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1. Title of Thesis and Abstract  

1.1 Title of Thesis: 

Experimental investigations on vibration response of misaligned rotors connected by flexible 

mechanical coupling with parallel and angular misalignment. 

1.2  Abstract: 

Rotating machines utilize mechanical couplings between the drive and load. There can be one rotor 

or multiple rotors which can be integrated using either rigid or flexible couplings. A common 

malfunction that happens after load unbalance in rotating machines is the shaft misalignment. 

Misalignment in shaft occurs due to incorrect assembling of the machine, thermal distortion 

together with asymmetry in load. Therefore during assembly, care must be taken to the keep the 

alignment within a tolerable limit. The alignment condition of the machines changes because of 

unequal foundation settlement and various other static loadings conditions. All these leads to the 

development of reactive forces in the coupling and is often a major cause of vibration. This creates 

poor efficiency of the rotating machines, which in turn culminates to failure. It will be helpful 

during diagnosis to have a meticulous study about the vibration characteristics on misalignments. 

An attempt is made to study the dynamics of misaligned rotors on a setup which is modelled and 

constructed. The setup is to replicate a bigger rotor dynamics machine for experimentation in 

laboratory. Investigation is carried out to study the effect of provoked misalignments between the 

rotors using flexible couplings that are used in high precision CNC and automated machines using 

this model.  

The research also carries steady-state vibration reaction on integer fraction of the initial bending 

Natural Frequency (NF). The first four fundamental natural frequencies are calculated using 

MATLAB code and conventional energy method for the misaligned rotor. Additionally, the effects 

on Parallel Misalignments (PM), Angular Misalignments (AM), and combination of AM and PM 

are analysed. 

In this work the effects of complex alignment is studied through the well balanced design of test 

rig in two perpendicular planes. The test rig is ensured at bare minimum level of vibration by 

taking care of fabrication and assembly. A programmable Variable Frequency Drive (VFD) is used 

to control the speed of the rig. The test rig facilitates easy axis shifting from the coupling which is 

considered under the effect of misalignment. Further measurements of vibration level in all the 
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three directions (Radial horizontal, radial vertical and Axial) are recorded using a triaxial vibration 

sensor. The range of maximum and minimum vibration is analysed through Run-up and Run-down 

test of the rig speed from 500 to 3000 rpm and 3000 to 500 rpm. Further, the experiments are 

carried out using instrumentations like Rotary torque sensor and Triaxial Accelerometer (0-20 

G).The variation in torque at the motor end is measured through rotary torque sensor with a range 

of 0-100 N-m along with vibration. An attempt is made to detect misalignment by the torque 

variation. Here, utilizing the theoretical relationship between the deflection factor and harmonic 

bending force generated on a formed test rig, the torque and power surge are simulated. The 

theoretical torque and the measured torque for various conditions of misalignment are compared. 

For the final phase of experiment on combined misalignment, Responses Surface Methodology 

(RSM) is used to design the set of experiments. Aimed at the data analysis, is a statistical design 

centred upon the RSM presented with various quadratic regressions for response like torque, peak 

acceleration (RMS peak) in horizontal, vertical and axial direction. The outcomes are plotted 

utilizing the Box-Behnken (BB) model. This is to perform a simplified economical study that 

exhibits when a preventive in addition to predictive methodology that can be well applied in the 

instance of misalignment. Mathematical equations, response surface and contour plots were used 

to show the interactions and discuss the results in a graphic model. The models presented can be 

used for condition monitoring of flexible coupling in automations and servo controlled rotating 

machines. Further the results of two commercially available flexible couplings are also presented 

which can be useful to industry for the selection of the type of coupling. 

2. Introduction to Rotor dynamics and Shaft alignment: 

Rotor dynamics is the branch of engineering that studies the lateral and torsional vibrations of 

rotating shafts, with the objective of predicting the rotor vibrations and controlling the vibration 

level to an acceptable limit. The rotor dynamics analysis helps in fault diagnosis of Rotating 

Machinery. Shaft alignment is the positioning of the rotational centers of two or more shafts such 

that they are co-linear when the machines are under normal operating conditions. Proper shaft 

alignment is not dictated by the Total Indicator Reading (TIR) of the coupling hubs or the shafts, 

but rather by the proper centers of rotation of the shaft supporting members (the machine bearings). 

Fig .1 depicts the two components of misalignment—angular and offset. 
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Fig .1 Two components of misalignment—angular and offset 

Angularity can be expressed directly as an angle in degrees or in terms of a slope. The angle is 

more popularly expressed in terms of GAP per diameter. The GAP must be divided by the diameter 

and is correctly referred to as a “working diameter”, but is often called a coupling diameter. The 

working diameter can be of any convenient value. Offset misalignment, sometimes referred to as 

parallel misalignment, is the distance between the shaft centers of rotation measured at the plane 

of power transmission, typically measured at the coupling center. The units for this measurement 

are mils (where 1 mil = 0.001 in.). 

In machine assembly, positioning the rotational centres of two shafts in a manner such that they 

are collinear at normal operating condition is termed as shaft alignment. The perfect alignment of 

the machine bearings and shaft centres is described by means of the Total Indicator Reading (TIR) 

of coupling hubs or shafts. Harmonic forces are created when the shafts are misaligned. High stress 

is generated by these forces on the stationary elements along with the rotating machine 

components. The intense shaft misalignment case induces bending stress to the shaft which will 

break and fracture the shaft. As per Bognatz [1] and Gibbons [2], about 70% rotating machine 

vibration issues are caused by misalignment. “Perez [3] clarifies that the prime indicator of any 

sort of alignment problem is vibration.”“Singiresu [8] suggest that both the high axial Vibration 

Levels (VL) at the machine’s thrust end along with high radial VL on the machine’s coupling end 

are the best indicators of alignment problem. At 1X or 2X frequency, vibration associated 

alignment usually appear. “High radial VL on the coupling end of a machine or high axial VL at 

the thrust end of machine is excellent indications of alignment issues. 
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3.  State of the art of research: 

Researcher Type of  

Misalignment 

investigated 

Methodology Outcome 

Sekhar and 

Prabhu 

(1995)[11] 

The effect of 

coupling 

misalignment on 

the vibration of 

rotating machinery.  

A finite element model of the 

rotor- flexible coupling-bearing 

system was developed and the 

effect of misalignment was 

introduced through a coupling-

co-ordinate system. 

The model agrees well 

with empirical results, 

where the 1X response 

is not nearly as 

significantly affected 

as the 2X.  

Lee  

(1999) [4] 

Derived a model for 

the flexible 

coupling–rotor–

ball bearing system 

including reaction 

loads from 

deformations of 

rolling elements of 

bearing and 

coupling elements 

as the misalignment 

effects. 

The approach used to simulate 

misalignment effect in rotor 

system was using kinematics of 

the couplings.  

Orbital analysis, 

anisotropy of bearing 

stiffness was used as 

the misalignment 

indicator.  

Xu and 

Marangoni 

(1994)[12] 

The offset 

misalignment 

between shafts 

connected with 

universal joint. 

Made a systematic attempt to 

model the misalignment effect 

analytically using the universal 

joint kinematics.  

Expressions for 

amplitude and phase of 

the vibration response 

were derived, which 

shows excitation to 

develop at twice the 

rotor speed (2X) due to 

misalignment.  

Redmond and 

Al-Hussain 

(2002)[5] 

Parallel 

misalignment was 

analyzed for three 

pin flexible 

coupling. 

The FEM model of flexible 

coupling in the form of a 

radially rigid, pinned joint with 

rotational stiffness.  

The lateral-torsional 

1X vibrations for 

parallel misalignment 

were shown. 

Saavedra and 

Ramirez 

(2004)[29] 

The experimental 

investigations on 

misaligned rotors 

connected with 

rigid couplings. 

The overall frequency spectrum 

with series of harmonics of 

running speed was reported. 

The bearing harmonic 

force were analysed.  

J. Piotrowski, 

Shaft 

Alignment 

Handbook, 

1995.[3] 

Misalignment with 

different types of 

flexible couplings. 

A run down from high speed to 

lowest leads to different 

frequency composition in the 

vibration response under same 

misalignment condition.  

It suggested that 

vibration with strong 

2X harmonic is widely 

accepted for 

misalignment 

diagnosis. 
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T.H. Patel, 

A.K. Darpe, 

(2009)[10] 

The work focuses 

on experimental 

study of misaligned 

coupled rotors 

supported on ball 

bearings.  

Steady-state vibration response 

is obtained at integer fraction of 

the critical speeds.  

Vibration in one radial 

direction may be very 

different in amplitude 

when compared to 

vibration in another 

radial direction. 

A.C. Babar, 

A.A. Utpat 

(2014)[9] 

Angular 

misalignment with 

the help of RMS 

acceleration 

pickups. 

RMS picks with the help of 

FFT at bearing house and FEM 

with the help of Ansys. 

RMS value increases 

with the increase in 

misalignment. 

Oliver Tonks, 

Qing Wang 

(2017)[23] 

A novel 

temperature 

measurement 

technique is 

outlined, using an 

infra-red 

thermometer which 

can be applied to 

online condition 

monitoring. The 

method was 

validated and 

investigated 

through real time 

shaft alignment 

tests on a wind 

turbine.  

The detection of wind turbine 

shaft misalignment using 

temperature monitoring  

The analysis shows 

that misalignment is a 

direct cause of 

temperature change.  

A maximum 

temperature increase of 

approximately 5% was 

found from the varying 

experiments and above 

10% in the increasing 

experiment.  

Anthony Simm  

Qing 

WangaSonglin

g Huang ,Wei 

Zhao 

(2016) [24] 

A non-contact laser 

based measurement 

method is used to 

monitor positional 

changes of a 

rotating shaft in real 

time while in 

operation 

Laser based measurement for 

the monitoring of shaft 

misalignment 

These measurements 

give a visual 

representation of 

misalignments In 

addition, it is a more 

realistic online 

measurement 

approach. 

M.Chandra, 

Sekhar Reddy, 

A.S.Sekhar 

(2014) [26] 

Angular 

misalignment and 

parallel 

misalignment 

Comparison of conventional 

methods like FFT, Fast Fourier 

Transform approach and 

Continuous Wavelet 

Transform (CWT). 

It was practically 

proved that vibration 

magnitude 

varies significantly at 

2 and 4 frequencies of 

operating 

frequency of the 

rotating member as the 

misalignment 

increases 
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Irvin Redmond 

(2002), [14] 

The model analyses 

linear properties of 

a systemwhen 

subjected to 

parallel 

misalignment. 

Modelling with Energy 

Expressions, further solution of 

non-dimensional equation. 

Angular misalignment 

alone produces only 

static system 

displacements. 

Parallel misalignment 

alone produces both 

static and dynamic, 

multi-harmonic system 

response. 

Gupta, Gupta 

(2014)[34] 

Modelling Of 

flexible coupling to 

connect misaligned 

flexible 

Rotors supported 

on ball bearing. 

The finite element model of 

each flexible rotor is developed 

using circular Timoshenko 

beam finite elements to include 

shear deformation.  

The gyroscopic moments, 

rotary inertia, and damping for 

bearing and shaft material are 

also accounted for. 

Authors concluded that 

misalignments in 

flexible rotors 

connected by flexible 

coupling would cause 

deformation of 

coupling elements and 

rotor shafts both. 

A.W. Lees 

(2007)[20] 

Misalignment in 

rigidly coupled 

rotors. 

Modelling through energy 

equation of linear bearings.  

 It has been shown that 

the linear model 

generates responses at 

harmonics of shaft 

speed. 

The harmonics are 

caused by an 

interaction of torsional 

and flexural effects. 

 

4.  Problem definition: 

The literatures are either related to theoretical analysis or experimental investigation to rigid 

coupling. Here an attempt is made to carry out experimental investigation on a setup designed such 

that to accommodate all the three types of misalignment in the perpendicular planes with flexible 

coupling. Steady-state vibration reaction is attained at integer fraction of the critical speeds. The 

special test rig that permits the study of misalignment by the measurement of vibration response 

for all the three kinds of misalignment (parallel, angular and combined) is presented here. By 

inducing different amount of misalignment in the vertical and horizontal plane, the combination 

of AM along with PM has been explored. The study supports in the evaluation that merely a strong 

2X frequency vibration do not conclude misalignment. It also provides a well-defined diagnosis 

technique. The study scrutinizes in which direction (Radial or Axial) there is high frequency due 

to the specific type of misalignment. With careful examination of all the literatures which are 
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predicting 2X dominance, an attempt is made to conclude that 2X dominance is not the only 

indication of misalignment. Further the experimental investigation is extended to measurement of 

torsional vibration using rotary torque sensor which records the variation of torque for the 

combined misalignment conditions. The statistical analysis of the data is done with the help of 

Response Surface Methodology (RSM) and the regression quadratic models are presented for the 

above measured factors. 

5.  Objective and Scope of work: 

5.1 Objectives of research: 

 To investigate experimentally the effect of misalignment between shafts connected through 

flexible mechanical coupling. 

 To analyse the vibration response for complex misalignments induced at the coupling. 

 To validate effects of complex misalignment through measurement of vibration levels and 

torque variation simultaneously. 

 To establish interaction between the parameters (like torque, peak acceleration (RMS peak) in 

horizontal, vertical and axial direction). 

5.2 Scope of work: 

 Verify vibration due to misalignment the level of which depends on misalignment type and 

magnitude using a proper test rig with high precision flexible coupling. 

 Analyse static and dynamic forces present in rotating machines by measuring the variation in 

the forces induced in the system. 

 Confirm vibration level using a tri axial accelerometer. 

 Use of force/torque measuring devices in addition to vibration sensors to verify the objective. 

 Develop more reliable dynamic misalignment detection instrumentation through 

experimentation. 

 Analyse the system for all the three types of misalignment ie. Parallel, Angular and combined. 

 The variation in vibration and measured torque is studied through Response Surface 

Methodology (RSM). 

 The study of regression for predicting the maximum variation in vibration levels in all the three 

directions and torque. 

6.  Original contribution by thesis: 
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Develop a cost effective preventive maintenance, misalignment detection methodology and 

verify with the help of a test rig. The said methodology can be applied for condition monitoring 

of various rotating components connected through flexible couplings.  

 

 Majority of earlier research focuses on misalignment of rigid couplings, particularly for rigidly 

coupled motor source with pumps or compressors, whereas current effort is primarily focused 

on flexible coupling used in high precession machines like CNC cutting tools and various servo 

controlled automations. 

 The experimental investigation is completely based on Rotor dynamics principles i.e by 

measurement of lateral and torsional vibrations. 

 Design of a well-balanced test rig which facilitates to induce misalignment in three different 

planes. 

 The measurement of vibration is carried out in three different directions and the variation of 

torque due to misalignment is measured using a rotary torque sensor. 

 The rotary torque sensor applied for the study is a sensitive rotating device, coupled between 

the motor shaft and the misaligned shaft which facilitates for the measurement of dynamic 

torque variation. 

 The instrumentation selected is very economical and efficient in studying time dependent 

variations in the rotors.  

 Numerical simulation of power surge due to misalignment is carried out and converted to 

torque variation due to the induced misalignment.  

 Two different commercially available flexible couplings are selected for the investigation. The 

selection of RSM for the design of experimentation and study of interaction between dependent 

and independent factors are also analysed. 

 The important quadratic regression formulations are used to determine the maximum variation 

of vibration and torque. 

7.  Methodology of research and results/discussion: 

Due to tremendous expansion of automations and servo controlled units, machines with flexible 

coupled rotors are common. In place of enormous concrete machines, lightweight manufactured 

steel structures are becoming popular. The steel foundations are low tuned, which means that their 

critical speed is several natural frequencies lower than the machine’s operational speed. The 

bearing response forces are responsive to Lateral Misalignment (LM). The special misalignment 

rig is being modeled and commissioned to corroborate these predictions. This test rig can introduce 

a wide variety of lateral alignment as well as angular alterations, and its key features result in 
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predictions for the Natural Frequency (NF) of vibration in all three directions. The whole structure 

(including shaft, rotor, together with Base Plates (BP)) is made carefully in manifold parts. 

7.1  Description of the Set up: 

As shown in Fig. 2, the test rig set up consists of a coupled rotor setup with two rotors connected 

by flexible coupling. The vibration-measuring equipment, the drive unit, and the base plates are 

all included. Table 1 lists the specifications and dimensions of the rotor. 

 

Fig.2. Solid model of the test rig 

7.2  Coupling characteristics and misalignment condition: 

The amount of misalignment of the secondary base plate decides the coupling characteristics. The 

range of the misalignment to be included is further chosen centered on the coupling boundaries. 

The tolerances of the coupling are: 

• Lateral dx = 1 mm (±0.5) (Axial Misalignment) 

• Vertical dy = 0.3 mm (Lateral Misalignment) 

• Angular = 3.5° (Angular Misalignment) 

For angular misalignment (AM), the shaft’s axis is inclined in relation to the other shaft in the 

vertical plane by properly moving the pedestal. However, by placing pre-machined shims or filler 

gauges or slip gauges of defined thickness between the stoppers connected to the base plates in the 

horizontal and vertical direction, the offset misalignment could conveniently be attained. 

7.3  Base Plate: 

To ensure the absolute flatness and appropriate alignment as for the plate, the primary and 

secondary base plate is made of plain pre-machined carbon steel. The plate’s net-weight is 

approximately 100 kg. By moving rotor-2 relative to rotor-1, the misalignment can be caused. This 
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may be possible as the rotor-2 is attached to primary base plate using the secondary base plate. 

Moving base plate will most likely generate linear misalignment. The horizontal motion of the 

secondary base plate could be rendered utilizing the four nut-bolt sets given on both the surface of 

the plate as exhibited in Fig. 2. The forward/backward motion of this bolts regarding the fixed nuts 

resulted in the horizontal motion of the plane. However, before that base plate is released from 

primary base plate. 

The vertical movement of the base plate is attained as the vertical jacking bolt given at extreme 

ending of the plate for AM. For the misalignment in the vertical plane, the shims of proper 

thickness are placed between the base plate and the platform. This might be observed that this 

setup only allows the motion of rotor-2 in relation to rotor-1. 

7.4  Fabrication and assembly of the test rig: 

Fabrication of the test rig with care with bare minimum harmonics produced. All important 

components of the test rig are manufactured in high Accuracy (As per VDI/DGQ 3441) CNC 

machines. 

Positioning Uncertainty (P): 0.01mm 

Repeatability (Ps medium): 0.005mm 

All Plates (i.e main base plate and secondary base plate) and spacers are machined and ground to 

ensure flatness & parallelism within 0.02mm. Hardened and ground dowel pins and liner bush are 

used to arrest the wear and tear. Inspection and assembly done in a standard metrology lab. The 

motor and assembly is carried out using dial indicator method. The components like bearing and 

bearing houses are selected using standard catalogue. The disks are balanced by design G2.5. 

Table 1 Rotor bearing-pedestal specifications 

Long  Shaft length 600mm 

Short Shaft length 150mm 

Shaft major diameter 15mm 

No. of shafts 2 

Shaft material 4137 Alloy Steel 

Mass of Long shaft 826 grams 

Mass of Short shaft 207 grams 
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No. of discs 3 

Diameter of each disc 100mm 

Mass of each disc 524 grams 

Rotor speed 1500rpm 

Bearing diameter 25 mm 

Bearing length 9mm 

Length between the Long bearing pedestals 530mm 

Length between the Short bearing pedestals 73mm 

Coupling max diameter 40 mm 

Coupling length  44mm 

 

 

Fig.3. Pilot testing by inducing misalignment and cross phase testing through FFT analyzer 

[Vibrasound Processor: IMVA-440™] 
 

7.5  Pilot Testing Steps: 

The test rig is fabricated and then the testing is carried out as follows:  

Step.1: As specified by Piotrowski in Shaft Alignment Handbook [5], the shafts and motor are 

arranged within acceptable alignment tolerances. In this completely aligned condition the vibration 

levels are recorded by fixing magnetic base accelerometers along with hand handled FFT analyzer 

(Fig. 3).The aligned condition is firstly tested with programmed frequency drive for a run-up and 

rundown of speed from 500 to 2800 RPM. The shaft, couplings are checked for any permanent 

deformation during this test. This test is further carried out for specific frequencies and FFT 

recorded. 

Step.2: After the aligned condition testing the angular misalignment (AM) is created by shifting 

the shaft axis from bearing 4 pedestal keeping reference toggle pin at the center, the shaft axis is 
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misaligned by 1° in X-direction from the coupling half. Vibration levels (VL) to be recorded at 

various frequencies. 

Step.3: The test is repeated by misaligning the shaft by 1 mm by lifting the secondary base plate 

in Y- direction and inserting pre-machined shims of required thickness. 

Step.4: The last test is carried out now by creating the combined misalignment of 1 mm along the 

Y-direction as well as 1.5° along the X-direction. This test rig facilitates this combination due to 

the unique design of base plates as shown in Fig. 3. 

 

 
Fig. 4 (a) Sample FFT curves for completely aligned system (at 2000 rpm i.e.: 33.33 Hz).            

(b)Sample FFT curves for angular misalignment of 1 degree (at 2000 rpm i.e.: 33.33 Hz) 

 

Observations of the Pilot testing: After intentional misalignment, it is observed that the set up 

showcases dominant acceleration at 1X as well as 2X frequency, while recording the vibration 

data by means of the hand handled FFT analyzer. 

 With the increment in speed, the vibration level (VL) rises and the peak acceleration values 

noted  

 The 3X attains dominance in the radial direction at few specified speeds, which concludes 

that only 2X dominance cannot conclude misalignment. In this specific case of flexible 

coupling though the initial vibration levels do not indicate misalignment but the 
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misalignment in the vertical direction and the combined misalignment induce shows the 

attainment of 3X peaks. 

 The radial measurements present greater peaks than the axial direction during the angular 

misalignment in the horizontal plane. The main reason for this can be the flexible coupling 

is allowing angular misalignment especially in the plane parallel to the axis of rotation. 

 The axial direction readings are comparatively low during the angular misalignment, but 

on experimenting further it is found that during parallel misalignment in the vertical 

direction the axial response also peak. The possible reason for this can be the amount of 

misalignment absorbed by the flexible coupling in the horizontal direction is high and so 

the axial readings are very low. But as the system is misaligned in the vertical plane the 

axial harmonics are induced and so high axial peaks are seen. Much higher vibration 

variation is exhibited by the combined misalignment. 

 A 180° phase shift is noticed in the radial direction crosswise on the coupling halves. By 

the sensor’s movement from horizontal to vertical direction on the same bearing, the FFT 

shows a phase shift of 0°–180°. 

7.6  Theoretical Torque estimation: 

Mathematical model for variation in the torque is carried out. The analysis helps us to understand 

that the variation of power is also harmonic similar to the vibration due to the misalignment. Run-

up and run-down analysis can be plotted for given misalignment value. Final instrumentation was 

procured. The results of simulation for various types of misalignment are simulated for 10.0 sec. 

and various harmonic graphs for the power surge are obtained. The most of the graphs obtained 

are then transformed to the torque variation for the same amount of misalignment. The various 

condition of misalignment is also checked. The power and torque variation for angular and parallel 

is simulated for various rpm.  
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Fig. 5 Percentage error between the max and min torque (Theoretical and experimental) 

 

7.8  Pilot experiment phase two: Selection of instrumentation for Data Acquisition: 

The conclusion of phase one pilot experimentation and the theoretical power surge calculation lead 

to selection of the instrumentation which can help in real time measurement of vibration in all the 

axis simultaneously and torque transmitted to load end of the motor. As the reason of dynamic 

misalignment, the harmonic forces are generated and this leads to rise   in the   torque transmission 

at the coupling. Torque varies harmonically from motor to the load shaft. Therefore Rotary torque 

sensor and Triaxial Accelerometer are selected as instrumentation for experiment. 

The torque sensor is attached in between the motor shaft and the misaligned rotor-shaft with a 

maximum capacity of 20NM. In every measurement both accelerometer and torque sensor outputs 

will be recorded. An eight channel data logger will help to record the data simultaneously. RTR 

series of torque sensor operates based on the principal of strain gauge.  

 

Fig. 6 .Set-up with the torque sensor mounted between motor and misaligned shaft. 
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The piezoelectric accelerometer may be treated as a charge source. Its sensitivity is expressed in 

terms of charge per unit acceleration (pC/g). The triaxial accelerometer is mounted on the bearing 

housing of each bearing for a time step of 10 sec. The data logging is continuous on channel no 

5,6,7 of the data logger. 

7.9  Sensitivity analysis of proposed instrumentation: 

The set up mounting was done on vibration absorbing rubber pads. These rubber pads are mounted 

such that there is minimum vibration in the completely aligned condition. The torque sensor 

assembly is done in a very preventive manner as the rotary torque sensors are sensitive to the pre-

torque due to assembly. During the assembly of torque sensor there were difficulties in making the 

torque completely zero. The triaxial accelerometer is also configured with the test rig and the data 

logger.  Programmable frequency drive was programmed and connected to the motor to control 

the frequency. Continuous data logging with a time step of 1 sec is recorded. The data logger 

channel no 8 is used for the recording of torque variation. The triaxial accelerometer is used 

alternatively on each bearing of the misaligned rotors. The characteristics of flexible coupling are 

to absorb much of vibration, still the extreme limits are taken for the sensitivity check of the 

instrumentation.  

 

Fig.7. Data logging at time step of 1 sec. 

Taking the base values of the torque and acceleration in all three directions the further 

misalignment with the same method as it was carried out in the pilot experimentation. The self-

aligning characteristics of the test rig and the design of the test rig is helpful in the process aligning 

and misaligning of the setup from the base. The design of the set up and the sturdy base of the set 

up induce minimum vibration. 
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Table 2 Comparison between 4 degree angular and 3.5 mm Parallel recording at Bearing 2 and 3 

  BEARING 2  4DEGREES BEARING 2 3.5MM 

RPM 500 700 1400 2100 2800 500 700 1400 2100 2800 

V1-radial 

vertical 

direction(mm/s2) 98.1 98.1 98.1 98.1 196 196.2 294.3 196.2 294.3 686.7 

V2-radial 

transvers 

direction(mm/s2) 0 0 0 0 0 0 0 98.1 196.2 1569.6 

V3-Axial 

direction 

(mm/s2)) 0 0 0 0 0 0 0 490.5 1569.6 2280 

Torque(Nmm) 280 280 280 280 570 1420 1420 1710 1420 2280 

  BEARING 3  4DEGREES BEARING 3 3.5MM 

RPM 500 700 1400 2100 2800 500 700 1400 2100 2800 

V1-radial 

vertical 

direction(mm/s2) 196 196 196 196 196 98.1 196.2 98.1 294.3 392.4 

V2-radial 

transvers 

direction(mm/s2) 0 0 98.1 98.1 98.1 0 0 98.1 196.2 882.9 

V3-Axial 

direction 

(mm/s2)) 98.1 98.1 196 196 196 0 0 294.3 3139.2 588.6 

Torque(Nmm) 280 280 280 280 570 2850 2850 2570 2280 1990 

 

 

Fig.8. Run-up and Run-down curves for all the three bearings from (500 to 2800 RPM and 2800 

to 500 RPM)  

BEARING 2 AT 3.5MM PARALLEL MISALIGNMENT 

RPM 500 700 1400 2100 2800 

V1-radial 

vertical 

direction(mm/s2) 196.2 294.3 196.2 294.3 686.7 

V2-radial 

transvers 

direction(mm/s2) 0 0 98.1 196.2 1569.6 

V3-Axial 

direction(mm/s2) 0 0 490.5 1569.6 2280 

Torque(Nmm) 1420 1420 1710 1420 2280 
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BEARING 3 AT 3.5 MM PARALLE MISALIGNMENT 

RPM 500 700 1400 2100 2800 

V1-radial 

vertical 

direction(mm/s2) 98.1 196.2 98.1 294.3 392.4 

V2-radial 

transvers 

direction(mm/s2) 0 0 98.1 196.2 882.9 

V3-Axial 

direction(mm/s2) 0 0 294.3 3139.2 588.6 

Torque(Nmm) 2850 2850 2570 2280 1990 
 

 
Fig.9. Variation of RSM Peak of acceleration in radial horizontal, radial vertical and axial 

directions with RSM peak of torque (3.5 mm parallel misalignment) 

BEARING 2 AT 4 °ANGULAR MISALIGNMENT 

RPM 500 700 1100 2100 2800 

V1-radial 

vertical 

direction(mm/s2) 98.1 98.1 98.1 98.1 196.2 

V2-radial 

transvers 

direction(mm/s2) 0 0 0 0 98.1 

V3-Axial 

direction 

(mm/s2) 0 0 98.1 98.1 98.1 

Torque(Nmm) 280 280 280 280 570 
 

 
BEARING 3 AT 4 °ANGULAR MISALIGNMENT 

RPM 500 700 1400 2100 2800 

V1-radial 

vertical 

direction(mm/s2) 196.2 196.2 196.2 196.2 294.3 

V2-radial 

transvers 

direction(mm/s2) 0 196.2 294.3 294.3 392.4 

V3-Axial 

direction(mm/s2) 196.2 196.2 392.4 392.4 294.3 

Torque(Nmm) 280 280 570 570 850 
 

 

Fig.10. Variation of RSM Peak of acceleration in radial horizontal, radial vertical and axial 

directions with RSM peak of torque (4 degree Angular misalignment) 

7.10  Flow of final phase experimentation with RSM ANALYSIS for combined 

misalignment 
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RSM in multi-objective mathematical modeling of material design: RSM, as a subcategory of DoE 

methods, is an efficient statistical tool for design, development, improvement, and optimization of 

product designs and processes .This method has been extensively applied in industry where several 

input variables (factors) potentially affect some output measures or quality characteristics 

(responses) of a product or process. Various literature refer that design problems, including new 

material design, involves more than one response to be simultaneously considered and RSM 

proves efficient tool to study the interaction between these responses. Therefore, the full quadratic 

model of independent variables like Speed RPM, angular misalignment in horizontal plane, 

Parallel misalignment in vertical plane do effect the dependent variables like torque, peak 

acceleration (RMS peak) in horizontal, vertical and axial direction. Box-Behnken Design, BBD 

for the response surface methodology, RSM, is specially designed to fit a second-order model, 

which is the primary interest in most RSM studies. To fit a second-order regression model 

(quadratic model), the BBD only needs three levels for each factor. 

Table 3 Box-Behen Design for various combinations of Angular and Parallel misalignment 

Std 

Order 

Run 

Order 

Pt 

Type 

Blocks RPM Parallel 

(MM) 

Angular 

(Deg) 

 

Peak acceleration 

Torque 

(N-mm) Vertical  

direction 

(mm/s2) 

Horizontal  

direction 

(mm/s2) 

Axial  

direction 

(mm/s2) 

13 1 0 1 1650 0.5 2 0 98.0665 588.399 850 
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Fig.11 Sample Box-Behen Design for various combinations of Angular and Parallel 

misalignment 

Response Surface Regression: Torque (N/MM) versus RPM, Angular misalignment, Parallel 

misalignment: The statistical significance is checked using the analysis of variance (ANOVA) 

table. 

The overall model p-value (0.007) is less than the level of significance (0.05). Therefore, reject the 

null hypothesis of no relationship between the dependent and the independent variables. Therefore, 

1 2 2 1 500 0 2 686.4655 3236.1945 1078.731 1420 

6 3 2 1 2800 0.5 1 0 196.133 686.4655 570 

4 4 2 1 2800 1 2 0 98.0665 588.399 570 

2 5 2 1 2800 0 2 882.5985 1667.1305 686.4655 850 

7 6 2 1 500 0.5 3 0 98.0665 392.266 850 

10 7 2 1 1650 1 1 0 98.0665 588.399 280 

15 8 0 1 1650 0.5 2 882.5985 1667.1305 686.4655 850 

12 9 2 1 1650 1 3 0 98.0665 490.3325 1420 

9 10 2 1 1650 0 1 882.5985 1667.1305 686.4655 850 

5 11 2 1 500 0.5 1 0 98.0665 98.0665 850 

11 12 2 1 1650 0 3 0 98.0665 490.3325 1420 

14 13 0 1 1650 0.5 2 0 98.0665 490.3325 1140 

3 14 2 1 500 1 2 0 98.0665 490.3325 2280 

8 15 2 1 2800 0.5 3 196.133 588.399 588.399 1420 

              Bearing 1 
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the full quadratic model of independent variables like Speed RPM,angular misalignment in 

horizontal plane, Parallel misalignment in vertical plane do effect the dependent variables like 

torque, peak acceleration (RMS peak) in horizontal, vertical and axial direction. The practical 

significance test is performed using the model summary output table. The coefficient of 

determination, the adjusted R-square value is observed to be 95.45 %( confidence level) indicating 

that the model parameters can explain variation in the dependent variable, response very well. 

Therefore, the model has good practical significance.   

RSM RESULTS COMPARED FOR COUPLING 1 AND 2 

 COUPLING 1 COUPLING 2 

RSM 

ANALYSIS 

Torque(N-mm) = 998 - 0.667 RPM - 556 

Parallel(MM) + 496 Angular(Deg) + 0.000100 

RPM*RPM  + 807 Parallel(MM)*Parallel(MM) - 

156 Angular(Deg)*Angular(Deg)- 0.496 

RPM*Parallel(MM) + 0.185 RPM*Angular(Deg) 

+ 285 Parallel(MM)*Angular(Deg) 

Torque(N-mm) = -3088 + 0.980 RPM 

+ 2831 Angular  (Degrees)+ 958 Parallel  (MM) 

- 0.000118RPM*RPM-

656 Angular  (Degrees)*Angular  (Degrees)- 154 Parallel

  (MM)*Parallel  (MM)-0.124 RPM*Angular  (Degrees)-

0.187 RPM*Parallel  (MM)+ 0 Angular  (Degrees)*Paral

lel (MM) 

 

Fig.11.Contour plots for torque variation for both the coupling 1 and coupling 2 

 

Fig.12. (i) Coupling 1: Beam coupling, (ii) Coupling 2: Elastomer Couplings 
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 COUPLING 1 COUPLING 2 

RSM 

ANALYSIS 

Peak acceleration VD(mm/s2) = 439 

+ 0.092 RPM - 1894 Parallel(MM) 

+ 457 Angular(Deg) 

- 0.000028 RPM*RPM 

+ 539 Parallel(MM)*Parallel(MM)  

- 208 Angular(Deg)*Angular(Deg) 

- 0.085 RPM*Parallel(MM) 

+ 0.043 RPM*Angular(Deg) 

+ 441 Parallel(MM)*Angular(Deg) 

Peak acceleration VD(mm/s2) = 152 + 0.032 RPM 

- 96 Angular (Degrees)+ 30 Parallel (MM) 

- 0.000003 RPM*RPM 

+ 45.0 Angular(Degrees)*Angular(Degrees)-

4.1 Parallel (MM)*Parallel (MM) 

0.0213 RPM*Angular (Degrees)+ 0.0213 RPM*Parallel (MM)-

24.6 Angular(Degrees)*Parallel(MM) 

 

Fig.13. Contour plots for Peak acceleration VD (mm/s2) for both the coupling 1 and coupling 2 

Fig .11 and 13 contour plots at Bearing.1 for both the coupling. Further the regression is also 

extended for other bearings and also for variation of peak acceleration horizontal direction (HD), 

peak acceleration in axial direction (AD). It is observed that speed has a remarkable effect on Root 

mean square (RMS) value in case of combined misalignment and affects the system performance’s 

results revealed that a change in the defect has less impact on vibration amplitude in case of 

horizontal and vertical directions, but there is a significant variation in RMS value in axial 

direction. A slight increase in the RMS value with an increase in defect severity is observed in the 

axial direction. These observations will help to understand the misalignment defect and its effect 

in a better way. 

7.11  RSM results and discussion: 

Range of misalignment tested before failure  

 Coupling 1:Flexible Aluminum Coupling:  
Angular misalignment- 0 to 3 degrees (horizontal plane) 



24 
 

Parallel misalignment- 0 to 1 mm (vertical plane) 
Failure occurred at a combined misalignment of 3 degree angular and 0.5 mm parallel 

misalignment running speed 2800 rpm (46.66 Hz frequency) 
 Coupling 2: Elastomeric type flexible Aluminum Coupling:  

Angular misalignment- 0 to 3 degrees (horizontal plane) 
Parallel misalignment- 0 to 3 mm (vertical plane) 
Failure occurred nearly at a combined misalignment of 3 degree angular and 2 mm parallel 

misalignment running speed 2800 rpm (46.66 Hz frequency) 

•  Speed Range :500 RPM to 2800 RPM(8.33Hz to 46.66Hz) 

 

Fig.14.Fish bone Analysis of failure of both the couplings. 

The RSM results clearly shows  

 Coupling.1: The variation of the torque as well as vibration in all the three axes are highly affected 

by the parallel induced misalignment value compared to angular. 

Coupling.2: The variation of the torque as well as vibration in all the three axes are highly affected 

by the angular induced misalignment value compared to parallel. 

Both the couplings are sensitive to the combined misalignment as the axis is shifted in both the 

plane horizontal and vertical. The reason for the above results is the flexible element in between 

the jaws of the coupling. The metal coupling could tolerate higher angular defection from the 
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coupling due to the design of the center element. While the elastomeric type spider element allows 

the later one to take higher parallel defections compared to the metal one. 

•  The attempt to study the Box behnken design for the variation of the response like torque, 

peak acceleration (RMS peak) in horizontal, vertical and axial direction.  

•  A set of initial trials were carried to establish the range for the variation of independent 

variables like Speed RPM, angular misalignment in horizontal plane, Parallel misalignment 

in vertical plane. 

•  Mathematical equations, response surface and contour plots were used to show the 

interactions and discuss the results in graphic model. 

•  The goal was to identify the levels of independent variables for the intended range for the 

response variables which leads to failure. 

8.  Achievements with respect to defined objectives. 

Objectives defined Objectives achieved 

 

 To investigate experimentally the 

effect of misalignment between shafts 

connected through flexible mechanical 

coupling. 

 To analyse the vibration response for 

complex misalignments induced at the 

coupling. 

 

 

 To validate the effects of complex 

misalignment through measurements 

of vibration levels and torque variation 

simultaneously. 

 

 The test rig was successfully designed and 

fabricated locally and experimented with 

different types of commercially available 

flexible couplings. 

 The rig experimented under the effect of 

various combinations of Angular and 

Parallel misalignment without any 

permanent damage to the rotors. 

 

 The effects of the complex misalignment 

for both different types of coupling were 

validated with the literature and the 

mathematical simulation of torque 

variation. 
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 To establish interaction between the 

parameters (like torque, peak 

acceleration (RMS peak) in horizontal, 

vertical and axial direction). 

 

 RSM Box behnken design was 

successfully applied and quadratic 

mathematical regression equations are 

presented for study of independent 

factors. 

9.  Conclusion 

The study here on flexible couplings reveals that 2X dominancy is not indicating misalignment 

and the results conclude greater peaks in the axial direction than in the radial directions due to 

misalignment, in contrast to the general traditional thinking. Extensively huge amount of vibration 

level variation is obtained at the last bearing on the load end. In the radial and axial direction 

reading, the percentage changes from 20 to 600%.The 2X dominancy cannot be seen clearly in the 

combined misalignment case. This also shows that in the industrial rotating structures the 

misalignment of the axis of the rotating shaft is not in a particular angular direction or parallel 

direction. Soft indicating 1X and 2X peak does not conclude misalignment. 

9.1 Conclusion in terms of Vibration Levels 

•  In this phase of  experimentation with the parallel misalignment, the following could be 

observed: 

 Varying the parallel misalignment had practically no influence on the accelerations of the 

1X peaks in all radial directions but in axial direction variation was noted. 

 The accelerations of the 2X peaks were found to increase linearly with an increase in the 

parallel misalignment 

•  In this phase of  experimentation with the angular misalignment faults, the following 

could be observed: 

 The impact on the acceleration of the second harmonic of speed (2X) of adding 1° of 

misalignment was significant 

 Remarkable acceleration peaks at 1X, 2X, 3X and 4X can be observed in the vibration 

spectra, with the 2X component being the strongest in most of the cases. 

•  In this phase of  experimentation the effect of varying the angular misalignment coupled 

with parallel misalignment   in  vertical plane, the following could be observed: 
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 Varying the combined complex misalignment had almost no effect on the 1X peaks. 
 The acceleration peaks of 2X, 3X and 4X increased with an increase in the parallel 

misalignment in the vertical plane. 
 In particular, the 2X component was the most sensitive, which confirms the findings of 

previous researchers. 
•  In this phase of  experimentation the effect of rotational speed, the following could be 

observed: 

 For a system with parallel misalignment, the response in the radial directions at 1X 

significantly increased with faster rotational speeds. 
 For a system with angular misalignment, all peaks for 1X and its harmonics were sensitive 

to speed variations but to different degrees.  

9.2 Conclusion in terms of torque variation 

•  The value of torque loss is more at high rpm at particular misalignment. 

•  At the same power losses the value of misalignment is low at high rpm. 

•  With increasing parallel misalignment parameters, power surge rises harmonically. 

•  The torque variation also indicates and confirms that the angular misalignment generates 

static load while the parallel misalignment leads to dynamic load on the bearing. 

The current experimental investigations were limited by the operating speed range of the test 

rig which limits the maximum sub-critical speed to the fourth integer fraction of the 

fundamental critical speed. The present study represents an attempt towards exploring the 

interaction between the effects types of misalignment that may co-exist in a running rotor. The 

study has demonstrated the possibility of distinguishing misalignment types using simple 

measurements that can be easily implemented in condition monitoring maintenance programs 

of industrial machinery with no need to specialized equipment or sophisticated signal 

processing techniques.  
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