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Abstract: - The modern industrial system is built on rotating machinery. Faulty machinery significantly
increases vibration, particularly in the coupling, which leads to catastrophic failure of essential machinery
components and, in some cases, worker life. As a result, the fault-free operation of rotary machinery with
proper alignment is the primary goal of many companies. This study attempts to establish a relationship
between the amount of misalignment and the rise of vibration amplitude at pertinent coupling frequencies.
For this purpose, an experimental setup was designed and developed. Also, the experimentation was carried
out to predict the vibration amplitude by considering various independent variables like speed, mean
bearing radius, misalignment tolerance, mass moment of inertia, moment of area, modulus of elasticity, and
weights of various coupling, rotors, load drum, and shafts. The effects of these various independent
variables have been portrayed in terms of a group of pi terms with the help of the dimensional analysis
technique. The model for vibration amplitude was formulated by using these pie terms. A further developed
model was analyzed qualitatively and quantitatively. The reliabilities of mathematical models obtained are
practically superior. However, some pie terms in the mathematical models are highly sensitive whilst others
are less sensitive.

Keywords: - Experimental data-based model, flexible coupling, misalignment, vibration-based prognosis.

1. INTRODUCTION

Typically rotating types of machinery are made up
of three primary components: the bearings, the rotors,
and the foundations [1]-[2]. Misalignment is an
unavoidable condition that persists in all types of
machinery. It gives rise to vibrations [3]-[4]. The
vibration has a very severe effect on the operating life
of a machine component and in turn, reduces
productivity due to unpredictable stoppage of the
machineries [5]-[6]. At least 60% of the problems in
systems are due to misalignment [7]. Under the
misaligned condition, when a motor shaft axis and a
driven shaft axis are inclined at an angle it is known

as angular misalignment. Parallel misalignment
occurs when there is a parallel offset between the two
axes of shafts. It can also occur as an angular and
parallel misalignment [8]-[9]. The effect of
misalignment has been greatly reduced by
introducing the flexible coupling between a motor
shaft and a driven system [10]. There are various
types of flexible coupling used [11]. However, if one
considers the case of two jaws elastomeric coupling,
then it consists of two hubs and an elastomeric
element [12]. This elastomeric or flexible element is
placed between the hubs to cope with misalignment
in the system [13]. So, the flexible element operates
under different loads i.e driving torque from motor
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and load due to misalignment [14]-[15]. It serves an
important  function in  reducing  vibration
and protecting other machine components from
failure [16].

The study of vibration signals, which typically
conveys data of health status of rotational machinery,
is used to perform condition monitoring on rotating
machinery. Unfortunately, detailed assessments of
obtained time-domain signals are impractical. The
frequency-domain analysis gives a further straight
approach for monitoring a health state, and signal
processing technology are typically used to uncover
faulty unseen modulations of a spectrum, hence
aiding diagnosis [17]. Edwards et al. [18] provided a
concise overview of the larger area of fault
diagnostics. Muszynska [19] provided an in-depth
examination of investigation of the rotor-stator rub
phenomenon. Foiles et al. [20] and Parkinson [21]
provided in-depth evaluations of rotor rebalancing.
Schweitzer and Maslen Schweitzer suggested
alternative control algorithms for rigid and flexible
rotor systems and fault variables estimation [22].
Lees [23] discussed the periodic disturbances of
coupled rotor with idealized continuous bearings,
rigid rotors, and stiff coupling. The research of rotor
misalignment has indeed been restricted to a
qualitative knowledge of a phenomena [24]-[26],
however no method for direct measurement of
misalignment defects has been proposed.

Kuppa and Lal [27-28] and Lal and Tiwari [29]
describe coupling with respect to angular and linear
stiffness, as well as linear damping. They ignored a
speed dependence of the bearing and coupling in their
calculations. Lal and Tiwari [30] included the speed
dependence of bearing and coupling into the
simulation. They have not, however, approximated
the speed-dependent characteristics. The rotating
machine was subjected to vibration analysis and
condition monitoring by Vishwakarma et al. [31].
They introduced extracting features approaches for
detecting vibration in several types of rotating
machinery in this research. Sawalhi et al. [32] used
finite element simulation to model and diagnose
misalignment of a vibration test apparatus. They
came to the conclusion that shaft harmonic deviation
may enhance vibration acceleration of high order.
Kuppa and Lal [33-34] devised a continuous
condition monitoring approach for addressing a
misalignment issue of rotational equipment; authors
also evaluated a coupling and bearing characteristics,
as well as the controller's characteristics. Lal and
Satapathy [35] investigate a speed dependency of
coupling and bearing combined for the first time.

Based on the literature review results, it is possible
to infer that fault of coupling misalignment are mostly
calculated in terms of the damping and stiffness

characteristics of the element, which has been a
accepted technique for estimation since several
decades. Harmonic excitation in rotating equipment
is caused by rotational imbalance, coupling
misalignment, bearing flaws, and shaft fractures [36]-
[40]. Even though it is aware that misalignment of
coupling varies with vibration, the vibration
amplitude-dependent phenomenon of flexible
coupling has hitherto been overlooked. Thus, it
became essential to study the vibration behavior of
the flexible element of the coupling under
misalignment conditions.

In the present article, the vibration behavior of the
flexible element of the coupling under misalignment
conditions has been studied. For this, effects of various
independent variables have been portrayed in terms of a
group of pi terms with the help of dimensional analysis
technique, and a model for vibration amplitude was
formulated. Also, sensitivity analysis has been
performed to find out highly sensitive variables.

2. MISALIGNMENT VIBRATIONS

When the shafts are coupled, they fall under cyclic
strain and this is the real cause of vibration. It is also
studied that as the misalignment in the coupling
increases, the vibration amplitude does not increase
linearly [41]-[42]. This happens because during
rotation, when one flange of coupling wants to deflect
in one direction, it pulls the other flange with it. This
deflection creates the vibration amplitude at coupling
frequencies, but the other flange pulls it back to come
at the centerline. This prevents the growth of
amplitude at pertinent frequencies. This action lasts
for every cycle of the shaft rotation [43]. If one refers
to Figures (1, 2, 3), then the deflection of a flange
occurs due to the misalignment condition [44]. This
deflection creates additional moments at joints, which
then converts into the reaction at the bearings.

These increased reactions are mainly responsible
for inducing the amplitude [45]. But when the other
flange pulls the first flange, the reactions in the
bearings get reduced.

¥ (lateral) 2 (radial)

x (axial)

& =
r < 74N

Reaction
R1

Figure 1. The reaction produced in an aligned system
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Figure 2. The reaction produced due to stiffness of the
elastomeric element
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Figure 3. The reaction produced due to combining effect
of deflection in the shaft and elastomeric element stiffness

3. MISALIGNMENT AND VIBRATION
AMPLITUDE

The general assumption is that the increase in
misalignment should increase amplitudes at pertinent
frequencies of coupling, but in practice it shows non-
linearity i.e initially if one notes down the values of
amplitudes at pertinent frequencies of coupling for a
known value of misalignment, further he then
increased the amount of misalignment double of the
initial amount and note down the values of amplitudes
at the same frequencies then that would not be the
double of initial amplitude values [46].

There is no such relationship that exists between
the amount of misalignment and vibration amplitude
[43]. In the prowl of a technique to form this
relationship, the present work is propelled towards
the formulation of a mathematical model.

In this regard an experiment has been carried out
which is as under:

3.1. Experimental setup

Figure. 4 shows a schematic arrangement of the
experimental setup designed and developed for
experimentation purposes.

In this configuration, an electric motor with a rated
capacity of 0.5 hp is employed. The purpose of
mounting these rotors on the shaft is to create load on
the bearings. Shaft S2 houses the two rotors R1, R2,
and the load drum BRD.

A motor shaft S1 is connected to a shaft S2 by a
two-jaw elastomeric coupling JC [47]. The shaft S2 is

supported by two ball bearings Bl and B2. A
provision of load drum BRD is placed at the end of
shaft S2. The shaft S2 assembly is fastened to the two
bearing B1 and B2 pedestals using nuts and bolts
[48]. These two pedestals are already mounted on a
cast iron plate measuring 800 mm x 200 mm x 20 mm.
However, the structure is also constructed in the
experimental setting to provide misalignment in the
radial and lateral directions.

Figure 5 shows a actual experimental setup with
an accelerometer attached at bearing for acquiring the
readings [49]. The setup specifications are given in
table 1.

M: AC MOTOER, 81: MOTOR SHAFT, IC: TWO JAW ELASTOMERIC COUPLING,
32: SHAFT, Bl, B2: BEARINGS, R1.R2: ROTORS, BRD: LOAD DRUM
M8: MISATIGNING SCREW

Figure 4. Schematic diagram of an experimental
setup

Figure 5. Pictorial view of experimental setup

Where,1-Load drum (BRD), 2-Rotor (R1), 3-Rotor
(R3), 4-Bearing (B2), 5-Bearing (B1), 6-Motor (M),
7-Shaft (S2)

Table 3. Dimensions of machine components

;:;'. Description Unit
1 Shaft (S2) diameter 25 mm
2 Shaft (S2) Length 300 mm
3 | Rotor weight (R1, R2) 2 kg
4 %];);cll) ()lrurn weight 2 ke
5 | Width of the jaw 10 mm
6 | Inner diameter of jaw 10 mm
7 | Outer diameter of jaw 25 m
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3.2. Model formulation
The quest for further development in the present
work, basically confronted with a better analytical
technique. This analytical technique is a formulation
of a mathematical model which can predict the
vibration amplitudes at coupling frequencies [50]-
[51]. Indeed, any physical occurrence can be
represented by a mathematical assessment
obtainedby learning the connection between effects
and causes, which will be known as a mathematical
prototype. The forthcoming articles will elaborate on
the procedure for the formulation of a mathematical
model.
3.3. Process of model formulation

Some important steps involved in the process of
prototype invention are as follows [52]-[53]
(Schenck, 1967)

3.3.1 Variables identification

The first step is the recognition of variables in the
model invention process. The dependent/
independent variables identified are given in table 2.

Table 4. List of Independent and Dependent Variables

Variable . Form of
Type Variable MLT Symbol
Vibration 1
Dependent amplitude LT Y
Independent Speed T! N
Independent Mean bparmg L Rumb
radius
Mass moment
of Inertia of Lol 1
Independent|  coupling, ML? © I”’ >
rotorl, rotor 2, 3
and load drum
Second
moment of area 4
Independent of shaft S1 and L L Ie
S2.
Modulus of
elasticity
coupling,
Independent | rotorl, rotor2, MLIT? Ec’ %1’ %2’
load drum, 13 sl B2
shaft S1, shaft
S2.
Equivalent LeiLeo, Les,
Independent distances L Les, Les, Les
Independent| Load Torque ML?T? TL

Variable . Form of
Type Variable MLT Symbol
Independent Acceleration LT? G
due to gravity
Independent Time T T
Independent Misalignment L Hn, Vi
tolerance
Weight of
coupling, rotor We, Wr,
Independent | 1, rotor2, load MLT? | Wp, W,
drum, shaft S1, Wi, We
shaft S2
Ir1, Er Irz, Erz Iez, Era
I 1y I‘;:.'_ | I_r,,. E; : -
1=
‘: - > - La, Ea
> ——
< I
-« —

Figure 6. Schematic diagram of equivalent system

The variables itemized in table 2 can be classified
as Autonomous variables (causes), Reliant variables
(effects), and extraneous variables. Here, the designer
has a choice to introduce some variations in the
autonomous variables while the variation in the
reliant variable totally depends on variation in the
autonomous variable. The extraneous variables are
the variables on which cannot be controlled. For more
interpretation, the variables corresponding to
individual machine components are depicted in
Figure 6.

3.3.2. Reduction of variables
dimensional analysis

through

In this step all the identified autonomous variables
are reduced to a group of Pi () terms. This can be
achieved by following dimensional assessment
technique [54]-[55]. The basic steps in this technique
are

a. Recognition of variables,
b. Use of Religh’s method, to get the reliant and

autonomous pi terms.

Y=f(IcIridroIr3,Is1, 152, Ec. Er1,Er2, ER3, Esi,
Eso,Let, Lez, Les, LeaLes, Les, We, Wri, Wro, (1)
Wrs, Wsi, Wsa, N, t, Hy, Vi, Rom, T1,2),
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Y:f[(IC a], (IR] a2, (IRZ aSy (IR3 a4y (ISI a5’ ([SZ a6,
(Ec)bl, (ERl)bz, (ERz)b3, (ER3)[’4, (Es])bj, (Esz)bé,
(Le])c]’ (LeZ 62’ (Le3 63‘ (LE4)C4‘ (Le5)c5,
(Les)S (W)U, (Wri)P, (Wr2)®S, (Wr3)™, (Wsi1)®,
(Ws2)®,(N)*, @), (Hw)%, (V)" (Ren)', (TL), ()"]

[L T-]] — [MLZ]aJ +a2+a3+ad4+a5+ab [ML—]T-
2]1)1 +b2+b3+b4+b5+b6 [L]c] +c2+c3+cd+cS5+cb
[ML TZ]dI +d2+d3+d4+d5+d6 [T]]e [T]f[L]g [L]h [L]i
[ML2T2} [LT]*

~

3)

For M:

O0=al+a2+a3+a4+a5+a6+bl+b2+b3+b4 )
+b5+b6+dl+d2+d3+d4+d5+d6+j

For L:

1=2(al+a2+a3+a4+a5+ab)-
(b1+b2+b3+b4+b5+b6)+
(cl+c2+c3+cd+c5+c6)+
(d1+d2+d3+d4+d5+d6) + gth+it2j+k

)

For T

_1 = -2(b1+b2+b3+b4+b5+b6)-
2(d1+d2+d3+d4+d5+d6)-e+£-2j-2k

Now by simplifying one will get,

Y _ Irl IrZ IsZ er Wrz WsZ

r [EEE ’

Ec Er3 Esl (7)

Iel Ie3 IeS Vm g Ic

The above equation can be represented in the form
of pie () terms as:

= n¢nlniné (8)
where,
1. = [relrz Isz Wrs Wrp Wsp
T e Tpa 1y We Wiy Iy 17
_ rEriErz2 Es2
M, = [+ 2=,
Ec Erz Egy
. = [hezLesleo
3 hel LeN3RLe5T,
_ m t mb 'L
M=l T
m8 c

Equation (8) m represents dependent variable
which denotes vibration amplitude and i, 72, 73, 74
are independent pie terms which represent mass
moment of inertia, elasticity, equivalent length and
dynamic characteristics of the equivalent system
respectively.

3.3.3. Test Planning

Test envelope

The test envelopes for values of Pie terms of six
different mathematical models are tabulated in Table
3 to Table 8.

Table S. The Values of Different Range of Test Points for

nl, n2, n3, n4
Terms | nl | 2 | n3 \ 4
For dependent pi term of Model 1Xh¥t
Minimum | 704.040 | 1.05 | 1.900000 62.3
Maximum | 704.040 | 1.05 | 1.900000 | 159777.3
For dependent pi term of Model 2XhZ}
Minimum | 704.040 | 1.05 | 1.900000 | 62.3
Maximum | 704.040 | 1.05 | 1.900000 | 159777.3
For dependent pi term of Model 3XhA
Minimum | 704.040 | 1.05 | 1.900000 | 62.3
Maximum | 704.040 | 1.05 | 1.900000 | 159777.3
For dependent pi term of Model 1Xv$
Minimum | 704.040 | 1.05 | 1.900000 62.3
Maximum | 704.040 | 1.05 | 1.900000 | 159777.3
For dependent pi term of Model 2Xv[
Minimum | 704.040 | 1.05 | 1.900000 62.3
Maximum | 704.040 | 1.05 | 1.900000 | 159777.3
For dependent pi term of Model 3Xv+}
Minimum | 704.040 | 1.05 | 1.900000 62.3
Maximum | 704.040 | 1.05 | 1.900000 | 159777.3
Test points

During experimentation, the experimental setup is

set for the discreet of independent pie terms. These
values are referred to as test points, and they are
normally confined inside the domain of the test
envelope [56]. The table 9 shows test points of the
present work.

Table 4. Different Test Points for 1, n2, n3and n4 of six

models.

p](;;ﬁ:s nl w2 n3 4
1 704.04 1.05 1.9 62.3
2 704.04 1.05 1.9 89.4
3 704.04 1.05 1.9 55168.4
4 704.04 1.05 1.9 83581.6
5 704.04 1.05 1.9 159777.3
6 704.04 1.05 1.9 118928.6

Procedure for experimentation

The main objective of the proper procedure of
experimentation is to mitigate the error which
aggrandizes the desired results.

To generate the vibrations in the bearing cap a
load torque has to be applied on shaft S2. Hence, a
varying load condition can be obtained by applying
different dead weights at load drum. However, to see
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the effect of different misalignment conditions on the

vibration spectrum the following procedure is

adopted.

1. At the genesis of the experimentation, the
vibration spectrums have been gathered from two
bearings Bl and B2 without taking any
misalignment and loading condition on 1100 rpm.

2. Nextto this, the load of 1 kg is applied on the load
drum for applying load torque and again the
vibrations spectrums from two bearings are
gathered on 1100 rpm.

3. Now the speed has changed to 1440 rpm and the
vibration spectrums are obtained from bearings
B1 and B2.

4. The load of one kg is applied on the load drum
and on the same speed of 1440 rpm vibration
spectrums have been gathered.

5. The steps 1, 2, 3, and 4 enlisted above are
repeated by giving 1 mm misalignment laterally to
bearing B1. Thus vibration spectrums for each
step for two bearings are gathered.

6. The steps 1, 2, 3, and 4 enlisted above are again
repeated by giving 2 mm misalignment laterally to
bearing B1l. Thus vibration spectrums for each
step for two bearings are gathered.

Therefore, there are twelve vibration spectrums
for each bearing have been gathered.

3.3.4. Data generation

It was decided to take vibration readings in lateral
and radial direction of the bearings by FFT analyzer
and accelerometer [57]. The speed of shaft is also
measured.

Table 5. Values of amplitudes at different coupling
frequencies at horizontal position for Bearing B1

(Velocity mode)
1X 2X 3X
v (one times (two times (three times
(mm/sec) rpm of rpm of rpm of shaft)
shaft) shaft)
1. 0.9 0.2 0.8
2. 1.55 0.3 1.2
3. 6 1 1.5
4. 1.1 0.2 1
5. 1.25 0.5 1
6. 1.1 0.1 1.9
7. 5 0.8 2
8. 1.4 0.5 2
9. 1.2 1 1.2
10. 0.15 0.2 0.19
11. 0.8 1 0.9
12. 1.2 0.25 1.2

In addition, time taken for vibration spectrum for
each bearing is also noted down. For different
coupling frequencies twelve sets of vibration

amplitudes are noted down for each bearing. The
relevant spectrums are given in Appendix A. The
values of amplitudes are given in Table 10 and Table
11.

Table 6. Values of amplitudes at different coupling
frequencies at a vertical position for Bearing B1

(Velocity mode)

V(mm/sec) X1 X2 X3
1. 0.2 0.33 0.65
2. 0.1 0.3 0.8
3. 0.5 2.3 0.6
4. 0.3 0.4 0.48
5. 0.2 0.3 0.68
6. 0.8 0.28 1.1
7. 0.8 1.4 0.7
8. 0.2 0.4 1
9. 0.1 0.6 1.1

10. 0.24 0.18 0.24
11. 0.3 0.8 0.5
12. 0.2 0.3 1.2

3.3.5. Model formulation by identifying the
constant and various indices of pi terms

Let the prototype designed of the following form

(m)=K (1) (1)’ (m3)* (1)) ©)

The regression equations become as bellow:

> Y=nKIl+ay A+bY B+cY C+dy D (10)
S YA=KIY A+aY A +bY AB+cYAC+dYAD  (11)
SYB=KIYB+ay AB+bY B>+cSBC+dYBD  (12)
Y YC=KIY C+ay AC+bYBC+cyC>+dyCD  (13)
Y YD=KI1Y D+ay AD+bY BD+cY CD+dy D’ (14)

In the former equivalences n is the number of sets
of readings, A, B, C, D represents the impartial pi
terms log 71, log ©2, log ©3, and log 74 whilst Y
represents log ().

The following matrix represents the equations,
which is used for programming.

[Y]=[X] x[a] (15)

The equations for the corresponding models are
formed as under:
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1 X}, model
Y=1(rl)~*(n2)20% (1:3)!-08 (4)-087 (16)
2X, model an
Y=1 (ﬁ])-I.ZSX (7[2)0. 7174X (7[3)'3359X71' (4),0124
3Xp, model
Y=1 * (1)-8% * (g2)-115 % (13)~198 * (74)-027 (18)
1X,model 19)

Y=1 * (71-])—1.507 % (7[2)—4379 * (71-3)265 * (71-4)1)768

2X, model
Y=1 * (ml) 12 % (g2) 07749 * (3)1279 % (7r4)~0235 (20)

3X, model

Y=1] * (71.])—14266 * (71.2)—3.93 * (7[3)2.526 * (7[4).0244 (21)

4. ANALYSIS OF THE MATHEMATICAL
MODEL

This section emphasizes on the discussions about
qualitative and quantitative analysis of the
mathematical models [58]-[59].

4.1. Quantitative analysis of model

The mathematical models constructed in the
preceding section are provided here for clarification.

Y=] * (71.])—.949 * (7[2)-2.()25 * (71.3)1.08 * (71'4)"0879 (22)

Y=1] * (7[1)-1‘23 % (71-2)()‘7174 * (71-3).3359 * (7[4)1)124 (23)

Y:I * (71-])—.894 * (7.[2)—]‘15 % (7[3)-A198 % (71-4)-1)272 (24)

Y=1/ * (7[])-1.507 % (7[2)-4379 * (71-3)2‘65 * (71-4)‘0768 (25)

Y=1] * (7[[)-]‘]2 % (7[2)-0,7749 * (7[3)1279 * (7[4)‘-,0235 (26)

Y=1 * (l)7-266 % (2)393 % (3)2526 * (4) 0244 (27)
The interpretation of the aforementioned models

is given in terms of multiple elements, including

(1) the order of effect of inputs upon outputs

(2) Explanation of the fitting curve constant K.

Equation (22) indicates that m, term, which relates
to elasticity characteristics of experimental set-up,
has highest influence as -2.025 whilst, the least
influence is seen for n4 as -0.0879, which relates to
dynamic characteristics of experimental set-up.

The ©1, n3 relates to mass moment of inertia and
equivalent length has moderate influence as -0.949
and 1.08 respectively.

Similarly, interpretation for other models is
provided in appendix. The values of curve fitting
constant in these models are 1. This indicates the
aggregate influence of all extraneous factors.
Furthermore, because it is positive, it implies that
there are a large number of reasons that have an
impact on the rising effect.

4.2. Qualitative analysis of model

The quantitative analysis consists of three parts: (1)
sensitivity analysis, (2) model optimization, and (3)
model reliability.

4.2.1. Sensitivity analysis for model 1Xh

The sensitivity for model 1X; is evaluated and
discussed below. However, sensitivity for other
models is given in Appendix B.

171.30
41.34
19.17 . 1.76
I
m 2 [1E] g

Figure 7. Sensitivity Graph of independent pi terms for
model 1Xh

When a total of 20% change is given in the
independent term 3, the value of the dependent pi
term (Y) (estimated from model) changes by
171.30%, according to the model (Equation 16).
However, the lowest variation of the dependent pi
term (Y) is observed, which is 1.7 percent. This
variation is related to the pi term 4. Similarly, a
change of about 19.7 percent and 41.34 percent is
seen due to changes in the values of ©l and =2,
respectively as shown in Figure 7.

If one closely observes the rate of change in the
dependent pi term with the influence of Independent
Pi terms, it is noted that the independent term =3
causes the greatest change in the dependent pi term.
Whereas pi term 4 is accountable for the lowest
number of variation in the dependent pi term. As a
result, 3 is the most sensitive pi word, whereas n4 is
the least sensitive pi term. In descending order of
sensitivity, the sequence of the different pi terms is
n3, n2, nl, 4.
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4.2.2. Optimization of model

The present work is focused on obtaining not
merely to formulate a mathematical prototype but to
come up with best set of impartial variables.

This in turn will facilitate us to satisfy quantitative
function i.e minimization of the vibration amplitude.

For optimization of model the presented nonlinear
mathematical paradigm of reliant Pi term needs to be
transformed to linear form.

It can be converted by taking log on both the sides
of the mathematical equivalence of the prototype.

For the dependent & term, we have

(m) =K *[(@l)* (n2)* (n3)° (n4)" ] (28)

Taking Log on both the side of this equation,

Log (Y) =Log K +a Log (nl) +b Log (n2) + ¢ (29)
Log (n3)+d Log(*(n4)

Let, Log (Y)=Z; Log K=K; Log(n1)=X1;
Log (m2)=X2 ; Log (n3)=X3, Log(*(n4)=X4;

The linear model in the form of a polynomial of the
first degree may therefore be expressed as,

Z=k+a*X1+b*X2+c*X3+d*X4 (30)

Now equation 30 is processed further with the
objective being minimization of quantitative function
i.e. vibration amplitude.

The constraints for the variables can be chosen
from the set of reading formed for autonomous pi
terms as minimum and maximum values.

Thus, log(nl min) and log(nl max), are the
minimum and maximum value of individual pi term
which represents first two constraints for the
challenge. Let C1=Log nl max, and C2=Log n1 min.

As aresult, the constraint equation becomes.

[*XT + 0*X2 + 0*X3 + 0*X4 < CI 31)

[*XT + 0%X2 + 0*X3 + 0%X4 > C2 (32)

The other constraints are discovered to be as well.

0*X1 + 0*X2 + 0*X3 + 1*X4 > C8 (38)

Now for the present linear software design
problem MS solver is used. Furthermore, the values
of the dependant and independent pi terms may be
obtained by calculating the antilog of Z, X1, X2, X3,
and X4.

For model X1,
7=-2.603361348;
X1=2.847597334;
X2=0.021189299;
X3=0.278753601;
X4=1.794138357,

Hence, Zmin= (Y)min = antilog (-2.603361348)
=.0025and corresponding values of independent pi
terms are obtained by taking the antilog of X1, X2,
X3 and X4. These values are 703.88, 1.049, 1.899,
and 62.24.

For model X2,
7=-2.603361348;
X1=2.847597334;
X2=0.021189299;
X3=0.278753601;
X4=1.794138357;

Hence, Zmin= (Y)min =antilog (-2.60336)=.00254.
Taking the antilog of X1, X2, X3, and X4 yields the
equivalent values of independent pi terms. These
values are 703.07, 1.049, 1.89, and 62.24.

For model X3,
7=-2.603361348;
X1=2.847597334;
X2=0.021189299;
X3=0.278753601;
X4=1.794138357;

Hence, Zmin = (Y)min = antilog (-2.603361348)
=.0025. Taking the antilog of X1, X2, X3, and X4
yields the equivalent values of independent pi terms.
These values are 703.88, 1.049, 1.899, and 62.24.

For model X1,
7=-2.603361348,;
X1=2.847597334;

0*X1 + 1*X2 + 0*X3 + 0*X4 < C3 (33) X2=0.021189299-
X3=0.278753601;
0*X1 + 1*X2 + 0*X3 + 0*X4 > C4 (34) X4=1 794138357f
OFXT +0%X2 + I*X3 + 0"X4 < 5 G5 Hence, Zumin = (Y)mn =antilog (-2.603361348)
=.0025. Taking the antilog of X1, X2, X3, and X4
O*XT +0*X2 + I*X3 + 0*X4 =2 C6 (36) yields the equivalent values of independent pi terms.
0*XT + 0%X2 + 0%X3 + 1*X4 < C7 37) These values are 703.88, 1.049, 1.899, and 62.24
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For model X2,
7=-2.603361348;
X1=2.847597334;
X2=0.021189299;
X3=0.278753601;
X4=1.794138357;

Hence, Zmin = (Y)min =antilog (-2.603361348)
=.0025. Taking the antilog of X1, X2, X3, and X4
yields the equivalent values of independent pi terms.
These values are 703.88, 1.049, 1.899, and 62.23.

For model X3,
7=-2.603361348,;
X1=2.847597334;
X2=0.021189299;
X3=0.278753601;
X4=1.794138357;

Hence, Zmin = (Y)min = antilog (-2.603361348)
=.0025. Taking the antilog of X1, X2, X3, and X4
yields the equivalent values of independent pi terms.
These values are 703.88, 1.049, 1.899, and 62.23.

4.2.3 Reliability of model

The reliability term is pertaining to the chance of
failure. Indeed, consistency indicates performance of
model.

The mean error can be used to determine
reliability [60]. This may be accomplished by
employing the following formula,

Reliability=1-Mean error 39)
Where,
- Mean error= ZXIFI/ ZFI
- ZFI=The frequency of error incidence is totaled
and

-2XIFI= Product summation for frequency of
error occurrence and percentage of error.
Hence reliabilities obtained for six models in
percentage are 99.372945, 99.978246, 99.877723,
99.964791, 99.989411, and 99.923031.

5. RESULT AND DISCUSSION

Elastomeric or flexible element is placed between
the hubs to cope with misalignment in the system.

The flexible elements is being operated under
different loads i.e driving torque from motor and load
due to misalignment which results into low vibration
and protects other machine components from failures.

1X, model indicates that 7, term, which relates to
elasticity characteristics of experimental set-up, has

highest influence as -2.025 whilst, the least influence
is seen for m4 as -0.0879, which relates to dynamic
characteristics of experimental set-up.

The n1, n3 relates to mass moment of inertia and
equivalent length has moderate influence as -0.949
and 1.08 respectively. Similarly, interpretation for
other models is provided in appendix.

6. CONCLUSIONS:

Through the present work, an attempt has been
made to understand the relationship between the
amount of misalignment and the growth of amplitude.

From the rigorous study, it has been revealed that
it falls under the non-lincar domain. Therefore,
further attempts are needed to be executed as a future
adjent proposal.

This paper tries to understand the behavior of
coupling vibrations b formulating predictive
mathematical models.

The proportionality  constant for  each
mathematical model is one. Therefore, one can say
that all possible extraneous variables have been
accounted for well.

The influence of all indices over dependent
variables revealed that the 3 term is more influential
as the location of inertias plays an important role in
inducing the bearing reaction, which culminates into
non-linear vibrations.

The corroboration with the qualitative analysis
discussed in former statements is executed through
sensitivity analysis, which shows that the a3 term is
more sensitive for the present research.

The optimization analysis is executed to ascertain
the minimum vibration level for the present case, and
the values are obtained below the alarming level.

The quality model is proven as the models
predicted the vibrations at the tune of 99 % reliability.
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