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This thesis resolves the current issue of running diagnostics on low-speed bearings and
has resulted from urgent industry requirements.

The central concept of the design solution is the introduction of a reference element into
the sprocket shaft bearing assembly of a chain conveyor used in the SKODA AUTO a.s.
paint shop.

Using two pairs of roller bearings each, this reference element is connected to both the
shaft as well as the frame. With this design, the reference element can freely rotate,
thereby making it possible to run diagnostics on the bearings.

Firstly, this design makes it possible to rotate the reference element at a high speed and
— just like for high-speed bearings — establish the frequency of the vibrations,
determining the level of damage in doing so. Secondly, it makes it possible to identify
and measure the resistance when rotating the reference element.

This design solution has been successfully patented at a European level.

In the course of this thesis, various designs have been developed, one of which has been
realised as a prototype and integrated into the conveyor system at the
SKODA AUTO a.s. paint shop in Mlad4 Boleslav.

Low-speed bearings, damage identification, monitoring of bearings, diagnostics of
bearings, resistance diagnostics, vibration diagnostics.
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List of the symbols used

Chapter 4

a [m] Dimension of bearing housing
b [m] Dimension of bearing housing
B [m] Width of the bearing

C [N] Dynamic load rating

Co [N] Static load rating

D [m] Outer diameter

dy [m] Pitch diameter

dyy [m] Inner diameter of bearing
d, [m] Pitch diameter

d; [m] Pitch diameter

d, [m] Pitch diameter

e [-] Calculation factor

h [m] Height of bearing housing
i12 [—] Reduction ratio

i34 [-] Reduction ratio

ny [s71] Rotational speed

n, [s71] Rotational speed

n3 [s71] Rotational speed

ns [s71] Rotational speed

P12 [m] Pitch of the chain links
D34 [M] Pitch of the chain links
Ry [Pa] Yield strength

R, [Pa] Ultimate strength

Yo [—] Calculation factor

Y: [-] Calculation factor

Y, [-] Calculation factor

71 [—] Number of teeth



zz [-]
z3 [-]
zy [-]
Chapter 5
a [m]
b [m]
by [Nsm™]
B [rad]
C [N]
d [m]
ds [m]
e [m]
epp [~]
epp [~]
fw [-]
F [N]
Fg [N]
Fg [N]
Fg [N]
Fg3 [N]
Fp; [N]
Fgk [N]
Fi [N]
Fie1 [N]
Fic2 [N]
Fs [N]
Fi; [N]
Fw [N]

@4 [rad]

Number of teeth
Number of teeth

Number of teeth

Distance

Distance

Damping coefficient

Angle

Dynamic load rating

Diameter

Pitch diameter

Distance

Strain

Strain

Resistance due to friction

Force

Maximum force

Bending force acting on shaft
Bending force acting on shaft
Bending force acting on shaft
Bending force acting on shaft
Overall force acting on both conveyor chains
Force acting on one conveyor chain
Force acting on one conveyor chain
Force acting on one conveyor chain
Force acting on one conveyor chain
Force acting on one conveyor chain
Transformed force due to resistance

Angle of actuating movement



¢a [rads™]
Pa [rad s™7]
i14[Nm™]
Ja [kgm?]
Ji [kg m?]
ka [Nm™]
L [Mil]

m [~]

M; [Nm]
M, [Nm]
M5 [Nm]
M, [Nm]
M, [Nm]
Mp; [Nm]
Mp, [Nm]
M; [Nm]
M; [Nm]
M;, [Nm]
My [Nm]
My, [Nm]
n[s7']

P [N]

q: [-]

q: [-]

qz [-]

qs [-]

r1 [m]

Ra; [N]
Ra1 [N]
Raz [N]

Angular velocity of actuating movement

Angular acceleration of drive sprocket

Reduction ratio

Mass moment of inertia of drive unit

Transformed mass moment of inertia of conveyed objects
Overall spring rate

Bearing life

Calculation coefficient of bearing

Torque

Torque

Torque

Moment of acceleration

Damping moment

Bending moment

Bending moment

Moment of drive unit due to inertia

Transformed moment of inertia due to conveyed objects
Reaction moment of the drive unit’s spring suspension
Nominal torque

Transformed moment due to resistance of conveyed objects
Rotational speed

Equivalent dynamic bearing load

Operational proportion of load

Operational proportion of load

Operational proportion of load

Operational proportion of load

Pitch radius

Reaction force in bearing

Reaction force in bearing

Reaction force in bearing
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R,3 [N] Reaction force in bearing

Rg; [N] Reaction force in bearing
og; [Pa] Bending stress

og, [Pa] Bending stress

v, [ms™1] Velocity

Wy [m3] Section modulus for bending
yg [m] Maximum displacement of spring
y [m] Deflection

71 [-] Number of teeth

z, [—] Number of teeth

73 [—] Number of teeth

74 [—] Number of teeth

Chapter 6

as; [ms™2]  Acceleration
asz; [ms™2]  Acceleration
as3, [ms™?]  Acceleration
&, [rads™2]  Angular acceleration
g31 [rads™2]  Angular acceleration
g3, [rads™2]  Angular acceleration

&g [rad s72] Angular acceleration of Résal

f [Hz] Frequency

fpr [Hz] Damaged bearing frequency
fpo [HZ] Damaged bearing frequency
for [Hz] Damaged bearing frequency
Q54 [rad] Angle

@31 [rad] Angle

@3, [rad] Angle

m [—] Number of rolling elements

w,q [rads™]  Angular velocity
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w3 [rad s71]
w3 [rad s71]
w [rad s™1]
wc [rad s™"]
w; [rad s™1]
wp [rad s™1]
Taz1 [m]

Tazz [m]

rc [m]

7 [m]

1o [m]

T [m]

Saz1 [m]

Saz1 [m]

Sazz [m]

Vaz1 [ms™']
Vaz1 [ms™!]

Vazz [ms™]
Chapter 7

forr [Hz]
fois [Hz]
foor [HZ]
foos [H7]
forr [Hz]
fors [Hz]
fis [H7]
fre [Hz]
Fpc [N]
Fpg [N]

Angular velocity
Angular velocity
Angular velocity
Angular velocity
Angular velocity
Angular velocity
Radius vector
Radius vector
Radius

Radius

Radius

Radius

Distance
Distance
Distance
Velocity
Velocity
Velocity

Damaged bearing frequency
Damaged bearing frequency
Damaged bearing frequency
Damaged bearing frequency
Damaged bearing frequency
Damaged bearing frequency
Frequency

Frequency

Circumferential force

Circumferential force
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mg [—] Number of rolling elements

mg [—] Number of rolling elements
Mg, [Nm] Friction moment

Mg [Nm] Moment

Mp [Nm] Moment

Mg [Nm] Moment

Mg [Nm] Moment

wcr [rad s™1]  Angular velocity
wcs [rad s7']  Angular velocity
wpr [rad s™1]  Angular velocity due to bearing damage
wp;s [rad s™]  Angular velocity due to bearing damage
wpor [rad s™*] Angular velocity due to bearing damage
wpos [rad s™] Angular velocity due to bearing damage
wprr [rad s71]1 Angular velocity due to bearing damage
wpgs [rad s™1] Angular velocity due to bearing damage
w;r [rads™']  Angular velocity
ws [rads™']  Angular velocity
wor [rad s™1]  Angular velocity
wos [rad s™]  Angular velocity
wgg [rads™]  Angular velocity
wgr [rad s™1]  Angular velocity

wgs [rad s™1]  Angular velocity

Tcr [m] Radius
Tes [m] Radius
1r [m] Radius
17 [m] Radius
Tor [M] Radius
Tos [m] Radius
Tpc [m] Radius
Trr [M] Radius
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Trg [m]
Trs [m]
s [m]
Chapter 8
a [m]

b [m]

B [mm]
¢ [m]

¢ [N]
Co [N]
d [m]
dc [m]
D [m]
D¢ [m]
e [m]

F [mm]
Fg [N]
Fgs3 [N]
Fszc [N]
L [mm]
Mg, [Nm]
R4z [N]
Rp [N]
Rz [N]
Rp2 [N]
S2c [-]
s3c [-]
Sp2a [—]

Sp2c [-]

Radius
Radius

Radius

Distance

Distance

Dimension of assembly

Distance

Dynamic load rating

Static load rating

Inner diameter of bearing

Inner diameter of reference element
Outer diameter of bearing

Outer diameter of reference element
Distance

Dimension of assembly

Bending force acting on shaft
Bending force acting on shaft

Shear force acting on reference element
Dimension of assembly

Bending moment on reference element
Reaction force in bearing

Reaction force in bearing

Reaction force in bearing

Reaction force in bearing

Safety factor for the reference element
Safety factor for the reference element

Safety factor for the shaft

Safety factor for the reference element in bending
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Sg3a [—] Safety factor for the shaft in bending

Sgsc [—] Safety factor for the reference element in bending
Ssac [—] Safety factor for the reference element in shear
Ssac [—] Safety factor for the reference element in shear
Sc [m?] Critical cross-sectional area of reference element
0g24 [Pa] Bending stress on shaft

og2c [Pa] Bending stress on reference element

0g34 [Pa] Bending stress on shaft

og3c [Pa] Bending stress on reference element

opy [Pa] Yield strength in bending

op4 [Pa] Fatigue strength in bending

Tgoc [Pa] Shearing stress on reference element

Tg3c [Pa] Shearing stress on reference element

Tsy [Pa] Yield strength in shear

75 [Pa] Fatigue strength in shear

W [m3] Section modulus
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1 Introduction

In practice in industry, low-speed bearings can be found not only in the transportation
sector, but also in manufacturing machines and systems using manufacturing
technology closely associated with the conveying of material or processed products.
This includes the metal-processing, mining, paper, and textile industries as well as, of
course, the automotive industry.

In large industrial companies, production is currently largely carried out by numerous
robots and complex production lines involving a high level of automation and
computerised management. These lines often operate without human intervention and
the complex production process is managed by monitoring systems. These systems
gather data not only regarding productivity, but also regarding the functional status and
operational wear of individual components. Fully automated, predictive diagnostics for
machines and their components has become an integral part of industrial production.

In the automotive industry, chain conveyors are frequently used in chemical
pretreatment processes and the cathodic dip coating of car bodies. Their chains’ drive
sprockets and guide wheels are mounted on shafts that are placed in two bearings on
one side. Whilst the sprockets are found in the technological section of the painting line,
the shaft bearings are located outside of this area and are not exposed to any chemicals,
solvents or paints. The shafts and their corresponding bearings rotate at a rate of a few
revolutions per minute and can therefore be described as low-speed. Running
diagnostics on these bearings is of utmost importance. A damaged bearing must be
identified before it completely fails, otherwise there is a risk of subsequent production
downtime, which usually results in significant financial losses.

Although the layout of the sprocket shaft bearing assembly shields the bearings from
any harmful environmental factors, the bearings have to meet significant requirements
with regards to the strength of the entire construction. Extreme loads primarily occur
close to the conveyor’s main drive system, where the tensile forces acting on the chain
are greatest.

Thus, chain conveyors constitute a complex transportation system in which the design
of the drive system, in view of the loads arising from the transportation process, and the
strength of the other components in the system are of great importance. These
components are primarily the main conveyor chains, the carriers for the car bodies, the
pendulums as well as the sprockets along with their shafts.

There is no doubt that the reliability of the chain conveyor’s construction has a
significant impact on production volume, particularly given that the paint shop usually
is a bottleneck for the entire vehicle production process.
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With regard to strength, the chain conveyor’s components are subjected to stresses that
display characteristics of quasi-static or dynamic load rating. In addition to the bearings,
classic calculation methods and processes are used to determine the structural design of
the chain conveyor’s components. Here, the stresses in the observed critical cross
sections are obtained using the finite element method and confronted with threshold
values.

Bearings are generally designed based on manufacturer algorithms, and bearings
defined in this manner have a certain probability to meet the requirements for reliable
operation and a long lifespan. It cannot be ruled out that the bearing will sustain
damage, even if it was designed correctly.

In car body conveyor systems and similar examples of constructions which require
guaranteed continuous and smooth operation, it is necessary to constantly monitor the
condition of the bearings and introduce efficient technical diagnostic methods. This is
precisely the subject of this thesis.

While reliable diagnostic procedures based on measuring vibrations have been used for
many Yyears for high-speed bearings, issues relating to diagnostics for low-speed
bearings remain unresolved. To this day, no suitable physics-based method has come to
light that enables damaged low-speed bearings to be detected in good time.

The subject of this thesis is centred on resolving the issue of running diagnostics on
low-speed roller bearings with a view to applying the findings to series operation at the
SKODA AUTO a.s. paint shop in Mlad4 Boleslav.
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2 Research

According to [1], it is possible to run diagnostics on low-speed ball and roller bearings
by using the envelope method utilising wavelet transform (WT) denoising. Diagram as

per Fig. 2.1
Signal
(Vibration)

y

Resampled vibration signal (time domain)

Wavelet denoising based on sigmoid function
based thresholding

)

Band pass filter

Envelope of signal

Spectrum

Diagnosis

Fig. 2.1 Diagram of bearing diagnostics according to [1]

To ensure this method succeeds in detecting a bearing failure, it is important to select
suitable parameters for the wavelet transform threshold. When running diagnostics on
ball and roller bearings, it is sensible to use the sigmoid function as the threshold
parameter.

According to [2], the sigmoid function exhibits a higher signal-to-noise ratio (SNR) i.e.
the ratio between the effective load capacity and the level of the vibrational noise. The
diagnostic method described in [1], however, is only suitable at relatively low bearing
loads and at shaft speeds of over 30 rpm.

In line with the current industry trends of Industry 4.0, diagnostics can be run on ball
and roller bearings using a deep-learning network. In [3], the author uses the
LAMSTAR neural network to evaluate the recorded acoustic emission signal. In order
to run diagnostics on the bearings, deep-learning networks can use test measuring
signals for various types of bearing damage. Under laboratory conditions, this method
has been validated for a shaft speed of 120 rpm.
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In [4], the author makes use of the amplification of the acoustic emissions’ useful signal
and thus the increase of the SNR by 90 dB in order to run diagnostics on low-speed ball
and roller bearings. Such an increase is sufficient to assess the acoustic emissions of
damaged bearings using the envelope method. The article also mentions the possibility
of running diagnostics on low-speed bearings by removing the noise from the recorded
acoustic emission signal. This noise can be suppressed by the time limit value of the
filtered signal’s individual impulses (Fig. 2.2). The author further states that the idle
time of the noise and the useful signal are different.

| J

. Nose

o
Theashold 2 /

‘/
AE waveform -i - -’.. - -P ______ o

B e . —— -

Unt messurement LUme

Envelope waveform

Duration time | -d’—d.o- 12 —= e 13 et |4
) ’ y g ) :

1 T
e LW

W | - |

Fig. 2.2 Diagram of bearing diagnostics according to [4]

The methods described in [4] were tested on low-speed machines, such as those used in
paper factories or rolling mills used for resin processing, and are effective at a shaft
speed of 1 rpm.

Following a similar principle to that outlined in article [3], in [5] the author describes
running diagnostics on low-speed roller bearings based on diagnostic rules ascertained
using test measurements. In [5], this method is used on the recorded acceleration signal
which is further processed using filters in the envelope spectra (Fig. 2.3).
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Fig. 2.3 Diagram of bearing diagnostics according to [5]

The diagnostic rules ascertained from the test measurements are then used to determine
the condition of the low-speed bearing. This diagnostic method has been verified at a
shaft speed of 40 rpm.
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Running diagnostics on an axially low-speed bearing based on the expected time until a
bearing fails (RUL, remaining useful life) is discussed in article [6]. The author uses the
signal intensity estimator (SIE) described in [7] to process the recorded acoustic signal.
In order to predict the time to failure, accelerated axial bearing lifespan tests are used in
[6]. This data is then used to evaluate the condition of the bearing using ANN’s deep-
learning network (Fig. 2.4).

Extraction of AE Features
(Calculate SIE & RMS)
Fitting Data ~
Update Weights

8 N

2 § N
u (= IF ) =
§ - [’ Error <PDL |, E
[

= H
\ Model Training o
e @ l - I

Results o
ANN Model

Fig. 2.4 Diagram of bearing diagnostics according to [6]

The predictions for the condition of the bearings were successfully realised under
laboratory conditions at a shaft speed of 72 rpm.

According to the invention in [8], it is possible to run diagnostics on low-speed bearings
by measuring the vibration acceleration signal. The recorded signal can then be
processed using a weight filter that is applied to fast Fourier transform (FFT) signal
analysis. The weight filter leads to a higher value for the operating frequency if the
acceleration for other frequencies decreases accordingly. This increases the SNR. The
solution described in application [8] was used for running diagnostics on low-speed lifts
with an operating speed of 50 rpm.

The patent described in [9] addresses predicting the lifespan of a low-speed bearing. For
this, an axial force is applied to a shaft. The resulting loads on the bearing are
continuously measured under a constant load and subsequently converted into a
calculation formula. The results then predict a theoretical bearing failure.
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The patent described in [10] employs the measuring of the sound pressure signal to run
diagnostics on low-speed bearings. For evaluation, this method compares a reference
value of the sound pressure level or a reference value of the sound intensity level with

the recorded signals.

3——  AWPLIFIER
9 FILTER
FREQUENGY
b MALYSIS PART r?
NATURAL FREQUENGY
) STORAGE PART

SOUND" PRESSURE PROCESSING PART
H——  CALCULATE ONLY ANY FREQUENCY OF
NATURAL FREQUENCY OR MORE 8

/

REFERENCE VALUE
STORAGE PART

ABNORMALITY

JUDGMENT PART

SOUND PRESSURE >>REFERENCE
VALUE

NO

YES

BEARING
ABNORMAL BEARING WORMAL

Fig. 2.5 Diagram of bearing diagnostics according to [10]

Fig. 2.5 is a diagram of how to run diagnostics on low-speed bearings according to [10],
in particular running diagnostics on bearings at shaft speeds of less than 10 rpm. To
actually measure the sound pressure signal as described in patent [11], it is pertinent to
use a sensor that is equipped with a housing that reduces background noise and, at the
same time, ensures that the sensor is protected from damage through the use of a

flexible mounting.
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3 Aim of thesis and processing methods

The aim of this thesis is to design and create a diagnostics system for low-speed ball
and roller bearings, with a special focus on the sprocket shaft bearing assemblies in
chain conveyors at the SKODA AUTO a.s. paint shop in Mladd Boleslav. Other
outcomes of this thesis include stress analysis for the components of the sprocket shaft
bearing assembly, prototype production, the verification of the diagnostics system’s
functionality under laboratory conditions, measurement of the load capacity as well as
installation and series operation of the final prototype in a chain conveyor at the
SKODA AUTO a.s. paint shop in Mlad4 Boleslav.

In order to design a diagnostics system for low-speed ball and roller bearings that
accommodate the chain conveyor’s sprockets, the current situation must be assessed.
This is carried out based on a performance analysis of the conveyor’s operating
conditions and determination of the maximum load on the chain at the point at which
the load is greatest. Depending on the actuating force acting on the chain, it is possible
to determine the stress exerted on the shaft and bearings in the sprocket shaft bearing
assembly.

These findings enable the conveyor’s operating conditions to be simulated according to
the finite element method, as well as the stress and deflection of the individual
components present in the existing sprocket shaft bearing assembly to be calculated as a
basis for designing the proposed solution as well as determining its required strength.

A diagnostics system for low-speed bearings can generally be designed based on the
principle of measuring vibrations, the rolling resistance or the geometric accuracy of the
shaft rotation.

The effective recording of vibrations requires a certain degree of measurable
acceleration that cannot be achieved with low-speed shafts. To apply vibration
diagnostic methods in the existing sprocket shaft bearing assembly, it would be
necessary to regularly remove the chain from the sprocket in order to bring the sprocket
shaft to a suitably high speed. It is not possible to apply such a method of running
diagnostics on the bearings due to operational and financial reasons.

Another method of running diagnostics on bearings is by measuring rolling resistance.
In this instance it is also necessary to remove the main conveyor chain.

Monitoring the geometric accuracy of the shaft rotation is demonstrably imprecise from
an operational perspective and often not possible due to reasons of space.

As regards the permanent connection between the main conveyor chain and the
sprocket, whose shaft is mounted in two low-speed bearings, this thesis proposes an
alternative design solution that enables available diagnostic methods to be used whilst
the chain conveyor is in operation.
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The design of the proposed system takes into account the high requirements with
regards to the chain conveyors’ reliability and the speed of replacing the sprocket shafts.
The main aspect of the design is the use of one pair of roller bearings on the shaft and
one pair in the frame, which are connected by a component called the reference element
which has a certain degree of rotational freedom. The shaft bearings ensure the shaft can
rotate within the reference element, whilst the frame bearings enable the reference
element to rotate within the frame.

By identifying a change in rolling resistance during a forced rotation of the reference
element or by measuring any changes in vibration if a connected drive system rotates
the reference element at a higher speed, this solution enables damage to any one of the
bearings to be detected during operation.

As this was a new design solution, it was patented in the Czech Republic in April 2017
and at a European level in December 2018.

This thesis proposes a design solution that establishes a kinematic and frictional
connection between the shaft and the reference element as well as between the reference
element and the frame. This system allows the decomposition of the dynamic load on
the shaft bearing and the frame bearing, which is advantageous from an operational
perspective.

As a result of these connections, not only is the shaft forced to rotate in relation to the
reference element during operation, but also the reference element in relation to the
frame.

The kinematic and frictional connection between the shaft, reference element and frame
led to further modifications in the design of the system, whereby a planetary mechanism
involving spur gears or bevel gears was integrated. Applications were also filed to have
this solution patented in the Czech Republic and at a European level.

Once the design and strength had been tested, the first prototype was produced and the
deflection of the shaft bearing construction at nominal and peak loads was then
measured. Following evaluation of the load tests and functional safety, the second
prototype of the sprocket shaft bearing assembly including the complete diagnostics
system was incorporated into the production line at the SKODA AUTO a.s. paint shop
in Mlada Boleslav and integrated into series operation in the summer of 2018.
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4 Low-speed bearings in conveyor systems

As already mentioned, low-speed ball and roller bearings are used in the construction of
conveyor systems that allow for objects to be conveyed in a relatively low-speed rotary
or translatory motion.

The running of diagnostics on ball and roller bearings specifically applies to a typical
chain conveyor system at the paint shop in Mlada Boleslav. It relates to the main
conveyor chains used in the production line for the chemical pretreatment of bodies in
white prior to applying the paint finish, in operations referred to as the PT line. Here,
the initial stages of the car body painting process such as cleaning, activating,
phosphating and passivating are carried out.

To develop an effective diagnostics system for bearings, the kinematic ratios as well as
the load ratios on the chain conveyor need to be known.

4.1 Kinematic diagram of the conveyor

The kinematic diagram of the PT line’s conveyor system shown in Fig. 4.1 includes the
drive units at the entry and exit sides of the pretreatment tanks for the car bodies. With
regard to the further course of action, it is important to clarify the ratios of loads and
moments on the side where the car bodies exit the line, as this is where the chain
conveyor system is under the most critical load.

The drive units are always in duplicate so that power can be transferred to the
countershaft from the left or the right. This arrangement enables alternative use of the
drive units and at the same time creates scope for availability and maintenance.

EM2 3¢ 39 27 26 23 22 19 18 15 14 11 10 76 32 EM
32 A B D . . b D - . 37) D - - D 37, . . D 37, : . 3v) D . . 1) 37, @ @ 35 ) 9' 1
3o 29 28 25 24 21 20 17 d37

36

Fig. 4.1  Diagram of the PT line

The kinematic diagram of the conveyor system shown in Fig. 4.1 includes drive unit
EM1 where the car bodies enter the line and drive unit EM2 where they exit. The units
drive two parallel 528-metre-long conveyor chains that are guided on both sides by
sprockets in positions 1 to 37. Together with its shaft, each sprocket is mounted in two
identical, double-row spherical roller bearings. Each bearing has a housing that is bolted
to a welded installation frame made of thick sheet metal.

Each drive unit at the end where the car bodies exit the line consists of an electric motor
with an integrated spur-gear system. The sprocket for the first chain drive is located on
the gear system’s output shaft. Here, the power is transferred to the countershaft and
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then from there to the driven conveyor-chain sprocket. The latter is located on a shaft
where sprockets from the left and the right side are also mounted; these are guided in
sync via a sprocket unit. In this process, the car bodies suspended from pendulums pass
through the individual tanks and are prepared accordingly for the painting process.

Guiding tracks complement the conveyor chain’s guidance; they are made of drawn L-
sections or thick strip steel. These provide support for the conveyor chain, especially in
locations where excessive sagging may occur.

Both conveyor chains are also guided by castors integrated into the guide tracks, which
are fixed to the walls of the conveyor system’s frame. The conveyor chain’s guidance
makes it possible for the car body to be prepared for its transfer to the subsequent
procedure, cathodic dip coating, after its exit from the pretreatment tank.

4.2 Drive units and gear systems

The chain conveyor system’s drive units and gear systems are located where the car
bodies enter and exit the line.

The primary, integrated drive unit is located where the car bodies exit the conveyor
system and consists of an electric motor, which is controlled by a frequency converter,
and a spur-gear system, which is flange-mounted onto the motor’s output shaft. The
gear system’s output shaft actuates an upstream chain drive, and the drive sprockets for
the PT line’s main conveyor chain are located on the output of this chain drive.

The two drive units EM1 and EM2 are protected and their transmission mechanisms are
either located on the left- or right-hand side of the conveyor system.

Drive unit EM1 is located at the entrance of the conveyor and has the following
parameters, as listed in Table 4.1.
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Parameters of drive unit EM1

EM1

Weight 290 kg
:-:::rth of the retaining spring 492 mm

Electric motor
Nominal power output 9.5 kW
Nominal rotational speed 1470 rpm
Nominal voltage ACY 400V
Power factor 0.79
Frequency 50 Hz

Gear system

Transmission ratio 43.02
Torque at the output 2600 Nm
Rotational speed at the output 34.5 rpm
Brake
Nominal braking torque 85 Nm
Nominal voltage DC180V
Nominal current 0.33A
Frequency converter
Frequency 55.1 Hz
Current 9.63 A
Usage of torque 27.75 %
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Parameters of drive unit EM2

EM2

Weight 357.8 kg
:.:‘:l:rth of the retaining spring 492 mm

Electric motor
Nominal power output 18.5 kW
Nominal rotational speed 1470 rpm
Nominal voltage ACY 400V
Power factor 0.79
Frequency 50 Hz

Gear system

Transmission ratio 47.82
Torque at the output 5600 Nm
Rotational speed at the output 31 rpm
Brake
Nominal braking torque 160 Nm
Nominal voltage DC180V
Nominal current 043 A
Frequency converter
Frequency of the electric motor 61.67 Hz
Rotational speed at the gear
system’s output 394 1pm
Torque at the output 3600 Nm

28




4.2.1 Right-hand side EM2 drive unit

Fig. 4.2 shows a kinematic diagram of the right-hand side EM2 drive unit. The drive
unit consists of an electric motor, which has a spur-gear system flange-mounted onto its
output shaft, as well as an upstream chain drive. The entire gear system, including the
electric motor, is mounted on an assembly frame and can pivot on the axis of the gear
system’s output shaft. The gear system’s driving torque is absorbed by a spring-
mounted connected lever. The spring suspension consists of two cylindrical
compression springs (1 and 2) that are connected in series. The springs provide a
relatively high level of damping of the vibrations generated by the gear system for the
output shaft’s axis.

Sprocket 2
Sprocket 3

Sprocket 1

\b\/& Sprocket 4
|

/,% Sprocket 5

Fig. 4.2  Diagram of the PT line’s right-hand side EM2 drive unit



4.2.2 Left-hand side EM2 drive unit

Fig. 4.3 shows a kinematic diagram of the left-hand side EM2 drive unit, which also
consists of a gear system with an integrated electric motor and an upstream chain drive.
The entire gear system, including the electric motor, is mounted on an assembly frame
and can pivot on the axis of the gear system’s output shaft. The gear system’s driving
torque is absorbed by a spring-mounted connected lever. In comparison to the right-
hand side EM2 drive unit, the position of the spring suspension on the left-hand side
EM2 drive unit has been rotated horizontally by 180 degrees. Again, the spring
suspension consists of two cylindrical compression springs (1 and 2) that are connected
in series. The springs provide a relatively high level of damping of the vibrations
generated by the gear system for the output shaft’s axis.

Sprocket 2
/ Sprocket 3
) / Sprocket 1 i
// @i procke Spring 2

\ Chain 1 Springl

A

\ﬁ\/& Sprocket 4
|

/F Sprocket 5

Fig. 4.3 Diagram of the PT line’s left-hand side EM2 drive unit
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4.2.3 The drive units’ chain drive

The entire chain drive system consists of two individual reduction stages. The first stage
is formed by the transmission from sprocket 1, which is located on the gear system’s
output shaft, to sprocket 2, which is located on the countershaft. The chain drive’s
second stage is formed by the transmission from sprocket 3, which is located on the
countershaft, to sprocket 4, which is located on the chain conveyor’s drive shaft.

Chain drive 1-2 is shown in Fig.4.4. The respective parameters are outlined
in Table 4.3.

Table 4.3 Chain drive 1-2

Transmission ratio i1, = 3.105
Type of chain RS 24B
Pitch of the chain links P12 = 38.1 mm
Number of teeth on sprocket 1 z; =19
Rotational speed of sprocket 1 n; = 39.4 rpm
Pitch diameter of sprocket 1 d; = 231.5 mm
Number of teeth on sprocket 2 z, =59
Rotational speed of sprocket 2 n, = 12.7 rpm
Pitch diameter of sprocket 2 d, =716 mm
Sprocket 2

s

Fig. 4.4 Chain drive 1-2
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Chain drive 3-4 is shown in Fig.4.5. The respective parameters are outlined in
Table 4.4.

Table 4.4  Chaindrive 3-4

Transmission ratio i34 = 3.842
Type of chain RS 32B
Pitch of the chain links P34 = 50.8 mm
Number of teeth on sprocket 3 z3 =19
Rotational speed of sprocket 3 n3 = 12.7 rpm
Pitch diameter of sprocket 3 d; = 307.5 mm
Number of teeth on sprocket 4 Z, =173
Rotational speed of sprocket 4 n, = 3.3rpm
Pitch diameter of sprocket 4 d, = 1181 mm
s

@/ﬁ\
/ | Sprocket 3

// \ Cham 2
ﬁ% n,
/

Sprocket 4

Fig. 4.5 Chain drive 3-4
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4.2.4 The gear system’s spring suspension

The gear system, including the electric motor, is mounted on an assembly frame and can
pivot on the axis of the gear system’s output shaft. The springs located in the gear
system’s suspension limit the movement of the gear system. Spring 1 has a damping
effect and thereby limits the gear system’s unwanted vibrational movements.

Spring 1 is shown in Fig. 4.6 and the respective parameters are outlined in Table 4.5.

The load characteristics for spring 1, which exhibits a relatively large degree of
hysteresis, are shown in Fig. 4.7.
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Fig. 4.6 Spring 1
Table 4.5 Parameters of spring 1
Number of effective coils 6
Total number of coils 8
Coil direction right hand
Uncoiled length 1523.2 mm
Spring rate 312 Nmm™!
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Fig. 4.7 Load characteristics of spring 1
Spring 2 is shown in Fig. 4.8 and the respective parameters are outlined in Table 4.6

The load characteristics for spring 2 are shown in Fig. 4.9.

Fig. 4.8 Spring 2
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Table 4.6 Parameters of spring 2

Number of effective coils 6
Total number of coils 8
Coil direction right hand
Uncoiled length 1523.2 mm
Spring rate 245 Nmm™?!
12
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=
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o
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2
0
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Fig. 4.9 Load characteristics of spring 2
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4.3 Sprocket shaft bearing assembly

The sprocket shaft is mounted using two roller bearings that are fixed to a baseplate.
This baseplate is firmly welded to the installation frame of the sprocket shaft bearing
assembly. The installation frame in turn is firmly bolted into a window in the PT line’s
side wall and seals the technological area of the conveyor system. The sprocket, which
is located in the chemical environment of the PT conveyor, is isolated from the bearings
in the installation frame, which are located outside of the line, by seals. The bearings
themselves are thereby not exposed to any chemical ingress. Due to the sealed bearing
housings and one-point automated lubrication, the roller bearings operate in a dust-free
environment with sufficient lubrication.

The current design of the sprocket shaft bearing assembly is shown in Fig. 4.10.

Sprocket

Frame
:D,/

Automatic lubricator

J JJJJ\\
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o J = ||
= —
N |
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g |-
- i
1 Shaft
=
= Seal
::IJ
670

Fig. 4.10  Current assembly of the sprocket and the sprocket shaft including the
spherical roller bearings
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Fig. 4.11  Extract from the production drawings for the sprocket shaft

4.3.1 Bearing parameters

Two FAG 23228 spherical roller bearings with a tapered bore and H2328 adapter
sleeves are used in the sprocket shaft bearing assembly. These roller bearings are
mounted in FAG SNV250-F-L bearing housings. The parameters of the FAG bearings

used and their bearing housings can be seen in Fig. 4.12 and Fig. 4.13 as well as in
Table 4.7 and Table 4.8.

Table 4.9 shows the fundamental material properties of the sprocket shaft.
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Fig. 4.12 Dimensions of the FAG 23228 spherical roller bearing with an H2328
adapter sleeve

Table 4.7  Parameters of the FAG 23228 roller bearing

Outer diameter D = 250 mm
Inner diameter digy =125 mm
Width B = 88 mm
Weight 17.1kg
Dynamic load rating C = 1090000 N
Static load rating Co = 14000000 N

e =10.33
Calculation factors i =204

Y, =3.04

Yo=2

ny

Fig. 4.13  Dimensions of the FAG SNV250-F-L bearing housing
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Table 4.8 Parameters of the FAG SNV250-F-L bearing housing

h =150 mm
Dimensions a =500 mm

b =150 mm
Weight 38 kg

Table 4.9  Material properties of the sprocket shaft

Material EN C55

Ultimate strength R,, = 700 MPa

Yield strength R, = 345 MPa
4.3.2 Seal

A shaft seal (oil seal) is used to seal the shaft in the installation frame. To install a shaft
seal, the entire sprocket shaft bearing assembly has to be dismantled. This form of seal
can also be replaced with braided packing, which can be put in place without the
sprocket shaft bearing assembly needing to be dismantled.

\&

Oil seal

Fig. 4.14  Shaft seal in the installation frame
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5 Strength of the current sprocket shaft bearing assembly

In order to design a diagnostic device for low-speed ball and roller bearings, it is
necessary to calculate the strength ratios of the current sprocket shaft bearing assembly.
The results obtained are used as a comparison for the new design, thereby assuring its
reliability.

Substantial forces acting on the conveyor chain put a load on the sprocket shaft bearing
assembly. The sprocket shaft and the two bearings are the crucial components that must
be of sufficient strength.

5.1 Forces acting on the conveyor chain

During operation, the forces acting on the PT line’s conveyor chain are clearly of a
dynamic nature. For this reason, a mechanical model of the drive system is developed
first. The force ratios and moment ratios have been defined using dynamic calculations.

Several methods were used for further defining the forces acting on the conveyor chain.

One method is based on the possibility of measuring the displacement that occurs in the
springs located in the suspension of the drive unit’s gear system. This method appears
relatively simple, it does however not react quickly enough to the non-static, dynamic
operation phases in the pretreatment line.

Another method for determining the forces and moments acting on the drive system is
by using data from the electric motor’s electronic frequency converter. This
continuously supplies data relating to the torque of the drive unit. To determine the
forces acting on the conveyor chain, the greatest and average values are to be used.

To establish the threshold for the force acting on the conveyor chain, it is sensible to
base the calculations on the drive system’s maximum torque. This would however only
occur if the entire conveyor system had a serious technical malfunction.

5.1.1 Dynamic calculation of the conveyor’s drive unit

The conveyor’s drive unit is formed of an electric motor and a gear system. The
dynamic calculation of the drive unit is derived from the mechanical model in Fig. 5.1.
Here, the forces and moments acting on the mechanical model are adjusted so that the
kinematic values correspond to real-life conditions.
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Fig. 5.1 Mechanical model of the conveyor’s drive unit

The drive unit is mounted to the frame in a way that it can pivot on the axis of
sprocket 1 and has a mass moment of inertia at this axis (J4). Its movement is restricted
by the suspension, which is formed of a lever and two springs working in series with the
overall spring rate k, and the distance e. One of the two springs exhibits a damping
effect, which is characterised by the coefficient b,.

The torque M;, which is in equilibrium with the transformed moment M, and the
transformed moment of inertia M;, drives the drive chain sprocket with the pitch radius
r;. These transformed moments are caused by the conveyed car bodies and other
components attached to the conveyor (pendulums, sprockets etc.).

The dynamic equilibrium of the drive system can be described using the following
equation of motion

Mi+Mb+Mk :MA' (51)

where M; is the moment of the drive unit due to inertia, M}, is the damping moment and
M, is the reaction moment of the drive unit’s spring suspension. The moment of
acceleration on sprocket 1 is referred to as M, in the equation (5.1).

The dynamic equilibrium on sprocket 1 of the drive unit can be expressed using the
following equation

M] + MW = M1 ’ (52)

where M, is the transformed moment of inertia due to the conveyed objects at the
rotation axis of sprocket 1 and M, is the transformed moment due to resistance of the
conveyed objects at the rotation axis of sprocket 1.
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The torque M, drives sprocket 1 and is in equilibrium with the moment of acceleration
of the drive unit, meaning

MA = M1 . (53)

The drive unit’s moment due to inertia M; is calculated using its mass moment of inertia
J4 and the drive sprocket’s angular acceleration ¢,, as follows

M; = J4¢4 - (5.4)
The reaction moment M, of the springs is
M, = kse?q,, (5.5)
where @4 is the angular deviation of the actuating motion.

The damping moment M, of one of the two springs is given from the damping
coefficient b, and the angular velocity ¢, of the drive unit, such that

Mb = blez(pA . (56)

The transformed moment of inertia due to the conveyed objects M; at the rotation axis
of sprocket 1 can be described as the product of the transformed mass moment of inertia
J; and the angular acceleration ¢ of sprocket 1, so

M; = J1¢; . (5.7)

The transformed moment due to resistance M, of the conveyed objects at the rotation
axis of sprocket 1 can be established using the transformed force due to resistance Fy, in
relation to the circumferential velocity v, and the transformed friction coefficient
fw- As such

My = Fyr, = fyvin = fWT12<P1 ) (5.8)
where ¢, is the angular velocity of sprocket 1.

The equations of motion (5.1) and (5.2) can be solved using the MAPLE calculator,
provided that the relevant functional dependencies of the moment of acceleration
M, and the transformed moment due to resistance M, are known. The results should
match the real kinematic measurements taken from the drive system during operation of
the PT line.
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Fig. 5.2 Development of transformed moment due to resistance M, over time
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Fig. 5.3 Correlation between the moment of acceleration M, and the angular
velocity ¢, = w, of the driven sprocket 1
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Fig. 5.4 Development of the angular velocity ¢, = w; of the driven sprocket 1 and
the angular velocity of the drive unit’s vibrations ¢, = w4 OVer time
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Fig. 5.5 Development of the gear system’s rotation ¢, and the final displacement of
the lever x, over time
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Fig. 5.6  Development of moment of acceleration M, and transformed moment due
to resistance My,

5.1.2 Spring displacement in the suspension of the drive unit

Displacement of the springs located in the suspension of the drive unit was measured
during start-up of the PT line as well as during stabilised operation of the line under
different loads (with a gradual increase in the number of conveyed car bodies).

/ /

Fig. 5.7  Diagram showing the compression measured on the springs
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Table 5.1  Measured spring lengths and calculated displacement of the springs

o £ =l

. 2o |58 |23E

p= & ¢ ([§2 (28] 2

- | 58 |[§3 [588|F3 5
c o o £ a0 .= o £ ~|® .= a2 £ 5
2 5 o g5 S5 |25 255|258
qE) [ - wn - T O o S5 |a T O @ o
§ [Number of
] . [mm] [mm] [mm] | [mm] | [mm]
S car bodies]
1 - 233.3 - - — -
2 1 233.3 229.5 3.8 230.5 2.8
3 10 233.3 229.5 3.8 230.4 2.9
4 20 234.2 229.5 4.7 230.5 3.7
5 25 234.2 229.0 5.2 229.4 4.8
6 30 2329 228.7 4.2 229.3 3.6
7 45 233.3 228.5 4.8 229.3 4

The maximum displacement yg of the springs during stabilised operation of the PT line
is 4.8 mm.

Fig. 5.8 shows the amount of displacement of the spring system for springs 1 and 2 as
measured in the lab.

5

4

Force [kN]
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Fig. 5.8 Diagram showing force as a function of the displacement of springs 1 and
2 connected in series
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According to the measurements from Table 5.1 and Fig. 5.8, force Fg of the spring
system is to be calculated at maximum displacement yg

Fg = kgyg = 602 Nmm™" x 4.8 mm = 2976 N, (5.9)
where the overall spring rate of the spring system from Fig. 5.8 is
k, = 602 Nmm™*, (5.10)
The following applies for the equilibrium of the drive unit assembly
M, =F3Xe=2976 N X492 mm = 1464 Nm . (5.11)
If the reduction ratio i,, is equivalent to

2374 59 o 73 11.93 (5.12)
114_2123_19 19 77

the following will be true for the torque M, = My
Ms = Myi;, = 1464 Nm x 11.93 = 17466 Nm . (5.13)

The corresponding overall force driving the sprockets on the right- and left-hand sides
of the conveyor system, i.e. the total force acting on both chains, is

2M, 2 x 17466 Nm

F .= = 36161 N 5.14
9K de 0.966 m 3616 (5.14)
and the force acting on one chain is
F, 36161 N
Fy = ‘;K =—— = 18081 N. (5.15)

The force acting on the conveyor chain as per (5.15) is referred to as F;.

5.1.3 Data from the frequency converter

The frequency converter makes it possible to set the desired rotational speed of the
electric motor and thus also the speed of the conveyor chain for conveying the car
bodies. The electronic control unit also continuously provides data on frequency,
current and the percentage of nominal torque used by the drive system.

The nominal torque of the drive unit is
My = 3600 Nm (5.16)

and, according to Fig. 5.9, the percentage of the nominal torque used is 63.45%. Using
the data from the frequency converter, the torque M; can therefore be calculated as
follows

M; = My X 63.45% = 3600 Nm X 63.45% = 2284 Nm . (5.17)
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Fig. 5.9  Current data from the frequency converter on frequency, current and the
percentage of nominal torque used by the drive system

The torque on drive sprocket 5 is
Ms = Myi;, = 2284 Nm x 11.93 = 27248 Nm . (5.18)

The corresponding overall force driving the sprockets on the right- and left-hand sides
of the conveyor system, i.e. the overall force acting on both chains, is

2Ms 2 X 27248 Nm

F,x = = 56414 N 5.19
9K g, 0.966 m >6 (5.19)
and the force acting on one chain is
F, 57996 N
Fy = ;K = ——— = 28207 N. (5.20)

The force acting on the conveyor chain as per (5.20) is referred to as F,.

5.1.4 Malfunction

In the event of a malfunction, failure of the drive unit’s control can be assumed. In this
case, torque is expected to reach the maximum M;,,,,, 0f 5600 Nm (index plate value).

Thus, raising the force acting on the conveyor chain to

Mimaxiza 5600 Nm x 11.93
Fy = = = 69200 N. 5.21
K ds 0.966 m (5:21)

The force acting on the conveyor chain as per (5.21) is referred to as Fgs.

5.2 Sprocket shaft

In order to proceed with this thesis on running diagnostics on low-speed ball and roller
bearings, it is important to know the strength ratios of the shaft. The forces acting on the
conveyor chain were identified in the previous section. To define the representative
values of the forces acting on the conveyor chain, the dynamic calculation can be used.

The lowest value Fg; (5.15) corresponds to the PT line being in continuous motion. The
higher value Fg, (5.20) emerges during start-up of the pretreatment line or when the
resistance is increased whilst the line is in motion. The maximum value for the force
acting on the conveyor chain Fx; may emerge in the event of a malfunction and is given
by the maximum torque available at the drive unit’s output sprocket (5.21).
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5.2.1 Load on the sprocket shaft

The load on the sprocket shaft bearing assembly occurs due to the force acting on the
conveyor chain. The individual shafts of the sprockets in the PT line are exposed to
different loads. The load depends on the position of the sprocket in the conveyor
system. The greatest load acts on the shaft of sprocket 30 (Fig. 4.1).

The force acting on the chain causes the bending force Fg; to act on the shaft at this
position as per Fig. 5.10. The resulting force Fz; comes from the vector sum of forces
Fy; acting on the two sections of the conveyor chain that are intermeshed with the
sprocket.

The bending force Fg; can be calculated as follows

Fg; = 2Fk;cosf3. (5.22)

Fig.5.10  Force ratios acting on sprocket 30

For the individual forces Fy; acting on the conveyor chain, the following values emerge
for the bending forces acting on the shaft

Fgi = 2Fx, cos B = 2 x 18081 N X cos 58" = 20 kN, (5.23)

Fg, = 2Fx, cos B = 2 x 28207 N X cos 58" = 30 kN (5.24)
and

Fg3 = 2Fy3cos B = 2 x 69200 N X cos 58" = 75 kN . (5.25)

The force Fg,, calculated using the spring suspension in the drive unit, is based on the
displacement of the springs used in the design.

Peak forces acting on the chain conveyor are evidently not captured in these
measurements of spring displacement, unlike with the values obtained from the
frequency converter. Thus, the force Fgz, can be considered to be an average of the force
acting on the chain. With these operational forces, the conveyor’s components are
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exposed to dynamic vibration stress and therefore their strength must be calculated for
fatigue in the critical cross sections.

The force Fg,, calculated using data from the frequency converter, is based on the
higher value of torque delivered by the motor during operation.

Despite the minimal probability of a malfunction occurring, these force components
must be taken into consideration when designing and calculating the strength required
for the structural parts. For this, the stress placed on the structural parts generated by
force Fg; must not exceed the yield strength of the material.

The maximum bending moment can be expected at bearing position A, with the
maximum bending stress and the corresponding strain on the shaft axis in the upper
outer fibre of the cross section directly above A.

Force ratios acting on the sprocket shaft are shown in Fig. 5.11.

i

Fig.5.11  Forces acting on the sprocket shaft

Equilibrium equations for the shaft are as follows

—Fpi + Ry —Rp; =0, (5.26)
RAl'b_FBi(a‘l‘b) - 0 (527)

Here

Fp;(a+ Db
Ry = M (5.28)
b
and

Ry; = F’za. (5.29)
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The maximum bending moment is thus

Mp; = |—Fp;al. (5.30)

5.2.2 Calculating stress and strain

The maximum bending stress is calculated analytically using the following formula

Opi WB (5.31)
where Wy is the section modulus for bending
wy =22 (532)
The bending stress when exposed to force Fg, is
Ogy = @ = 50 MPa. (5.33)
74

B

Stress and strain can be determined much more precisely using FEM analysis. The
ANSYS Workbench program integrates the geometric and modelling material from
Creo 2.0 and constructs a finite element mesh (Fig. 5.12).

0,000 0,150 0,300({m)
]

0,075 0,225

Fig.5.12  Creation of a FEM mesh on the shaft

Boundary values and loads are then introduced. The boundary values are chosen to
reflect the usual shaft bearing assembly, i.e. at position B axial displacement of the shaft
is possible in the floating bearing and at position A displacement is not permitted in any
direction in the fixed bearing. At the connection point between the sprocket and the
shaft, the force acting on the shaft Fp; is set as the force acting along the y axis
(Fig. 5.13). The value of the bending force Fg; was introduced as Fz, = 30 kN for the
following FEM analysis, and the critical bending stress placed on the shaft’s material in
the event of a malfunction was taken into account with regards to the yield strength.
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25.10.2016 16:04
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Fig. 5.13  Boundary values and load for the FEM analysis
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¥
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Once the boundary values and load have been determined, the calculations can be
executed. As a result, the directions of the most important elastic relative strain vectors

can be shown (Fig. 5.14).

These directions (along the shaft axis) correspond to the normal stress (Fig. 5.15) and

the normal strain (Fig. 5.16).

Fig. 5.17 and Fig. 5.18 show the equivalent stress and equivalent strain including slight
shear. These values differ only marginally from the normal values. Fig. 5.19 shows the

deflection of the shaft.

A: Static Structural

Vector Principal Elastic Strain
Type: Vector Principal Elastic Strain
Unit: m/m

Time: 1

25.10.2016 13:18

. Maximumm Principal
. Middle Principal
. Minimurm Principal

0,000 0,150 0,300(m)
I I ]

0,075 0,225

Fig.5.14  Directions of elastic relative strain vectors

A: Static Structural
Mormal Stress
Type: Normal Stress(Z Axis)

Unit: Pa 3,8591e+007 = .
Global Coordinate System = -1 &
= \VAVAY- o svavay

Time: 1
2510.201613:20 7

517817 Max
4,037

2,0627
1,734e7
5,0504e6
-5,6200e6
-1,7101e7
-2,8581e7
-4,0062e7
-5,1542e7 Min

0,000 0,150 0.300(m)
]

0.0v5 0223

Fig. 5.15  Normal stress (along the z axis)
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A: Static Structural
Marmal Elastic Strain
Type: Mormal Elastic Strain{Z Axis,

e o (L) B T, 1,3875¢-004 2
Global Coordinate Systerm
Tirne: 1

25.10.2016 13:23

000025795 Max
0,00020079
0,00014363
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-8,4993¢-5
-0,00014215 ®
~0,00010031

- _0,00025646 Min &

0,000 0150 0,300 (rm)
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Fig.5.16  Normal strain (along the z axis)

A: Static Structural
Equivalent Stress
Type: Equivalent (von-Mises) Stress

3,845 +007 2 6944e +007 B

Unit: Pa
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L I J
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Fig.5.17  Equivalent stress
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Fig.5.18 Equivalent strain

A: Static Structural
Directional Defarmatian
Type: Directional Deformation(Y Axis)
Unit: m

Global Coardinate System
Time: 1

27.10.2016 16:47

-1,8031e-004 3
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Fig. 5.19  Deflection of the shaft (along the y axis)
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5.2.3 Measuring the strain on the sprocket shaft

The strain on the sprocket shaft was measured under laboratory conditions at the
Technical University of Liberec (Fig.5.20 and Fig. 5.21). Two strain gauges were
attached to the shaft in the direction of the main strain vectors. One sensor was placed
between bearings A and B and the other between bearing A and the sprocket. In
addition, the deflection of the shaft close to the sprocket was measured using a laser
sensor.

The measurements are shown in Fig. 5.22 to Fig. 5.24.

Fig. 5.20  Measurement of the strain and deflection of the sprocket shaft

Fig. 5.21  Measurement of the strain and deflection of the sprocket shaft
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Fig. 5.22  Measurements of the relative strain of the shaft between the bearings
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Fig. 5.23  Measurements of the relative strain of the shaft between bearing A and the

sprocket
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Fig. 5.24  Measurements of the shaft deflection between bearing A and the sprocket
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5.2.4 Comparison of calculations and measurements

It is crucial to compare the FEM analysis results with the measurements from the
laboratory. In doing so, the chosen boundary values in the FEM method and the
accuracy of the method used in ANSY'S can be checked.

In Table 5.2 there are very slight differences in the values for the strain acting on the
sprocket shaft. The difference in deflection is caused by other components of the
sprocket shaft bearing assembly affecting the measurement. These components were
primarily the spherical roller bearings, the bearing housings and the baseplate of the
installation frame.

Table 5.2 Comparison of measured and calculated values

2
2 <
- € S >
g 2 ) g 5
= c c 5
=3 e 5 2
& 9 2 2 9
< 8 w S €
Strain gpp [wm/m] - 138 145
Strain €gp [um/m] — 192 180
Deflection y [mm] 0.21 0.18 0.33

5.3 Bearings

To examine the strength of the bearings, the load rating is calculated under defined
loads in line with the manufacturer’s guidelines for ensuring the required bearing life.
As a considerably greater load is placed on bearing A from the two roller bearings at
positions A and B, further calculation is limited to bearing A.

5.3.1 Load on the bearing

The load on roller bearing A during its projected life is to be considered using three
different load scenarios that, depending on the load, correspond to the different values
relating to the forces acting on the conveyor chain. These scenarios were defined in the

previous paragraph.

The force R4, acting on bearing A, calculated using the spring displacement of the
spring suspension in the drive unit, and the force R,,, calculated using the upper torque
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of the motor as per the data from the frequency converter, are each determined with the
same proportions to calculate the lifespan of the bearing.

The force R, acting on bearing A only emerges in the event of a malfunction when the
frequency converter, controlling the drive unit motor, and other conveyor safety features
fail. In this emergency situation, the drive unit generates the maximum torque possible
and the chain conveyor reaches its maximum operating capacity.

The operational proportion g; of the three forces R,; across the required lifespan for
bearing A is determined in the following values.

The load scenarios for bearing A are

_ Fgi(@a+b) 19kN x (318 mm + 352 mm)

Ru p T = 36 kN (5.34)
and
q, = 49.999%, (5.35)
Fg,(a+ b 30 kN X (318 mm + 352 mm
Ryz = BZ(b ) _ ( T ) = 57N (5.36)
and
q, = 49.999%, (5.37)
Fgs(a+b) 47 kN x (318 mm + 352 mm)
A3 b 352 mm =89KkN (5.38)
and
gs = 0.002% . (5.39)

5.3.2 Calculation of load rating

The roller bearings used to mount the sprocket shaft at positions A and B must have a
bearing life of L = 72000 hours, which is equivalent to approximately 10 years.

Each roller bearing must satisfy the lifespan equation.

6 m
L= %(g) , (5.40)

where C is the dynamic load rating, P is the equivalent load, m is the exponent of the
lifespan equation and n is the rotational speed of the shaft.
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For roller bearing A
m=— (5.41)

and

P= (Z <R§qi>> = 49 kN (5.42)

i=1
The rotational speed of the shaft is
n=33min 1, (5.43)
The required dynamic load rating of roller bearing A is thus
3
_p (80 ) - (5.44)
C—P<106L) = 108 kN .

As per Table 4.7 it can be determined that the dynamic load rating of the bearing is ten
times greater than it needs to be.
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6 Diagnosing damage in ball and roller bearings

The principle of ball and roller bearing diagnosis is based on the definition of the
individual bearing components’ kinematic conditions.
6.1 Kinematic conditions of ball and roller bearings

The kinematics of ball and roller bearings (Fig.6.1) fall within the scope of
simultaneous movements of bodies in the plane.

Fig. 6.1 Ball and roller bearings [12]

In their elementary form, simultaneous movements of bodies are generated by the guide
movement and the relative movement. The guide movement is the movement of the
carrier 2 relative to the frame 1, and the relative movement is the movement of the
object 3 that is to be observed in relation to the carrier 2 (Fig. 6.2).

Fig. 6.2 Two simultaneous rotations of a body

The examination of the general values for the kinematic variables of the object 3 in the
fixed coordinate system of the frame 1 is performed by a basic decomposition. In the
case of three bodies (including the frame 1), the movement ¢5, of the body 3 in relation
to the frame 1 is

P31 = P32 T P21, (6.1)
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whereby ¢, is the relative rotation of the body 2 in relation to the frame 1, ¢;, is the
relative rotation of the body 3 in relation to the body 2, and w3, is the angular velocity
of the body 3 in relation to the frame 1.

W31 = W3 T Way - (6.2)
The same relationship is used for the angular acceleration &5,
€31 = €32 + €21, (6.3)

but only if the rotation axes of both bodies are in parallel. If the rotation axes intersect,
the acceleration of Résal €5, must be added to the equation, whereby

ER = W21 X W3z . (6.4)
The acceleration e is generated by the change in direction of the rotation axis for

relative movement 32.

Regarding issues with ball and roller bearings, it is assumed that the axes of the rolling
elements’ synchronous rotations are in parallel and that no acceleration of Résal occurs.

Based on the kinematic values for the object to be examined calculated as per the
relationships in (6.1) to (6.3), the kinematic values s, v, and a for any point A of the
body 3 can be determined by the basic decomposition of the movements 21 and 32. It
therefore applies that

Sa31 = Sa32 T Sa21 = Ta3232 T T421¥21 (6.5)

V31 = Vp3z + Vaz1 = 1432W32 + 1421 W21 (6.6)
and

Aa31 = Au32 T Qg1 = 7432832 T T421€21 (6.7)

whereby r4,, and r,3, are position vectors from point A of the body 3 to the respective
rotation axes.

Using the body 3, another body such as the outer ring O or the inner ring | (Fig. 6.3) can
be connected, thus creating a kinematic diagram of a rolling-element bearing or of a
simple planetary gear system.
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The calculation of the kinematic values for the bodies in the system according to
Fig. 6.3 enables damage to the bearing’s rolling element to be detected, for example.

Fig. 6.3 Planetary gear system

6.2 Kinematic analogy of rolling-element bearings and planetary gear
systems

Ball and roller bearings (Fig.6.4) are mechanical systems in which at least one
component performs two simultaneous rotations on both the shaft axis and its own axis.
These characteristics also apply to planetary gear systems.

Fig. 6.4 Ball and roller bearings [12]

Ball and roller bearings are kinematically similar to planetary gear systems where the
carrier 2 is the same as a cage C and the simple planet gears 3 are rolling elements R
(Fig. 6.5). This analogy allows for a kinematic solution which is known from planetary
gear theory. In this case it is necessary to define a replacement planetary gear system
with simple planet gears which correspond to the bearing’s rolling elements (Fig. 6.5).
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Fig. 6.5 Replacement planetary gear system with simple planet gears

While the carrier C and the rings O and I rotate on the central rotation axis, the rolling
element R makes two simultaneous rotations, one on its own axis and one together with
the carrier C on the central rotation axis (Fig. 6.5).

To describe the kinematics of the individual bearing components, two methods can be
used. These methods are also approaches used in describing the kinematics of planetary
gear systems. The first approach is based on the prerequisite that the gears are rolling
and that the circumferential speed is the same at the respective contact points, which are
the poles of the relative movements.

The second approach (Willis method) is based on replacing the planetary gear system
with a standard primary reduction transmission. In this case, the observer sees the gears
rotating at relative speeds in relation to the carrier C. The gear ratio can then be
expressed as the ratio of the relative angular velocities, which defines the kinematic
relationship of the gear system. From this relationship, the angular velocities of any
element can be determined.

This calculation for the angular velocities of the parts of a planetary gear system is
much shorter and ultimately more efficient, especially in more complex cases where
planetary gear systems are combined. The principle behind this method is shown using
the example of a simple planetary gear system (Fig. 6.6).
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Fig. 6.6 Solution of the kinematics of a planetary gear system according to Willis

After introducing the clockwise rotational direction for the angular velocities of the
gears I, R and O as well as carrier C, the planetary gear system is replaced by a
reduction transmission. The relative movement of gears I and O in relation to carrier C
is now observed.

For the ratio of the relative angular velocities of any two elements, it can be assumed
that the ratio of the relative angular velocities between gears I and O is as follows

w; —w Th T T
£ <‘<__RO__20 (6.8)
Wo — W¢ T Tr T
For w, = 0, it follows that
We = S Wy, (6.9)
which means the ratio between gears I and R is
W —w T,
Wpg n
and finally, this results in a relationship between the gears O and R which is
w T
R__-2 (6.11)

wWog —wWc TR

It should be noted that the angular velocity wg of the rolling element R is introduced
relative to the carrier C because the rolling element R has a different rotation axis than
the carrier C and the other gears O and I.

Thus, if the above relationship w, = 0 is assumed, it is possible to calculate the angular
velocity w. of the cage C and the angular velocity wy of the rolling element R.
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6.3 Vibration frequencies caused by bearing damage

The vibration frequency caused by bearing damage can be determined based on
kinematic bearing ratios. From these calculations it can also be determined whether the
damage is on the outer ring, inner ring or the rolling element.

Relations to determine the respective excitation frequencies in the vibration spectra can
be found in the relevant literature (Table 6.1).

Table 6.1  Table of damaged rolling bearing excitation frequencies [13]

Ursache Erregerfrequenz

(Kafigschaden)

Uberrollfrequenz AuBenring N S .

(AuBenringschaden) Ja= 5-’"" [1 = (Dw/Dr)cosa] M
Uberrollfrequenz Innenring . o 5
(Innenringschaden) h= 5’“" [l"+' (Dw/Dr)cos (’] (2)
Rotationsfrequenz Kifig K = éji, [l _ (Dw/Dy) cos a] 3)

Rotationsfrequenz

b ]
Wkzkorper fv = 5/(D1/Dy) [l ~ ((Dyw/Dr)cos a )2] @)
(Wilzkorperschaden) <

Uberrollfrequenz eines
Walzkorperbereichs

fi = fa(Dy/Dy) [1 — ((Dw/Dr) cos aF] 5)

Die in diesen Gleichungen vorkommenden Groflen sind in Bild 3.9 eingetragen
und haben folgende Bedeutung:

fu Wellendrehfrequenz (Drehfrequenz des Innenringes f, = n(lninf")/(»()),
z  Anzahl der Walzkorper,

D,, Walzkorperdurchmesser,

Dy Teilkreis- oder Rollkreisdurchmesser

a  Druckwinkel, vgl. Bild 3.9.
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/‘4'\”,,.'..,5;*’

%
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6.3.1 Damage to the outer ring

Fig. 6.7 shows a diagram of damage to the outer ring O. In the frequency spectrum of
vibrations, this type of damage is identified through the frequency generated by the
rotation of the cage C (multiplied by the number m of rolling elements).

CJ)O_Q)C

Fig. 6.7 Damage to the outer ring

From the relationship in (6.9), the angular velocity w. of the cage C can be determined
if the outer ring O is stationary and it applies that

TI = 7‘(; - rR (612)
and
o =T¢c + TR, (613)

then, the angular velocity of the cage C is

== 1(1 TR) (6.14)
wc_r0+r,w1_2 wy . .

If the number of rolling elements m and the general relationship of the frequency f of

the shaft rotation and the angular velocity w are used
_2 (6.15)
f= 2’ '

the following formula applies for the frequency fp,, of the vibrations, which are
associated with damage to the outer ring

oo = l(1 _ :—R) fim. (6.16)
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6.3.2 Damage to the inner ring

Fig. 6.8 shows a diagram of damage to the inner ring I. In the frequency spectrum of
vibrations, this type of damage is shown in the frequency of the relative rotation of the
cage C in relation to the inner ring I multiplied by the number of rolling elements m.

Wo ~ W

Fig. 6.8 Damage to the inner ring

From the relationship in (6.8), the relative angular velocity of the inner ring I and the
carrier C can be determined if the outer ring O is stopped. It then applies that

To
(1)1 - (I)C == _(I)C , (617)
T
(6.9) can also be inserted, resulting in
To T To 1( rR)
W — We =— w; = w==(1+—)w;. 6.18
! ¢ 19 + 17 ! To + 17 =2 Tc ! ( )

Furthermore, the number of rolling elements m and equation (6.15) can be assumed.
This results in frequency fp; of the vibration due to damage to the inner ring /

1
for = E(l + :_}2) fim. (6.19)
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6.3.3 Damage to the rolling element

Fig. 6.9 shows a diagram of damage to the rolling element R. In the frequency spectrum
of vibrations, this type of damage is shown when the frequency of the rotation of the

rolling element R is doubled.

Fig. 6.9 Damage to the rolling element

From the relationship in (6.9) after inserting (6.11) and further adaptation, the angular
velocity wg of the rolling element R becomes

1o To T Tc+1p Tc— 1R
Wp = —— W = —— w; = — ()
R TR ¢ Tp11 + 7o TR 27¢
2 _ 2.2 1 2 _ .2 1 2 (620)
Tc —Tr Tc T'c — TR Tc TR
= — I:___—Z(UI:___ __2 (DI.
27c7g 21 1§ 271y ¢

The minus sign expresses the opposite rotational direction as assumed in the calculation.
Thus, the frequency of vibration fz, which is linked to damage to the rolling element R
is

2
wp T¢ TR
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7 Diagnostic device for low-speed ball and roller bearings

Over the course of this thesis, two principles behind the devices for running diagnostics
on low-speed ball and roller bearings were developed and realised. In both cases, the
devices make use of a reference element and two pairs of bearings for mounting the
sprocket shaft in the frame.

In the first case, any damage to a bearing or bearing component is detected by
measuring vibrations and in the second case, by identifying increased rolling resistance.

7.1 Running diagnostics based on measuring vibrations

The principle behind the device that detects damage to a bearing or its components by
measuring vibrations is shown in Fig. 7.1 (as per patent application [13]).

In this particular case, the low-speed sprocket shaft 1 is mounted using two pairs of
roller bearings 2 and 4. The two shaft bearings 2 are seated within a reference element 3
and the reference element itself is mounted in the frame 5 using a further two frame
bearings 4.

When the reference element 3 is brought to the necessary angular velocity using a
driven pulley 11 with a v-belt 12, damage to the roller bearings 2 and 4 can be detected
by measuring the vibrations using sensors 13a and 13b.

B 2 > ;I*
g et N
\ / ) \/14

\
1 L

Fig. 7.1 Principle behind the diagnostic device for low-speed ball and roller
bearings based on measuring vibrations

A kinematic diagram of the device for running diagnostics on low-speed ball and roller
bearings based on measuring vibrations is shown in Fig. 7.2.
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The sizes of the inner ring IS, outer ring 0S, rolling element RS and cage CS of the
shaft bearing for shaft S are identified by the indices IS, 0S, RS and CS.

The sizes of the inner ring IF, outer ring OF, rolling element RF and cage CF of the
frame bearing for frame F are identified by the indices IF, OF, RF and CF.

By examining the kinematic relationships of the entire diagnostics system, the
excitation frequency, which occurs as a result of damage to individual bearing
components, can be ascertained. Thereby, it evidently applies that

Wps = Wip = WgE (7.1)

where wgg is the known angular velocity of the reference element RE.

S RE F

Fig. 7.2 Kinematic diagram of the diagnostic device for low-speed ball and roller
bearings
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For the shaft bearing S it applies that

Wis —Wes _ Trs Tos _ Tos
Wos — Wcs Tis Trs Tis
and
Wig —Wes _ Trs
WRs Tis
and equally that
WRs _Tos

Wops — Wcs  Trs

(7.2)

(7.3)

(7.4)

The relationships (7.2) to (7.4) allow the angular velocities w¢s and wgs to be
determined if the angular velocity w,s of the shaft and the angular velocity w,s of the

outer ring or the reference element are known.

By inserting (7.1) into (7.2) we can see that

Wig —Wes _ Tos

WRg — Wcs Tis
and from which it follows that

1

wes = ——— (1sw;s + TosWgE) -
Tis + Tos

For the relative angular velocity w;s — wcs We see that

1 To

s
wis — Wes = Wis — ———— (Nswis + 1oswrp) = ———— (W5 — WrE)
s + Tos Tis + Tos

and that based on (7.3) the following applies for the angular velocity wgg

Tos Tis
- (wRE_‘UIS) .

Wps = ——
Tis + Tos Trs

For the relative angular velocity w,s — wcs We see that

Tis
Wos — Wgs = Wrp — Wes = ———— (Wrp — W) -
Tis + Tos
The same applies for the frame bearing F
Wip —Wcr _ TRr Tor _ Tor
Wor — WcF TiF TrF TiF
and
Wip — Wcr - TRF
WRF TiF
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(7.11)



as well as

w T,
— = (7.12)
Wor — Wcr  TRF
The relationships (7.10) and (7.12) allow the angular velocities w.r and wgpr to be
determined if the angular velocity w,r of the reference element is known and (7.1)

applies. The angular velocity w,y of the frame is generally zero.

By inserting (7.1) into (7.2), we can see that

WRg — WcF _ _Tor (7.13)
Wor — WcF TiF
and from that
TiF
w =—w . .
CF . + Top RE (7 14)
For the relative angular velocity wgzr — wcr We see that
TiF Tor
w — W =w _w =—w .
RE CF RE p + Top RE e + Top RE (7 15)
and that based on (7.3) the following applies for the angular velocity wgg
_ Tor TIF
CRF = Tir + Tor TR RE (7.16)
For the relative angular velocity, we see that
Wop — Wep = —W ——TI—Fw (7.17)
OF CF CF F 4+ Tor RE - .

If the values of the angular velocities of all rotating bearing components can be derived,
the excitation frequencies, which occur due to each type of damage to the shaft or frame
bearings, can be ascertained.
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7.1.1 Damage to the shaft bearing’s inner ring

Damage to the shaft bearing’s inner ring IS (Fig. 7.3) exhibits a relative angular
velocity wp,s, which determines the frequency of the damage, whereby

wprs = (Wis — Wes)Ms (7.18)
By inserting (7.7), we can see that

Tos
Tis + Tos

(w5 — wrg)mg (7.19)

Wpis =

and by further inserting (6.12) and (6.13) the following applies for the frequency fp;s

Wprs

_ 1 TRs ’
fors = e = 5 (147 (s = frsdms. (720)

The frequency fp,s is the frequency that, in the frequency spectrum of the vibrations
measured at the sprocket shaft bearing assembly, corresponds to damage to the inner
ring IS.

Fig. 7.3 Damage to the shaft bearing’s inner ring

72



7.1.2 Damage to the shaft bearing’s rolling element

Damage to the shaft bearing’s rolling element RS (Fig. 7.4) exhibits a relative angular
velocity wpgrs, Which determines the frequency of the damage, whereby
WpRrs = ZO)RS . (721)
By inserting (7.8) and further (6.12) and (6.13), we can see that
2 2
Tos Tis Tcs Tcs — Trs
=2 2 — =2— = - — . 7.22
WpRs Tis + Tos Tns (wrg — Wis) Tas 27'625 (wgrg — wis) ( )

The frequency fprs IS the frequency that, in the frequency spectrum of the vibrations
measured at the sprocket shaft bearing assembly, corresponds to damage to the rolling
element RS and which is

=2
fors .

WRRS — 7”c_5<1 - :é) (fre = fis)- (7.23)

RS

TRs

Fig. 7.4 Damage to the shaft bearing’s rolling element
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7.1.3 Damage to the shaft bearing’s outer ring

Damage to the shaft bearing’s outer ring OS (Fig. 7.5) exhibits a relative angular
velocity wpos, Which determines the frequency of the damage and by inserting (7.1) the
following applies

wpos = (Wos — Wcs)Ms = (Wrp — Wes) M. (7.24)
By inserting (7.8) and further (6.12) and (6.13), we can see that

Tis
Tis + Tos

Wos — Wes = WRpg — Wes = (wrg — wis) (7.25)

and

1 Trs
wpos = 5|1 ——) (wrg — wis) M. (7.26)
2 Tcs

The damage frequency fpos IS the frequency that, in the frequency spectrum of the
vibrations measured at the sprocket shaft bearing assembly, corresponds to damage to
the outer ring 0S and which is

foos =5 (1= 1) e = fishms (7.2

Fig. 7.5 Damage to the shaft bearing’s outer ring
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7.1.4 Damage to the frame bearing’s inner ring

Damage to the frame bearing’s inner ring IF (Fig. 7.6) exhibits a relative angular
velocity wp;r, Which determines the frequency of the damage, and by inserting (7.1) we
see that

wpir = (Wip — Wep)Mp = (Wgg — Wcp)ME . (7.28)
By inserting (7.15) and further (6.12) and (6.13), we can see that
T, 1 7
Wpir = rlF'i—FrOFwRE = 2 (1 + ﬁ) WRE (7.29)

The frequency fp;r is the frequency that, in the frequency spectrum of the vibrations
measured at the sprocket shaft bearing assembly, corresponds to damage to the inner
ring IF and which is

1 TRF
foir = 5 (1 + r_) fREMF . (7.30)
CF

Fig. 7.6 Damage to the frame bearing’s inner ring
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7.1.5 Damage to the frame bearing’s rolling element

Damage to the frame bearing’s rolling RF (Fig. 7.7) exhibits a relative angular velocity
wprr, Which determines the frequency of the damage, whereby

WpRrr = Z(URF . (731)
By inserting (7.16) and further (6.12) and (6.13), we see that
2
Tor TIF Tcr TRF
= -2 L =——|(1—-—— . 732
“DRE Tir + Tor TR “RE TRF < TRZF> “rE (732

The frequency fprr is the frequency that, in the frequency spectrum of the vibrations
measured at the sprocket shaft bearing assembly, corresponds to damage to the rolling
element RF and which is

Tcr rI%F
fDRF = r'_ 1- r_2 fRE . (7-33)

RF

RF

Fig. 7.7 Damage to the frame bearing’s rolling element
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7.1.6 Damage to the frame bearing’s outer ring

Damage to the frame bearing’s outer ring OF (Fig. 7.8) exhibits a relative angular
velocity wpor, Which determines the frequency of the damage, whereby

wpor = (Wcp — Wop)Mp = WcpMp (7.34)
By inserting (7.17) and further (6.12) and (6.13), we can see that

_TF
Wpor = T .. WReMF (7.35)
TiF + Tor

The frequency fpor is the frequency that, in the frequency spectrum of the vibrations
measured at the sprocket shaft bearing assembly, corresponds to damage to the outer
ring OF and which is

1 TRF
foor = E (1 - _) fREME. (7.36)
Tcr

Fig. 7.8 Damage to the frame bearing’s outer ring
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7.2 Running diagnostics based on identifying increased rolling

resistance

The principle behind the device that detects damage to a bearing or its components by
identifying increased rolling resistance is shown in Fig. 7.9.

Fig. 7.9 Principle behind the diagnostic device for low-speed ball and roller
bearings based on identifying increased rolling resistance [15]

With this device, diagnostics are run on the low-speed ball and roller bearings with
regards to increased rolling resistance using a planetary gear system. Here, the sun
gear 9 is firmly coupled to the shaft 10. The planet gears 13 are connected to the
reference element 4 using the pins 15 and rotate in the ring gear 11, which is frictionally
engaged with the frame 3.

The planetary gear system ensures the continuous motion of the reference element 4 and
thus the consistent rotation of the two pairs of low-speed bearings.

Should rolling resistance increase or the shaft bearings be obstructed, the shaft 10 and
reference element 4 will both pivot on the shaft axis at the same speed. The planet
gears 13 will then force the ring gear 11 to rotate. As soon as the force of the frictional
engagement with frame 3 is exceeded, the ring gear 11 will rotate. This rotational
movement triggers the position sensor 16.

The simplified diagram in Fig. 7.10 shows the frame F, the reference element RE, the
frame bearing’s shaft S, outer ring OF, inner ring IF, and rolling element RF, as well as
the shaft bearing’s outer ring OS, inner ring IS and rolling element RS.
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\ F

Fig. 7.10  Simplified diagram of the sprocket shaft bearing assembly

It is possible to couple the planetary gear system Fig. 7.11 to the sprocket shaft bearing
assembly shown in Fig. 7.10, with the sun gear SG coupled to the shaft S.

| RG

PG@

PC |

SG

Fig. 7.11  Planetary gear system used for running diagnostics on low-speed ball and
roller bearings
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The pin in the carrier PC is connected to the reference element RE and the ring gear RG
is frictionally engaged with the frame F using friction moment M, (Fig. 7.12).

Fig. 7.12  Planetary gear system used for running diagnostics on shaft or frame
bearings

Based on the solution relating to force and moment ratios, it is possible to determine the
relationship between the friction moment My, of the ring gear RG in the frame and the
magnitude of the moment due to resistance of the damaged shaft or frame bearing.

7.2.1 Shaft bearing

If the rolling resistance of the shaft bearing increases, the moment Mgz from the shaft S
acts on the reference element RE as a result of the damaged bearing.

This generates a circumferential force Fp- on the pins of the carrier PC, which also acts
on the planet gear PG via the carrier PC. Due to the connection with the planet gear PG,
this force is transferred to the sun gear SG and the ring gear RG in equal measure. Here,
the following applies

Mgp = Fpcrpc = Mpc - (7.37)

If the frictional engagement that is provided by the moment Mg, between the frame F
and the ring gear RG should not be exceeded, it must apply that

Mgy 2 Mg = FpgTre - (7.38)
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Furthermore, it applies that

Mpc = Fpctpe = 2FpgTpe = Fpg(Tsg + Tre)- (7.39)
The following conditions must be fulfilled for normal operation of the sprocket shaft
bearing assembly

MPC MSB

Mp,. > —— = , 7.40
Fr 2roc TrG Toe + T TrG ( )

meaning that for the shaft bearing’s moment due to rolling resistance Mg, the following
must apply

Yer + 7
Mg < —SGr RC My, . (7.41)
RG

If the set frictional engagement My, is exceeded and the conditions (7.40) and (7.41) no
longer apply, the ring gear RG will rotate in the direction of the force Fpg, i.e. in the
direction the shaft S is rotating. In this instance, the carrier PC will rotate more quickly
and the planet gear PG will rotate more slowly.

Fig. 7.13  Forces present in the event of damage to shaft bearing

81



7.2.2 Frame bearing

If the rolling resistance of the frame bearing increases, the moment My from the frame
F acts on the reference element RE. This generates a circumferential force Fp on the
pins of the carrier PC, which also acts on the planet gear PG via the carrier PC. Due to
the connection with the planet gear PG, this force Fp is transferred to the sun gear SG
and the ring gear RG in equal measure. The force Fp;, which due to the current
equilibrium of the planet gear PG is equal to the force Fp. arising from the connection
between the planet gear PG and the sun gear SG, then acts on the ring gear RG via the
planet gear PG.

If the frictional engagement that is provided by the moment M, between the frame and
the ring gear RG should not be exceeded, the following must apply

Mg, 2 FpgTre - (7.42)

pPC

Fig. 7.14  Forces present in the event of damage to the frame bearing
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Furthermore, it applies that
Mpp = Fpctpc = 2FpgTpc - (7.43)
For the faultless operation of the sprocket shaft bearing assembly, the following applies

MFB MFB

Mp, > —— = , 7.44
Fr 2roc TrG Toc + T TrG ( )

meaning that for the shaft bearing’s moment due to rolling resistance Mg, the
following must apply

Yer + 7
Mg < —“r RC My, . (7.45)
RG

If the set frictional engagement My, is exceeded and the conditions (7.44) and (7.45) no
longer apply, the ring gear RG will rotate in the direction of the force Fp.. In this
instance, the carrier PC will rotate more slowly and the planet gear PG will rotate more
quickly.
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8 Design of the diagnostic device for low-speed bearings

In order to prevent disruptions to production as much as possible, the sprocket shaft
bearing assembly must be designed in a way that makes it completely reliable, always
available and require minimal maintenance and servicing. The strength of the shafts and
other bearing components is tested analytically in line with standard procedure as well
as using the finite element method.

8.1 Design of a new sprocket shaft bearing assembly

The design of a new sprocket shaft bearing assembly is based on the principles outlined
in the patent described in [14] and is also based on the documentation available for the
current design of the sprocket shaft bearing assembly.

This technical documentation and the relevant stress analyses show that the current
sprocket shaft bearing assembly is significantly overdesigned. The components have
been designed to work under maximum load, i.e. when a malfunction occurs.

The shaft has been designed so that it has a safety factor of 2.6. The load rating of the
bearings has been calculated with a relatively high degree of contamination and 96%
reliability for the required bearing life.

Based on the operating load and other operating conditions, the shaft diameter can be
optimised in the design. The load rating of the bearings can be calculated with the
bearing life reliability at 90%. The higher value of the nominal bearing life with a
reliability of 96% is compensated by detecting bearing damage early on using the
proposed design of a diagnostic device for low-speed bearings.

Mounting the sprocket shaft in two bearings located within the so-called reference
element is one design solution (Fig.8.1) as per the patent described in [14]. The
sprocket shaft is then mounted in the frame using two further bearings. The reference
element has a degree of rotational freedom and, by measuring the moment of resistance
during its rotation, it is possible to reliably diagnose the degree of damage to one of the
bearings.

Another factor in the design of a new sprocket shaft bearing assembly is the ability to
quickly and easily replace a damaged bearing if required.

The fundamental design of the sprocket shaft bearing assembly solves this problem by
using a shaft coupling that enables the section of the shaft connected to the sprocket to
be reliably connected and disconnected. This two-part sprocket shaft design ensures that
parts are only replaced on site at the production line and that the assembly can be
repaired in the maintenance workshop. This considerably shortens the time that the
conveyor is out of use during repair. This solution reduces the time it takes to install the
bearings after they have been replaced because the bearing housings are already pre-
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installed on the removable section of the assembly. This design also makes the
alignment of the bearings more accurate.

N

r—N b

— — -
— a c e

N

P

=1
= ) m& 777599 o7 @%

Ll 1 — N
- v V% /X\/ XX X Shaft
= Bearing B
h— Bearing D
é Reference element

Fig. 8.1 Sprocket shaft bearing assembly

Fig. 8.1 shows the sprocket shaft bearing assembly. Bearings A and B connect the shaft
and the reference element, which in this case is divided. Bearings ¢ and D fix the
reference element to the baseplate of the installation frame. Bearings C and D are
always located between bearings A and B in each of the proposed solutions outlined
below. The bearing distance e has been taken from the design currently in use due to the
geometry in the pretreatment line. The outer diameter of the reference element in
bearings C and D is equal to the shaft diameter from the current solution.

Three key design variants were derived from this design principle. In all three variants,
the reference element is always a single piece, which is seen as advantageous in terms
of production and strength.
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8.2 Stress analyses for a new assembly

The stress analyses for the new design of the sprocket shaft bearing assembly are the
same for all of the key design variants outlined below, thereby enabling the strength and
load rating to be quantified. The required components that need to be calculated are the
shaft, reference element and bearings. The strengths for the shaft and reference element
were first determined by carrying out a stress analysis and then also by using FEM
analysis. For the bearings, the dynamic load rating was calculated and then the type of
bearing was chosen.

8.2.1 The shaft’s load, stress and safety factor

The load ratios in the sprocket shaft are similar to those displayed in Fig. 5.11, thus
making it possible to use the algorithms in (5.26) to (5.33) for calculating the bending
stress. The force Fg,, which produces the forces R4, and Rg, in the shaft bearings, is
assumed. These forces R4, and Rz, consequently put a load on the reference element.

The stress analysis for the shaft, in the proposed design of the assembly, is performed
using the load caused by the force Fz,, which was ascertained at maximum torque of the
drive unit under normal operating conditions.

The force Fg, causes a bending stress gz,, and a shearing stress in the critical cross
section at position A. Both stresses alternate dynamically and symmetrically. In terms of
strength, the bending stress o,4 has much greater significance than the shearing stress,
which plays somewhat less of a role.

The safety factor for this case is

Opa
Sp2a = ’ (8.1)
0B24

whereby o34 is the fatigue strength in bending and o, 4 is the amplitude of the bending
stress in the critical cross section at position A.

Furthermore, it is useful to determine the safety factor sgz54 for the shaft in the event of
a malfunction. In this situation, the load only occurs for a short time and can therefore
be considered static.

The safety factor for this case is

OBy

Spaq = (8.2)

Op3a’
whereby o, is the yield strength in bending and op3, is the static bending stress in the
critical cross section at position A.
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8.2.2 The reference element’s load, stress and safety factor

The load on the reference element caused by the forces Ry, and Rg, is shown in
Fig. 8.2.

MBZ
A s
MBZC
FSZ
FSZC
X
Fig. 8.2 Load on the reference element
Equilibrium equations for the reference element are
_RAZ + RCZ - RDZ + RBZ = 0 ) (83)
and
RC2C — RDZ(C + e) + Rsz =0 , (84)

whereby the forces R, and Rp, occur in the frame bearings.

The maximum bending moment Mg, at position C on the reference element is as
follows
Mgyc = |—Razcl| . (8.5)
The maximum bending stress is calculated analytically according to the following
formula
MBZC

Op2c = W_BC’ (8.6)

87



whereby Wy, is the section modulus at position C

_ (D¢ —dg)

= 8.7
WBC 32DC ) ( )

and D is the outer diameter and d. the inner diameter of the reference element at
position C.

The shear force at position C is referred to as Fs,. and the corresponding shearing stress
Tgyc 1S as follows

Fsc
Tsoc = S—i; (8.8)

whereby S, is the critical cross-sectional area at position C

_ (D¢ —dg)
c — 4 '
In principle, the stress analysis for the reference element is the same as the stress
analysis for the sprocket shaft. In this case, the critical cross section is at position C.
Here, the critical stress is also the bending stress g, Or og3.. However, the shearing
stress g, OF Tg3¢ Cannot be neglected here as the distance c is relatively small.

(8.9)

For the safety factor relating to shearing stress s, the following applies
Tsc
SSZC -, (810)
Ts2c
whereby 7g. is the fatigue strength in shear and 7,4 is the amplitude of the shearing

stress in the critical cross section at position C.

It is also useful to determine the safety factor sg;. for the reference element in the event
of a malfunction. As the load only occurs for a short time in this situation, it can be
considered static.

The safety factor for this case is

Ts
Ss3c = é, (8.11)

whereby 7, is the yield strength in shear and 73 is the static shearing stress in the
critical cross section at position C.
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If the shearing stress in the critical cross section at position C is not to be neglected, the
safety factor for the reference element is calculated using the following formula

o = Sp2cSs2c 8.12)
2C — )
2 2 :
VSp2c T Ss2c
or

SB3cSs3c

S3¢ = e (8.13)
VSBsc + S

8.2.3 Stress analysis using FEM

The force Fg5 and the maximum torque of the drive unit can be input into simplified 3D
models of the three key design variants as per the patent described in [14]. The FEM
analysis results can then be interpreted as meaning that this force does not occur during
normal operation.

The FEM analyses for each of the three design variants are based on a simplified 3D
model that has had loads and boundary values introduced. The deflections and
equivalent stresses for the entire sprocket shaft bearing assembly and the normal
stresses on the shaft and the reference element are then shown.

8.2.4 Load rating of the bearings

The load rating of the spherical roller bearings in the assembly at all positions A4, B, C
and D is calculated according to the methods in (5.40) to (5.44).

8.3 Design variants

Three different design variants for the sprocket shaft bearing assembly, based on the
patent described in [14], are introduced below. In terms of ease of maintenance during
disassembly, all three variants use a two-piece shaft design, i.e. a shaft that is joined to a
coupling.

The stress analysis results for the individual design variants as well as the FEM analysis
results were compiled in a table.

For each of the three design variants, the safety factors were analytically calculated and
the optimal solution chosen as the basis for one design variant to be further optimised.
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8.3.1 Design variant |

The first design variant uses a reference element in the form of a tube, which all
bearings are mounted on. Two types of bearing pairs are used in this variant. Two
identical outer roller bearings connect the shaft to the reference element and the inner
pair of roller bearings mounts the reference element to the frame of the assembly.

™

r— b

- a T c e

an

P~

—

h—

h—
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Bearing B

- Bearing D

et Reference element

)

Fig. 8.3 Design variant |

The stress analysis results are summarised in Table 8.1.
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Table 8.1  Design variant | — stress analysis results

Shaft Reference element
0g24 [MPa] | 101 Ogac [MPa] | 58 Tgoc [MPa] | 11.6
0p3a [MPa] | 253 Ogsc [MPa] | 145 Tg3c [MPa] | 29
Sp2a 1.76 SBac 2.9 Ssac 8.2
SB3a 1.36 SB3c 2.4 Ss3c 12.1

Roller bearings chosen based on calculations (5.40) to (5.44) from TIMKEN’s catalogue
are recorded in Table 8.2.

Table 8.2  Design variant | — types of bearing

Bearing 4 Bearing B Bearing C Bearing D
23224 spherical 23224 spherical 22228 spherical 22228 spherical
roller bearing roller bearing roller bearing roller bearing
FEM analysis
Bearing Load
Time: 1. s

17.10.2017 22:13

. Fixed Support
[BY Bearing Load: 75000 N

Fig. 8.4 Design variant | — load and boundary values
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Directional Deform ation

Type: Directional Deformation( Axis)
Unit: mm

Global Coordinate System

Time: 1

17102017 2212

. 0,41544 Max
0
— -0.5
— -1
— -l6
-2
. -25
— -3
— -35

-4
I Py
-4,5876 Min

Fig. 8.5 Design variant | — deflection

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 1

17.10.2017 22:13

375 Max
l 345
330

— 300
— 270
— 240

210
. 180
— 150
— 120

90
60
30
0,001681 Min

.

Fig. 8.6 Design variant | — equivalent stress (according to von Mises)
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Normal Stress

Type: Normal Stress(x Axis)
Unit: MPa

Global Coordinate System
Time: 1

17.10.2017 2212

435,16 Max
345

300

240

180

120

60

0

50

120

-180

240

-300

-345

-422,56 Min z

Fig. 8.7 Design variant | — normal stress along x axis — shaft

Mormal Stress 2

Type: Mormal Stress( Axis)
Unit: MPa

Global Coordinate System
Tirme: 1

17,10.2017 2212

600

165,43 Max
90

60

30

0

-30

-60

-90

-120
-163,8 Min
-345

-600

...

Fig. 8.8 Design variant | — normal stress along x axis — reference element
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8.3.2 Design variant Il

The second design variant has a one-piece reference element. The roller bearing at
position A is mounted directly onto the sprocket shaft. In this case, the shaft coupling is
designed as a separate unit. Three different types of bearing are used in this design
variant. In this case, bearings A and B are not of the same type due to their different
inner diameters.

~ b
——
— a c e s
an
==
Aalag - .
]
IR == 5
- \V XK /X\/ N XA Shaft
- )
= Bearing D
é Reference element
4

Fig. 8.9 Design variant |1

The stress analysis results are summarised in Table 8.3. The roller bearings are then
stated and the FEM analysis results follow.
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Table 8.3

Design variant Il — stress analysis results

Shaft Reference element
0g24 [MPa] | 109 Og2c [MPa] | 60 Tgoc [MPa] | 11.6
0p3a [MPa] | 271 0gsc [MPa] | 151 Tg3c [MPa] | 29
Sp2a 1.6 SBac 2.77 Ssac 8.2
Sp3A 1.27 Spac 2.28 Ss3c 12.1

Roller bearings chosen based on calculations (5.40) to (5.44) from TIMKEN’s catalogue

are recorded in Table 8.2.

Table 8.4  Design variant Il — types of bearing
Bearing A Bearing B Bearing C Bearing D
22320 spherical 23224 spherical 22228 spherical 22228 spherical

roller bearing

roller bearing

roller bearing

roller bearing

FEM analysis

Fixed Support
Time: 1, s
18.10.2017 12:02

[B Bezring Load: 75000 N
. Fixed Support

Fig. 8.10

Design variant Il — load and boundary values
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Directional Deformation

Type: Directional Deformation(Z Axis)
Unit: mm

Global Coordinate System

Time: 1

18.10.2017 12:01

0,44616 Max
0

-05

-1

-15

-2

-25

-3

-35

-4

-4,2799 Min

Fig.8.11  Design variant Il — deflection

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 1

18.10.2017 12:02

600

289,94 Max

210
180
150
120

0,0015845 Min

..

Fig. 8.12  Design variant Il — equivalent stress (according to von Mises)
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Normal Stress

Type: Normal Stress(X Axis)
Unit: MPa

Global Coordinate System
Time: 1

18.10.2017 12:02

600
343,57 Max
300

240

180

120

60

0

-60

-120

-180

-240

-339,05 Min
-600 z

...

Fig. 8.13  Design variant Il — normal stress along x axis — shaft

Morrmal Stress 3

Type: Mormal Stress( Axis)
Unit: MPa

Global Coordinate Systemn
Tirme: 1

18102017 12:02

600

247,73 Max

150
100
30

0
-50
-100
-150
-200

-278,41 Min

-600

...

Fig. 8.14  Design variant Il — normal stress along x axis — reference element
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8.3.3 Design variant lll

The third design variant is a compromise between the first and second variants. At the
same time, it is the solution where the smallest number of components needs to be
produced. The one-piece reference element incorporates roller bearing B, and a part of
the coupling is integrated into the housing of bearing A. Three different types of bearing
are used in this design of the sprocket shaft bearing assembly. As in the second design
variant, bearings A and B are not the same due to their different inner diameters.

a b
an a J.c__ e N
)
=
sl ="
= A
h—
P \ i
| SIS, DXL Shaft
= L \ a
= Bearing B
- Bearing D
é Reference element
I

Fig. 8.15 Design variant Ill

The stress analysis results are summarised in Table 8.3. The roller bearings are then
stated and the FEM analysis results follow.
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Table 8.5  Design variant 11l — stress analysis results
Shaft Reference element
0g24 [MPa] | 106 Ogac [MPa] | 58 Tgoc [MPa] | 11.6
0gsa [MPa] | 265 0gsc [MPa] | 151 Tg3c [MPa] | 29
Sp2a 1.6 SBac 3 Ssac 8.1
Sp3A 1.3 Sp3c 2.28 Seac 12.1

Roller bearings chosen based on calculations (5.40) to (5.44) from TIMKEN’s catalogue
are recorded in Table 8.6.

Table 8.6  Design variant Il — types of bearing
Bearing 4 Bearing B Bearing C Bearing D
23224 spherical 22320 spherical 22228 spherical 22228 spherical
roller bearing roller bearing roller bearing roller bearing

FEM analysis

Fixed Support
Time: 1, 5
18.10.2017 12:27

[B Bezring Load: 75000 N
. Fixed Support

Fig. 8.16  Design variant Il — load and boundary values
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Directional Deformation

Type: Directional Deformation(Z Axis)
Unit: mm

Global Coordinate System

Time: 1

18.10.2017 12:27

0,40616 Max
0

-05

-1

-15

-2

-25

3

-35

-4

-4,4245 Min

Fig. 8.17  Design variant 111 — deflection

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 1

18.10.2017 12:28

372,58 Max
l 345
330

— 300
— 270
— 240

210
. 180
— 150
— 120

el
60
I 30
0,001688 Min

...

Fig. 8.18  Design variant I1l — equivalent stress (according to von Mises)

100



Normal Stress

Type: Normal Stress(x Axis)
Unit: MPa

Global Coordinate System
Time: 1

18.10.2017 12:28

433,07 Max
I 345

300
— 240

— 180
— 120

60

0
-60
-120

— -180

240
-300
I -345
-418,34 Min Z
e
L—» A

Fig. 8.19  Design variant Il — normal stress along x axis — shaft

Mormal Stress 3

Type: Mormal Stress( Axis)
Unit: MPa

Global Coordinate System
Tirme: 1

18,10.2017 12:28
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Fig. 8.20  Design variant Il — normal stress along x axis — reference element
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8.3.4 Assessment of the design variants

Design variant |

The stress analysis performed using the finite element method shows flaws in the
relatively slender design of the sprocket shaft bearing assembly seen in design variant I.
This relates to a shaft deflection of 4.6 mm (Fig. 8.5). In addition, local stress values as
per Fig. 8.6 and Fig. 8.8 show that the yield strength of the steel used has been
exceeded.

Design variant 11

The result of the stress analysis for design variant Il shows an increase in strength of the
entire structure. The deflection of the shaft reduces to 4.3 mm (Fig. 8.11) and the
stresses in the individual components do not exceed the vyield strength (Fig. 8.12,
Fig. 8.13 and Fig. 8.14).

Design variant 111

The FEM analysis for design variant 111 shows that the strength of the entire assembly
lies between that of design variants | and Il. Fig. 8.17 shows a shaft deflection of
4.3 mm. As with the first design variant however, the yield strength of the steel used is
exceeded locally (Fig. 8.18 and Fig. 8.19).

Comparison of the design variants

The FEM analyses for the relevant structural sections of the different sprocket shaft
bearing assembly variants were performed on simplified 3D models. These analyses
have shown that design variant 1l is best suited in terms of strength.

However, in all variants it seems advantageous to reduce the bending moment by
reducing the distance between the sprocket and the neighbouring roller bearing. It is
also preferable to reduce the distance between roller bearings A and C as well as
between roller bearings B and D. In any case, the distance a, where the shaft coupling is
located, must also be considerably reduced and a compact design for the coupling must
be found.
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8.4 Optimised design variant of the sprocket shaft bearing assembly

The optimised design for the sprocket shaft bearing assembly is based on design variant
I and focuses on a change to the coupling for joining the shaft.

8.4.1 Design variant Il, optimised

With this derived design, the coupling, in which the shaft is fitted and connected using
an axial screw (Fig. 8.21), has been optimised. Further properties of this design are
identical to design variant Il (section 8.3.2).

Shaft

Bearing B

Bearing C Bearing D

./

\_, Coupling \ Bearing A

Reference element

Fig. 8.21  Design variant I, optimised

The stress analysis results are summarised in Table 8.7.
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Table 8.7 Design variant I, optimised — stress analysis results

Shaft Reference element
Og24 [MPa] | 68 Og2c [MPa] | 53 Tgoc [MPa] | 10
0g34 [MPa] | 170 Ogsc [MPa] | 132 Tg3c [MPa] | 25
SB24 2.56 Sgac 3.3 Ssoc 9.33
Sp3A 2.02 Sp3c 2.61 Seac 13.77

Roller bearings chosen based on calculations (5.40) to (5.44) from TIMKEN’s catalogue
are recorded in Table 8.8.

Table 8.8 Design variant I, optimised — types of bearing
Bearing A Bearing B Bearing C Bearing D
22320 spherical 23224 spherical 22228 spherical 22228 spherical
roller bearing roller bearing roller bearing roller bearing
FEM analysis

Fixed Support
Time: L s
18.10,2017 1542

[B Bearing Load: 75000 N
. Fixed Support

Fig. 8.22  Design variant I, optimised — load and boundary values

104



Directional Deform ation

Type: Directional Deformation(Z Axis)
Unit mm

Global Coordinate System

Time: 1

18.10.2017 1342

0,23062 Max
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Fig. 8.23  Design variant 11, optimised — deflection

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 1

18.10.2017 1342
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180
150
120

0,00110556 Min

..

Fig. 8.24  Design variant 11, optimised — equivalent stress (according to von Mises)
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Marmal Stress

Type: Normal Stress(x Axis)
Unit: MPa

Global Coordinate System
Time: 1

18102017 1343

Fig.
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8.25  Design variant 11, optimised — normal stress along x axis — shaft

Marmal Stress 3

Type: Mormal Stress( Axis)
Unit: MPa

Global Coordinate System
Time: 1
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Fig. 8.26  Design variant Il, optimised — normal stress along x axis — reference

element
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8.4.2 Assessment of the optimised design variant

In comparison to the original design variant Il, the stress analysis for the optimised
version of design variant 1l exhibits a considerable improvement in the strength of the
new structure (Fig. 8.23). The deflection of the sprocket shaft has reduced to 1.9 mm.
The stress analysis has shown satisfactory values. There are no longer any stresses
approaching the yield strength of the steel used.

8.5 Design of the optimised sprocket shaft bearing assembly

The design of the optimised sprocket shaft bearing assembly can be seen in Fig. 8.27.
The shaft consists of two components that are joined and connected to one another
using an axial shaft coupling stud. One part of the shaft is firmly attached to the
sprocket using a conical adapter and the second part of the shaft is connected to the
reference element using two spherical roller bearings. The reference element is mounted
using two further spherical roller bearings, which are positioned on a baseplate and are
bolted to an installation frame. The shaft seal in the side wall of the installation frame
consists of a seal assembly with braided packing.

|
h ]
§ Bearing A
N J - .
e Bearing C Bearing D
Bearing B
—%
L) oao
AZ= F
ks Clamping
element
Shaft
Braided packing
Reference element

Seal assembly Baseplate

Fig. 8.27  Design of the optimised sprocket shaft bearing assembly
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Fig.8.28 Design of the optimised sprocket shaft bearing assembly including
monitoring unit
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Two-part clamping set
Braided packing
Coupling Seal assembly

Fig. 8.29  Design of the sprocket shaft coupling

8.5.1 Parameters of the spherical roller bearing

The sprocket shaft bearing assembly incorporates four TIMKEN spherical roller
bearings.

|-—B—l-

Fig. 8.30  Basic dimensions of the TIMKEN spherical roller bearing
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Bearing A - TIMKEN 22320 spherical roller bearing with the parameters according to

Table 8.9.

Table 8.9 Parameters of the TIMKEN 22320 roller bearing

Outer diameter D =215 mm
Inner diameter d =100 mm
Width B =73 mm
Weight m = 12.8 kg
Dynamic load rating C = 768000 N
Static load rating Co = 853000 N

Bearing B - TIMKEN 23224 spherical roller bearing with the parameters according to

Table 8.10.

Table 8.10  Parameters of the TIMKEN 23224 roller bearing

Outer diameter D = 215 mm
Inner diameter d =120 mm
Width B =76 mm
Weight m = 11.8kg
Dynamic load rating C =824000 N
Static load rating Co = 1040000 N

Bearing € and D - TIMKEN TAPN28K125S bearing assembly with integrated 22228

spherical roller bearing and H2328 adapter sleeve.

Table 8.11  Parameters of the TIMKEN 22228 bearing

Outer diameter D = 250 mm
Inner diameter d = 140 mm
Width B = 68 mm
Weight m = 14.2 kg
Dynamic load rating C =863000N
Static load rating Co = 1060000 N
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Fig. 8.31 Dimensions of the TIMKEN TAPN28K125S bearing assembly
Table 8.12 Parameters of the TIMKEN TAPN28K125S bearing assembly

B = 288.5 mm
Dimensions F =499.9 mm

L =120.4 mm
Weight m = 61.8 kg

8.5.2 Replacing the bearings in the event of repair

The roller bearings in this optimised design variant are replaced after disassembling the
entire reference element unit.

Before disassembly, the sprocket including the coupling connected to it must be secured
in the frame. For this purpose, a two-part clamping set is used. This shaft-hub-
connection is fixed to the coupling and makes it possible for the sprocket to be secured
to the side wall of the installation frame using clamping screws (Fig. 8.32). The side
wall has a circular groove on both sides (Fig. 8.32). These grooves help to keep the
clamping screws at their points of contact in the defined positions. In order to reduce the
exposed length between the clamping set and side wall of the installation frame of all of
the clamping set’s screws to zero, the baseplate’s adjusting screws must first be
loosened and then the fixing bolts for frame bearings € and D removed (Fig. 8.32).

A removal tool is used for disassembling the reference element unit with the frame
bearings. After removing the nut from the end of the shaft coupling stud, the removal
tool is attached and, using the external thread, is screwed into the internal thread of the
shaft. Thus, the shaft with the reference element unit is pulled outwards and detached
from the coupling. Using an inserted extension piece, the assembly is pulled outwards
until the hexagon of the shaft coupling stud (Fig. 8.33) is freely accessible. Using the
hexagon, the shaft coupling stud is unscrewed from the coupling and the entire
reference element unit can be removed.
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Conversely, installing the reference element unit including the frame bearings is
performed using an installation tool, which is attached to the shaft and is screwed
together with the shaft coupling stud. The two parts, i.e. the shaft and the coupling, are
reconnected and tightened using a hexagonal nut on the external thread.

i

T T
Clamping . §
screws i =]

B
it

Fig. 8.32  Removing the reference element unit

This design solution also makes it relatively easy to replace the shaft seal located in the
side wall of the installation frame without having to remove the entire shaft with the
sprocket. This has been made possible due to the use of 10-mm-thick braided packing
with a square cross section. Another advantage of this shaft seal is that it is less
vulnerable to dry running and that it forms a better seal with the shaft than a seal ring.

Another special feature of this design is the connection of the coupling to the side wall
of the installation frame using the CLAMPEX KTR 203 clamping set.

Using bearing grease, the braided packing used as the seal between the coupling and the
reference element unit provides sufficient sealing properties.
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i

Fig. 8.33  Detail of the design solution

The change to the design makes maintenance simpler and replacing the seals easier, and
provides a better seal position in relation to the coupling, and thus has excellent sealing
properties.
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9 Laboratory test of the diagnostic device

Two prototypes of the sprocket shaft bearing assembly were produced. The first
prototype without monitoring unit was tested for fatigue and subsequently exposed to
maximum load. The second prototype with monitoring unit was used for the diagnostic
test. In both cases, the shaft was driven by a gearbox using an electric motor.

9.1 Fatigue test on the first prototype

The aim of the fatigue test on the first prototype of the sprocket shaft bearing assembly
was to verify the design and functionality of the proposed solution.

During this test, the first prototype operated under 60% of the maximum load, i.e. a
load of 4.5 tonnes at a shaft speed of 3.3 rpm. This test was carried out continuously
over 1000 hours.

Bearing

First prototype
Test facility \

Air springs

Force sensors

Fig. 9.1  Fatigue test on the first prototype
Fig. 9.1 illustrates the fatigue test on the first prototype.

The load on the shaft at the sprocket was absorbed by three 14-inch pneumatic springs
via an FAG SCHAEFFLER 22228-E1-K roller bearing with an H3128 adapter sleeve
mounted in an SNV250 bearing housing.

An electric motor was used to drive the first prototype and the motor’s gearbox was
connected to the sprocket shaft via a clutch (Fig. 9.2).
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Clutch
Gearbox |

Electric
motor

Fig. 9.2 Drive system for the first prototype’s sprocket shaft during the fatigue
test

During the load test, the sprocket shaft’s load and torque were continuously measured.
Before the test commenced, it became apparent that there was almost no clearance

between the shaft and the metal ring used for positioning the braided packing. Once the

sprocket shaft was subjected to a load of 4.5 tonnes at the position of the sprocket, the
ring came into contact with the shaft. Subsequently, the inner diameter of the metal ring

for the braided packing assembly was increased by 4 mm.

The fatigue test was then conducted over 1000 hours. There was no sign of damage
during this laboratory test, which was also confirmed by a constant level of shaft torque
when idling.

9.2 Load test on the first prototype

The aim of the load test was to determine the maximum load on the sprocket shaft
bearing assembly, which led to a total failure. During the laboratory test, the load on the
first prototype was gradually increased until it was destroyed at a rotational speed of

3.3 rpm.

During the test, the force resulting from the torque, the deflection of the sprocket shaft
and the load on the pneumatic springs (Fig. 9.3) were all measured. The data was
recorded using a DEWETRON DEWE 5000 unit and DEWESoft 7.3 software.

Fig. 9.3 shows the design of the load test on the first prototype. The load on the shaft at
the sprocket was absorbed by three 14-inch pneumatic springs via an FAG
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SCHAEFFLER 22228-E1-K roller bearing with an H3128 adapter sleeve mounted in an
SNV250 bearing housing.

Just like with the fatigue test, an electric motor was used to drive the first prototype and
the motor’s gearbox was connected to the sprocket shaft via a clutch (Fig. 9.4).

100 mm Displacement
sensor

Bearing

Force sensors Air springs

Fig. 9.3  Load test on the first prototype

Clutch First prototype
Gearbox -l /
Electric Test facility
motor

Fig. 9.4  Drive system for the first prototype s sprocket shaft during the load test

Fig. 9.5 shows a graph of all the measured data. The green line indicates the force in kN
that corresponds to the sprocket shaft’s driving torque. The vertical deflection of the
shaft in mm at the load acceptance point is indicated by the red line. The blue line

shows the load on the pneumatic springs in kN.
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Fig. 9.5 Graph of all the measured data

Fig. 9.6  Laboratory experiment using the first prototype

During the load test, two videos were shot of the first prototype — one from the front and
one from the side.
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Fig. 9.7 shows the evaluated measurements with their maximum values. In addition, the
values for the sprocket shaft’s vertical deflection and the torque of the drive unit are
given at 4.5 tonnes and 7.5 tonnes. The green line shows the shaft’s torque in Nm. The
sprocket shaft’s deflection in mm is illustrated by the red line and the load on the
pneumatic springs in tonnes by the blue line.
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Fig. 9.7 Evaluation of all measured data

In the laboratory test, the load on the shaft at the position of the sprocket was increased
to 14.37 tonnes. This led to a sprocket shaft deflection that was so great that the shaft
interfered with the metal ring used for positioning the braided packing. As a result, the
drive unit’s torque increased to such an extent that the gearbox was destroyed.

The laboratory test demonstrated that the load rating of the design solution for the

sprocket shaft bearing assembly was sufficient. At a load of 14.37 tonnes, no
components were completely destroyed. However, at the end of the laboratory test, the

sprocket shaft deflection exhibited a plastic deformation of 1.875 mm, which was
measured with a dial indicator (Fig. 9.8).
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Fig. 9.8 Measurement of the sprocket shaft’s deflection

In addition, damage occurred on the surface of the shaft coupling stud (Fig. 9.9) during
the laboratory test due to the extent of the sprocket shaft’s deflection.

Fig. 9.9 Bending force on the shaft coupling stud
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9.3 Diagnostic test on the second prototype

The aim of the diagnostic test was to test the function of the monitoring unit for damage
to low-speed bearings. To this end, a second prototype of the sprocket shaft bearing
assembly with a monitoring unit was used. The laboratory test consisted of the
simulation of a bearing failure under a load of 4.5 tonnes (60% of the maximum load)
at a sprocket shaft speed of 3.3 rpm.

Fig. 9.10 shows the experimental setup of the diagnostic test for the second prototype.
Again, the load on the shaft at the sprocket was absorbed by three 14-inch pneumatic
springs via an FAG SCHAEFFLER 22228-E1-K roller bearing with an H3128 adapter
sleeve mounted in an SNV250 bearing housing.

An electric motor was used to drive the second prototype and the motor’s gearbox was
connected to the sprocket shaft via a clutch.

Clutch

Second prototype
Gearbox \

Electric

motor \

Bearing

Air springs

Test facility

Force sensor

Fig. 9.10 Diagnostic test on the second prototype
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Fig. 9.11  Diagnostic test design for the second prototype

Fig. 9.11 shows the principle of the bearing failure simulation. When clamping the
reference element to the sprocket shaft using clamping device 1, the movement between
the shaft and the reference element is prevented, which simulates the failure of one of
the shaft bearings located between the shaft and the reference element.

When clamping the reference element to the bearing housing using clamping device 2,
the movement between the reference element and the installation frame is prevented,
which simulates the failure of one of the frame bearings located between the reference
element and the installation frame.

The diagnostic test of the functionality of the monitoring unit in the sprocket shaft
bearing assembly showed no faults and thus proved the full functionality of the
monitoring unit.
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10 Conclusion

This thesis addresses a very topical issue relating to the running of diagnostics on low-
speed bearings. In practice to this day, there is no reliable method, which can deliver
acceptable results for the prediction of damage to these components in state-of-the-art
production systems.

Whilst diagnostics have successfully been run on high-speed bearings in industry
practice using vibration diagnostics, this method cannot be used for low-speed bearings.
Running diagnostics on low-speed bearings therefore poses a great challenge for experts
and engineers. This is a significant problem area with regard to reliable production
without stoppages due to unexpected breakdowns, particularly for manufacturers of
production lines.

This thesis resolves the specific issue of running diagnostics on low-speed bearings in
the sprocket shaft bearing assemblies used in a chain conveyor in the pretreatment line
at the SKODA AUTO a.s. paint shop in Mlada Boleslav. Due to negative experiences
with failing bearings, and the significant financial losses associated with these failures,
this thesis and the resulting findings are of great importance to SKODA.

Under the given circumstances, there has been a relatively high degree of flexibility in
design when developing a solution to this problem. Following an analytical description
of the chain conveyor’s operating conditions, two different concepts for running
diagnostics on low-speed bearings were developed. The basic idea behind these
solutions was introducing a reference element into the sprocket shaft bearing assembly.

Using a pair of shaft and frame bearings each, this component can rotate both around
the shaft and within the frame. As a result, the reference element has a degree of
rotational freedom and can rotate independently. This degree of freedom can be used to
technically run diagnostics on low-speed bearings in two different ways.

Firstly, it is possible to rotate the reference element at a high speed and to measure the
vibrations that occur as a result of bearing damage. The rotational speed of the reference
element can be defined and, if necessary, changed to correlate with the desired
excitation frequency that, in the frequency spectrum of the vibrations measured at the
bearing assembly, corresponds to the relevant damage. This makes the diagnostic
method incredibly reliable. This solution has been successfully patented at a European
level.

Secondly, if the bearings are undamaged, the reference element should be able to rotate
freely and without resistance. If the moment of resistance increases, it means that one of
the bearings is damaged. This method of running diagnostics is considerably simpler in
terms of the design and work required, and is also more cost effective. Over the course
of this thesis, this second method has been developed at length, all the way through to a
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prototype. In the process, three different variants for the sprocket shaft bearing
assembly were designed. One of the variants was chosen and then optimised until it was
suitable for production.

The monitoring unit, which is based on detecting an increase in the moment of
resistance, was realised using a planetary gear system and was also patented.
Subsequently the entire sprocket shaft bearing assembly including the monitoring unit
was manufactured and tested at length under laboratory conditions. Following
successful test results, this design solution was installed in the SKODA AUTO a.s. paint
shop in Mlada Boleslav in summer 2018 and put into operation.
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