Predicting gearbox bearing failure

Gearboxes for rolling mills are complex machines and their reliability is crucial. Condition monitoring
systems are useful tools for estimating defects on main gearbox components, but their performance
relies upon the training procedure, which often requires a very expensive and experimental set-up. This
paper introduces a numerical approach to predict the effects of bearing failure under several working
conditions. The generated outputs correspond to different fault conditions and will constitute a useful
database to tune up and train the entire apparatus of the condition monitoring system (CMS) of rolling
mill gearboxes. By S.Cinquemani' F.Rosa', E. Osto?

GEARBOXES for rolling mills are complex
machines that cannot be treated as
commaodities; they are part of a complex
drive system that, in case of failure, can
seriously affect plant productivity. [ 2.3}

From this perspective, early detection
of improper operating conditions,
as provided by condition monitoring
systems (CMS), is a chance to plan
extraordinary maintenance to prevent
sudden interruptions and identify primary
rather than secondary causes of failure.
(4. BL 161 1t js worth mentioning that
preventive maintenance implies negligible
costs compared to those related to
secondary failure causes, such as bearing
replacement versus gear and shaft
replacement.

In fact, bearings represent a typical
source of gearbox failure or improper
operation. 71819 Gradual deterioration
of operating behaviour is normally the

first sign of bearing damage. Depending
on the operating conditions, a few
weeks, or even a few months, may pass
from the time damage begins to the
moment when the bearing actually fails
because of contact fatigue damaging
mechanisms. This typical progressive
damage evolution makes bearings
especially suitable for continuous
condition monitoring analysis.

From the perspective of failure
detection, bearing damage results
when there is an increase in operating
temperature, lubricant contamination
and vibration. In principle, all these
parameters can be measured by CMS, but
the techniques based on the analysis of
vibration signals are the most efficient, as
they can provide an earlier identification
of the specific bearing involved and can
give more information on the kind of
damage.

Usually, to properly set up the
algorithm, measures associated both
with standard operating conditions and
malfunctioning are used. This paper
investigates the possibility of training
a CMS by exploiting numerical analysis
based on models of the machine under
several operating conditions!'® '"),

This approach would avoid the need
for expensive experimental tests and
quantitative estimations of bearing
damage.

Mathematical model
An outline of a rolling mill can be seen
in Fig. 1. Hot steel is rolled through
a sequence of rolling stands or — with
reversible mills — in multiple runs between
the stand’s rolling rolls. At each run, the
rolled section is reduced and the bar
elongated.

To generate “virtual accelerations”

Hot steel

defects on bearings speed

Output: Forces on housing due to

Data: gearbox main
mechanical features

Input: motor torque
and angular speed
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parameters
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Fig 1. Outline of a rolling mill

Fig 2. Graphical representation of the mathematical model
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Fig 3. Experimental data (motor torque and motor angular speed)

Roller

Ring

related to bearing malfunction in the
gearbox, a mathematical model of the
system has to be developed. A ‘lumped
parameter’ model has been conceived
and deployed for rolling mill gearboxes
(Fig. 2). It takes into account the main
mechanical and geometrical features,
main gear parameters and the most
important information on the bearings
involved.

First the model needs to input the
torque (TM) and angular speed (oM) of
the motor. This information is collected
from the field (Fig. 3) and is limited
to conditions in which the speed is
constant. Then the kinetostatic model
of the transmission calculates the forces
on bearings along the three main
directions X, Y, Z and the corresponding
displacement of the shaft along the same
directions (Ax, Ay, Az) with respect to the
housing.

Bearing defects, like pits on any race,
periodically change the stiffness of the
bearing itself and how it transfers the
forces from the shaft to the housing.

For generic roller bearings, the
development of the relationship between
load and displacement is based on
the following key steps (symbols and
conventions are illustrated in Fig. 4 for
a double row tapered roller bearing,
but can be easily extended to all the
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Fig 4. Bearing reference system and race defects definition
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bearings):-

1. Define an arbitrary position for each
roller.

2. Assign a displacement to the inner
ring (Ax, Ay, Az) as obtained by loads on
the bearing

3. Determine overall contact
deformation of a generic roller due to
these inner ring displacements.

4. Define a relationship between this
deformation and the corresponding load
(Hertz Theory).

5. Determine how this load is
‘distributed’ among contacting surfaces
on the basis of equilibrium equations.

6. Determine the forces acting on each
race as resultant of the forces exerted on
it by each roller.

Even though more sophisticated
models of bearing internal load
distribution can be found in literature
(see, for example, %), a simplified
calculation approach has been adopted
in this model, to have affordable
computational time.

Bearing defect’s fingerprint
According to different operating
conditions (ie. load and angular speed)
each bearing has a distinctive behaviour
during malfunctioning that can be used
as a fingerprint to detect damages.

Cage wear model

Cage wear was introduced by assuming
that its effect on the bearing global
model? can be considered by changing
the circumferential positions (with
respect of their evenly spaced theoretical
positions) of the rollers with respect

to the rings. From a mathematical
perspective, after having defined the
maximum circumferential displacement
(eWQ) of the rollers, there is a need

to define the distribution of these
displacements in order to locate all of
them. If this type of defect is introduced,
it implies that the rollers are no longer
evenly spaced, as assumed in the model
of a healthy bearing.

Race pit model

Reducing the contact deformation of a
roller when it is ‘on the blocks’ simulates
the presence of a pit stop in a race. This
condition leads to a reduction of the
load that can be transmitted by a simple
roller/ball. A regular function Cd is used
to describe a generic irregularity of a race
(i.e. any deviation from its nominal shape
measured along the normal direction).
To reduce the number of variables, a
simple relationship between the depth
(Cd) and the width (Ad) of the defect
has been imposed as shown in Fig .5. To
evaluate the effects of bearing damage,
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it is possible to set different values of Cd,
and Ad.

For each roller, the algorithm evaluates
the corresponding deformation due
to the displacement of the inner ring
and the corresponding transmitted
force. When a roller is over a defect,
its deformation decreases as the load
it is transmitting. By considering all the
rollers it is then possible to estimate the
total force transmitted to the housing.
According to the geometry of the bearing
and its operating conditions (ie. shaft
angular speed), the FFT that the forces
transmitted is univocal (Fig.6).

The response of each type of defect
has its own frequency structure, i.e. the
spectra of the responses to a pit on the
fixed (outer) race is completely different
from the spectra of the responses to a
pit on the rotating (inner) race as well
as from the spectra of responses to cage
wear. Looking at Fig.6, if the pit is on the
fixed ring (outer race), the reaction forces
spectra exhibits harmonics at the Ball Pass
Frequency of the Outer race (BPFO) and at
its multiples.

Alternatively, if the pit is on the rotating
ring (inner race), the reaction forces
spectra is more complicated due to the
interactions of bearing elements; in
particular, there are harmonics at the Ball
Pass Frequency of the Inner race (BPFI),
surrounded by side bands, evenly spaced,
of the rotating ring speed.

Case study

The parametric model described in the
paper has been used to simulate failures
on the bearing of a real mechanical
transmission installed on a rolling mill.
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The layout of the transmission to be
analysed is depicted in Fig. 7. The
transmission is used in a rolling mill
plant and it has a speed ratio of 0.072.
Shaft 0 is connected to the motor, while
shafts 2 and 3 are linked by spindles to
the rolls of the mill. Speed reduction is
obtained from the first two stages of
the transmission, while the third one
(whose ratio is equal to 1) is used to
split the power to the two rolling rolls.
Bearings configuration is resumed in
Table 1. According to different operating
conditions and different kinds of defects,
the model can evaluate the forces applied
to the chassis along X and Y directions.

Because of the complexity of the
system and the wide variation of the
frequency response, due to the mounting
and assembling operation, as well
as to manufacturing tolerances, the
relationship between forces applied on
the housing, and the corresponding
virtual accelerations, is obtained
experimentally.

The frequency response function
between the force exerted on the chassis
and the corresponding acceleration can
be obtained with impulsive tests. Fig. 8
shows, as an example, the frequency
response function between the force
exerted on the chassis along the X axis
near the bearing B1, and the acceleration
measured along the same direction.

Once the forces transmitted to the
chassis, due to a defective bearing, are
identified from the mathematical model,
the corresponding accelerations can be
easily obtained by simply multiplying
the forces (in frequency domain) to the
frequency response functions of the

system. As an example, let’s consider
bearing B1. The acceleration along
the X axis x” (f) can be computed by
multiplying the frequency response
function of the chassis, close to bearing
B1, TF,;,,(f) and the force (F,;,,(f)) along
the same direction estimated by the
model for a defect on bearing B1.

Figs. 9, 10 and 11 respectively show
the quantitative estimation of the
forces applied along X direction and the
corresponding accelerations for different
kinds of defects. Numerical analysis has
been carried out considering motor
torque: T,,=14kN, motor angular speed
o,=500rpm, C, = 0.1mm for defect on
the outer ring, C; = 0.1mm for defect on
the inner ring, C, = 3.2mm for defect on
the cage.

Remarks

The response of each type of defect

has its own frequency structure, i.e. the
spectra of the responses to a pit on the
fixed (outer) race is completely different
from the spectra of responses to a pit
on a rotating (inner) race as well as from
the spectra of the responses to a cage
wear. While the entity of the harmonics
due to pits are much higher than the
harmonics due to cage wear, a cage wear
will be more difficult to detect, i.e. when
it has reached considerable dimensions.
Coming to the accelerations that may

be measured on the chassis, it is worth
observing that, even if the frequency
structure has not changed, the harmonics
distribution has been radically altered by
the response of the gear box structure,
which amplifies some frequency ranges
and hardly smooths others.

www.steeltimesint.com



250 - - 250 -
200/ 200
=150, =150
100 100/
50, 50 ‘ |
oLA L ! . - L L | 0 POl bl
0 200 400 600 800 1000 1200 1400 1600 1800 2000 0 200 400
0.12, [Hz] . o
0.1 | 0.08
_0.08| o
20.06| 006
E0.04 £0.04,
0.02/ | 0.02
oL | 1 . l 1 i TV RS PO T
0 200 400 600 800 1[00]0 1200 1400 1600 1800 2000 0 200 400
Hz

VISR TPOUPTTIPWRRSPY TTTWOPTFTPRSPIYTTYIY EOPYPRREOPTY TPVRSRY PRSPPI TSI OPPPTTR i il |
600 800 1000 1200 1400 1600 1800 2000
[Hz]
-
ol o0t ML JLNE ‘__,lu‘ ULl ‘_.‘w“-' ‘,_‘“
600 800 1000 1200 1400 1600 1800 2000

[Hz]

Fig 9. Forces applied on the chassis along X direction (up) and corresponding virtual

acceleration (bottom) for a defect on the outer ring

Fig 10. Forces applied on the chassis along X direction (up) and corresponding virtual

acceleration (bottom) for a defect on the inner ring
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The usefulness of the presented approach
and tools, therefore, appear evident:
they allow geared systems and condition
monitoring developers to pre-determine
system responses to defective bearings,
help transmission designers to design
systems where the frequency response
does not transmit excessively defective
bearing-exciting forces, and allows
condition monitoring system developers
to train and fine-tune systems aimed

at detecting bearing faults. Condition
monitoring system developers, for
instance, may identify more clearly
which frequency range has to be more
accurately examined, as well as which
accelerations magnitude they have to
expect. The approach introduced in
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this paper can significantly increase
the reliability of condition monitoring
systems, by making them capable of
more accurately detecting incipient
failures and estimating more accurately
the residual life of bearings, resulting
in an improvement of maintenance
efficiency and effectiveness, and a
reduction of running costs.

Further information, www.primetals.com
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