindrical surface in ques-
tion, the coefficient &, is equal to 0.91d [inch]*"" =0.74.

The multiplier k, effect on the endurance limit has
already been taken into consideration as the experimental
value for endurance limit ¢’ for torsion is used. Therefore,
the value % is taken to equal 1. The temperature factor in
a given study was not taken into consideration, so the multi-
plier %, istaken to equal 1. The coefficient £, depends on the
degree of reliability expected from the machine. Reliability

of 95 % corresponds to the value £, =0.868. Because other
effects (residual stresses, corrosion, etc.) are not considered
within the framework of a given study, the value of multi-
plier %, is accepted equal to 1.

To determine the number of cycles N;, formula (2) em-
ploys the following ratio [25]:

1
N,= ("—) , (4)

a

where o, is the value of the stress amplitude at a sym-

metrical cycle; for the selected material parameters,

2
b=—1log(f6], =) o0
3 c, o,
A Goodman diagram is used to reduce a load cycle to
a symmetrical cycle [25]. The value for G, is calculated as

follows:

GI‘(ZZ,‘i = g ’ (5)
{——mi
(¢}
where
Gal‘ — Gmaxi ;Gmini , Gm,' — Gmaxi 2 Gmini .

The values for parameters ¢, and N, for the cycle un-
der consideration (Fig. 9) are given in Table 2.

Table 2
Parameters of symmetric cycle at different
loading sections
Section number, Gyeviy MPa N;

1 0.570668 3.2.10"
2 0.028771 2.22-10"
3 0.243345 3.99-10"
4 0.223467 5.14-10"
5 0.830953 1.05-10"
6 0.36235 1.23-10"
7 1.309058 2.74-10"
8 1.414367 2.18-10"
9 0.013622 2.03-10'
10 0.155559 1.5-10%
11 0.917886 7.85-10"
12 1.301945 2.79-10"
13 0.307624 210"
14 0.811724 1.13-10"
15 0.144082 1.88-10"
16 0.226529 4.94-10"

The amount of damage to the shaft D over the entire
load cycle, calculated from formula (2), is D=1.54-107".
This corresponds to the number of load cycles equal to
6.48-10°.



6. Discussion of results from studying
the shaft resource

The approach to determining the resource of eccentric
shafts has been proposed, which consists of a joint calculation
of the dynamic stressed-deformable state of the structure
and the calculation of resource based on the method of cu-
mulative accumulation of damages. The procedure, proposed
in this paper, can be generalized to involve research into
elements of energy equipment, which includes internal com-
bustion engines, steam and hydraulic turbines.

Finite-element modeling of the stressed-deformed state
of a structure makes it possible to evaluate its resource with-
out conducting a physical experiment. The accuracy of the
proposed method is limited to matching the fatigue proper-
ties of a material to the Weller diagram.

The benefit of the proposed procedure is a possibility
to adapt it to other classes of structures. The drawback of
the proposed procedure is strong dependence of results on
the mechanical characteristics of a material, which are not
always known.

The level of stresses in the examined structure is too
small to give rise to plastic deformations that often occur in

engineering systems. In the future, it is extremely interesting
to explore dynamic plastic deformations and, consequently,
the low-cycle fatigue that occurs in a structure.

7. Conclusions

1. A new approach to calculating the resource of carrier
shafts in eccentric mechanisms has been proposed, which
includes numerical modeling of their dynamic stressed-de-
formed state and a procedure for calculating the resource
based on cumulative accumulation of damage. Given the
complexity of shaft’s design, its dynamic stressed state was
simulated by a finite element method using tetrahedral 3D
elements at a small time step.

2. The resource of a shaft carrier in the mill CGM 140,/320
has been investigated. The maximum dynamic stressed state
of the shaft is observed on the cheek of the shaft near the
crank. It is for this most loaded place that resource calcula-
tions are performed employing a method of cumulative accu-
mulation of damages. The equivalent mechanical stresses in
this region range from 22.498 to 27.258 MPs over a complex
cycle consisting of 16 elementary sections.
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