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Abstract

In this study we present an evaluation of the energy consumption in the case of shaft misalignment. Misalignment is one
of the most common defects in rotating machinery that causes noticeable losses of energy. The proposed methodology
focuses on finding a correlation between vibration level and energy consumption for different degrees of misalign-
ment. In fact, the monitoring of energy consumption became a necessity for industries for the implementation of the
appropriate maintenance strategy. In order to achieve this, vibration analysis is a measurement tool used to detect and
diagnose rotating machinery faults, such as misalignment, unbalance and bearing defects. The results of this experi-
mental investigation show that the rate of energy consumption depends highly on the degree of shaft misalignment,
especially, in the case of parallel misalignment. Also, vibration analysis has been proven to be an effective tool to early
detect misalignment shaft and monitoring electrical energy consumption.
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1 Introduction

The fight against climate change, CO, emissions and
the extra cost of the energy bills are pushing industries
to reduce their energy consumption. The gains may be
relieved in the building, the utilities (heating, air, light-
ing...) and the process. Currently, the management of
energy consumption in production processes, which
account for about 2/3 of total consumption, has become
a necessity for companies to ensure their competitiveness.
In this context, the realization of energy audits is now a
priority because they allow a methodological analysis of
energy use and consumption. This audit is considered as
a first step to reduce energy consumption by providing a
detailed inventory of the energy performance of the com-
pany and its installations. Finally, solutions for improving

energy efficiency are proposed based on the results of the
energy audit. [1].

For this purpose, predictive maintenance is a powerful
tool to optimize the availability of manufacturing and pro-
duction plants, cost efficiency of maintenance work, and
can also be used in the evaluation of energy consumption
in the case of damage. Predictive maintenance provides
factual data on the actual mechanical condition of each
machine and the operating efficiency of each process [2,
3]. The nondestructive techniques usually used for pre-
dictive maintenance program are vibration monitoring,
infrared thermography, ultrasound testing and oil analy-
sis. Each technique has a unique data and its sensitivity
depends on the severity of the defect [4]. Vibration analysis
has always been known as the most widely used and pow-
erful method for rotating machine monitoring.
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After reading some literatures, it was found that mis-
alignment and unbalancing are the most common cause
(~70%) of machine vibration that are causing energy loss
and reduce the life of rotating machines [5]. Statistically
speaking, industries are losing billions of dollars a year
because of misaligned machines [6]. Furthermore, mis-
aligned machine is more prone to failure due to increased
loads on bearing and couplings; that would lead to
increased energy consumption [7]. Several researches
were carried out in the experimental and analytical study
of misalignment considering the changes in vibration
response and its impact on the consumption of electrical
energy [8-12]. For example, according to H.A. Gaberson
[13], nearly 3% of energy losses are due to misalignment,
while the unbalance leads to losses of less than 1%. E.
Estupinan et al. [14], presented an analysis of energetic
losses generated by misalignment, which was based on
vibration measurements. It was proved economically that
the implementation of predictive maintenance reduces
energy consumption and keeping low levels of vibration.

In practice, vibration and temperature can provide
detection of alignment issues and perform a rotating
machines condition monitoring. However, by comparison
of their effectiveness in early detection, vibration analysis
seems better suited and sensitive for weak faults [15]. In
this context, the paper presents the potential of vibration
analysis technique for shaft misalignment diagnostic. The
relationship between the machine vibration level and its
power consumption is established. That is why we are
going to focus our study on the collection of vibration data
to identify energy consumption generated by both parallel
and angular misalignment. To accomplish this objective,
this paper is organized as follows: a theoretical approach
of vibrations generated by misalignment is presented in
Sect. 2. The experiment setup and data collection pro-
cess are provided in Sect. 3. Vibrations and electric power
measurements are illustrated in Sect. 4. In Sect. 5, we pre-
sent the main results and discussion. The paper concludes
with a summary recapping the main advantages of the
proposed method and future work in Sect. 6.

2 Theoretical approach
2.1 Misalignment

Shaft misalignment is the phenomenon that occurs when
the components that are coaxial by design are not actu-
ally coaxial [10]. Several symptoms allow the detection of
misalignment, we cite by way of example: premature wear
of bearings, seals, shafts and couplings, high axial and
radial vibration levels, high temperatures in the bearing
housings. Improper aligning of shafts can lead to coupling
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noise, overheating, vibrations and degradation of compo-
nents such as rolling bearings. Correct machine alignment
provides increased production time, less noise and vibra-
tion and therefore reduces maintenance costs.

In practice, there are three types of Shaft misalignment:
parallel, angular and combined misalignment as shown
in Fig. 1. It must be noticed that detecting a ‘small’ mis-
alignment does not imply that the machine is defective;
whereas it is a sign of excessive loads that can easily lead
to premature failure. Consequently, companies impose
their own acceptable tolerance for judging the severity of
misalignment [16].

2.2 Vibration generated by misalignment

Rotating machine failures are mostly caused by undesir-
able static or dynamic forces. In fact, Shaft misalignment
imposes additional forces on rotors, bearings, couplings
and seals, which leading to mechanical failures and there-
fore the presence of vibrations. It is important to note that
only dynamic forces can cause vibrations in machines. The
understanding of the vibrations based on the calculation
of the forces is extremely difficult, that's why vibration
sensors are designed to measure motion, not force [6].
Thus, the vibration signature from shaft misalignment
appears as peaks at running speed (1x) or multiples of
running speed (2X%, 3x, etc.). Several research studies have
attempted to demonstrate that the 2x and 4x compo-
nents show the most significant changes, and that the 1x
component did not change as the degree of misalignment
increased [17, 9]. It is also noticeable that the level or the
amplitude of vibration does not give an idea about the
severity of misalignment [5].

R {— ———————————— {» —————————— --- Perfect alignment
J

~ Parallel misalignment

-- Angular misalignment

” Combined misalignment

Fig. 1 Types of misalignment shaft
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Fig.2 Schematic diagram of experimental setup

Fig. 3 Experimental set up and measurement positions. P1, P2
and P3: measurement positions in motor, bearing 1 and bearing 2,
respectively

3 Proposed methodology

Experiments have been carried out to find out how
energy consumption can be influenced by failures in a
machine. In our case, we are interested in monitoring
the power consumption for different misalignment con-
ditions using vibration measurement. Figure 2 showed
the schematic diagram of experimental setup and the
measurement instrumentation.

Figure 3 depicts the experimental set up designed
to study the shaft misalignment. It consists of an

Fig.4 Shims used to create misalignment shaft

asynchronous motor, a shaft of 20 mm diameter sup-
ported by two identical ball bearings and connected to
the motor with a flexible coupling, and an over hung
circular disc on the shaft. Three measurement points
were provided on the vital components of the test
bench (motor and the two bearings) to take the vibra-
tion measurement.

For comparative purposes, the two types of misalign-
ment (parallel and angular) were created by inserting
shims (0.25 mm thick) under various conditions (Table 1)
below the steel plate at corners of the motor (Fig. 4).

Table 1 describes experimental data with the condi-
tions of parallel and angular misalignment.

This set up is used for measuring vibrations in terms
of acceleration in axial and radial directions. Thus, elec-
trical measurements have been taken in ‘healthy’ and
defective cases to illustrate the effect of misalignment
on energy consumption.

4 Results analysis
4.1 Vibration measurements results

The vibration measurements were taken in three posi-
tions: Motor (P1) and bearings of the two bearings (P2
and P3). The rotation speed of the shaft was set in 2980
rpm.

Table 1 Experimental protocol Sensor position

Misalignment condition

Measuring position

Aligned shaft

Parallel misalign- Angular misalign-

ment (mm) ment (°)
Axial 0 C1=0.25 Cpl=1 P1: Motor
GCp2=05 Cp2=2 P2: Bearing 1
Cp3=1 C3=3 P2: Bearing 2
Radial 0 Gpl Cpl
Cp2 Ca2
Cp3 Ca3
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Table 2 RMS values in the healthy case (aligned shaft)

Measuring position RMS (mm/s)

Radial direction Axial direction

Velocity Velocity Range Limits and Machine Classes

Severity 150 5td. 10816-1

mm/s infe | Small Machi Medium Machi Lisgé e

RMS  peak s Ch::[mes Class I RAgIJISuFFFrts Flexible Supports
- 56 A55

P1 0.553 0.498
P2 0.664 0.557
P3 0.496 0.337

Tables 2, 3 and 4 show the results obtained from vibra-
tion level by measuring the RMS value for each misalign-
ment conditions described in Table 1.

According to ISO 10816 (Fig. 5) prescribing the vibra-
tion severity, for small machines, the satisfactory limits of
vibration are 1.8 mm/s. It can be seen from Tables 3 and 4
that the RMS values in the case of both angular and paral-
lel misalignment exceed this limit.

4.2 Energy balance

Now, the electrical characteristics (active, reactive and
apparent powers and power factor cos ¢) of the motor
without the load (the disk) and in the presence of the mis-
alignment fault were measured (Table 5).

The values of active, reactive and apparent powers and
power factor cos ¢ in the case of both of angular and par-
allel misalignment are high compared to those obtained
from the unloaded motor as shown in Table 5. The rea-
son for this increase is that the vibration level is higher
when the shaft is misaligned. Electrical values are remark-
ably increased in the case of parallel misalignment shaft
compared to angular misalignment. Therefore, it can be

56 002
54 003

72 004
106 006 | Satisfactory

180 010 [Uneatieractory|
287 016 umﬁ.&f‘”
450 025 [
718 040
1114 062
17.96 100
26.00 156
4490 250
7094 3.95

Satisfactory

Fig.5 1SO 10816-1 standards chart

concluded that the increase in vibration levels cause an
unusual consumption of energy.

5 Discussion

As seen in the Fig. 6, parallel misalignment (case 3) is
more severe because its RMS values are higher than those
recorded in case of angular misalignment (case 2). Also, it
has been noticed that measuring position P2 (bearing 1)
shows the highest values compared to the other positions.
This is due to the fact that the bearing 1 is close to the
misalignment in comparison with the bearing 2. Also, the
bearings are more sensitive in the case of a misalignment

Table 3 RMS values in the

> Measuring posi-  RMS (mm/s)
defective case (angular tion
misalignment) Radial direction Axial direction
Cul Cp2 Ca3 Cul Ca2 Cu3
P1 0.103 1.395 1.861 0.189 1.321 1.796
P2 0.256 1.487 1.905 0.233 1.411 1.854
P3 0.098 1.214 1.714 0.097 1.193 1.582
Tablet‘r RMS values in the Measuring posi-  RMS (mm/s)
defective case (parallel tion
misalignment) Radial direction Axial direction
Cpl Cp2 Cp3 Cpl Cp2 Cp3
P1 0.918 1.623 1.956 0.855 1.567 1.856
P2 1.267 1.887 2.006 1.305 1.731 1.936
P3 0.679 1.333 1.854 0.973 1.456 1.821
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Table5 Energy balance Electrical characteristics

Aligned shaft

Angular misalignment Parallel misalignment

Cyl Cp2 C\3 ol Cp2 3

300
930

Active power
Reactive power
Apparent power

Power factor (cos @) 0.29

1000

318
953
1004
0.30

320
955
1007
0.30

321
959
1158
0.31

605
958
1133
0.51

609
962
1138
0.51

612
969
1305
0.53
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Fig. 6 Comparison of RMS values for studied cases
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Fig. 7 Electrical power and RMS values in different cases

fault than the other organs of rotating machinery (for
example: motor).

Now, to establish the relationship between vibration
and energy consumption, Fig. 7 summarized the results
obtained of the calculation of electrical power consumed
by the motor in the different cases (Aligned shaft, parallel
misalignment and angular misalignment).

Indeed, Fig. 7 shows that the vibration level and the
energy consumption have changed with a similar ten-
dency when the motor is more and more loaded and the
shaft is misaligned. From all measurements, we observe
that difference between the highest and lowest values of
power consumption is more significant in the case of par-
allel misalignment.

In this research, both of parallel and angular shaft mis-
alignment influenced the energy consumption because it
was found that by switching from healthy to the defective
state, the electrical power of the motor increases. This was
an indication of the energy losses caused by misaligned
shaft. It is in this perspective that we are proposing to use
the RMS values to monitor both the vibratory level of the
machine and its energy consumption.

These conclusions confirm the results of studies pre-
viously published by other authors; for example, E. Estu-
pinan et al. [13], analyzed energy losses due to misalign-
ment using current as an indicator of energy consumption.
However, in our research, we interested to calculate elec-
trical power and precisely the active power, which is the
real power dissipated in the circuit. In addition, we show
through this study that vibration analysis can be used
effectively in predicting faults and monitoring energy
consumption.

6 Conclusion

Vibration analysis is the best and sensitive techniques
adopted in condition monitoring process. In this paper
vibration analysis is used to study various misalignments
fault conditions such as in parallel and in angular direction.

From the results of extensive experimental work on
the designed test rig, it can be concluded that there is
strong correlation between vibration levels and the power
consumption. It has been shown that vibration measure-
ments are effective indicator for the monitoring of energy
consumption. Thus, the reliability of machines is a major
responsible for the increase of energy consumption and
vibration analysis technique may present an effective solu-
tion for the evaluation of energy consumption.
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