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Abstract This paper presents an experimental approach for crack identification
in an overhung rotor system supported on rigid bearings. The existence of coupling
phenomena between bending and lateral vibration due to the presence of crack is used
for the identification of crack in an overhung rotor system. The natural frequency
of the rotor system has been obtained using impact hammer analysis and compared
with the finite element analysis. The crack identification procedure involves the
application of external axial excitation through a thrust shaker. The overhung rotor
system is excited axially through a shaker with frequency equal to its first natural
frequency and subharmonic of first natural frequency obtained through impact modal
analysis. The response measured in the lateral and radial direction shows that there is
a difference in the amplitude of the external excitation frequency and its harmonics
measured for crack and healthy rotor system. The lateral response has more amplitude
peaks at excitation frequency and its harmonic for cracked rotor when excited with
frequency equal to the first natural frequency and its subharmonic. The peaks are
more prominent for subharmonic of first natural frequency as external excitation. A
considerable difference in the amplitude of X and 2X components can be seen in radial
response for cracked rotor and healthy rotor when excited with frequency equal to
the first natural frequency and its subharmonic. The application of external harmonic
excitation with frequency equal to first natural frequency and its subharmonic can
be very well used for crack detection in overhung rotor system without stopping it.
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1 Introduction

Rotors faults detection has been a hard task for all personals whether through
modelling approach or experimental approach. Shaft crack is one of the faults present
in the rotor system which has a very negligible effect on the shaft stiffness which
makes it very difficult to detect. However, this negligible change in the stiffness can
prove to be catastrophic for rotors in running condition. It becomes necessary to
detect crack in the rotor system in its running condition so that proper measures can
be adopted to avoid any kind of machinery failure. The crack detection took attention
in the later 1960s. Many researchers started to analyse the behaviour of the cracked
shaft through modelling approach. Through studies, it was found that coupling is
present between bending and longitudinal or lateral vibration due to the presence
of crack. The presence of coupling in the cracked shaft can be used as phenomena
for detection of small open cracks [1-3]. Researchers have focused on the model-
based approach providing review work and concluding that vibration analysis can
be used as a great tool in detection of cracks and other faults in the rotor system
[4]. Jeffcott rotor model is utilized by almost all researches to carry out their study.
A famous model known as the fault model in which the loads known as equivalent
loads are supposed to be acting on the healthy model to study the dynamic behaviour
of the faulty rotor system [5]. A brief review on the types of cracks and its detection
methods has been presented for the safety of rotating machinery [6].

The experimentation work also gained its importance in analysing the effect of
the orientation angle and depth of the crack. It was found that higher harmonics
start to appear in the response spectrum due to the presence of crack as the shaft
passes through its critical speed. The 2X vibration component can be effectively
used for possible detection of cracks in the rotor system [7, 8]. The appearance of
2X vibration component in the vibration spectrum can be due to other reason as well
such as misalignment, which makes it difficult to rely only on 2X component for the
detection of crack. This lead to requirement of some other method such as application
of external forces for crack detection along with studying the orbit plot behaviour of
the rotor system [9, 10]. It was proved through modelling and experimental approach
that the 2X and 3X vibration components can be utilized to presence of crack as the
rotor passes through half and one third of its critical speed [11-13]. The natural
frequencies play to be of great importance for crack detection as there is change in
the stiffness and hence dynamic behaviour of the rotor system [14]. Studies have
also been performed on shaft with slant crack showing that along with coupling
stiffness, there is bending—torsion coupling also present due to the crack and the
appearance of rotating speed and the torsional excitation combination frequencies in
the response spectrum can be used to detect the slant crack in the rotor system [15].
Many model-based methods developed by researchers have been compared with the
experimental results. The main theory behind these model based methods is modeling
of breathing crack function for the crack element. A new methodology presented in
[16] modeled breathing function as Fourier series considering weight dominance
of the shaft. The coefficients of the breathing crack function in Fourier series are
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estimated from the amplitude of the harmonic response obtained experimentally,
since response amplitude depend on breathing crack function.

Till date almost all the work performed is for the rotor supported at the ends. There
is a need to pay attention for overhung rotor system as there are many applications
where the rotor acts as an overhung system i.e. the rotor carries a disc/fan beyond
the bearing support. One of such kind of the researches is performed on overhung
rotor system in which the shaft is carrying the disc beyond the bearing support. The
unbalance forces due to rotors weight (gravity effect) and disc skew is considered
for analysis purpose [17]. The motive of this paper is to study and suggest new
experimental approach for crack detection in overhung rotor system which can be
utilized for online crack diagnosis without stopping the machinery.

2 Equations of Motion

The modelling of a cracked overhung rotor system with shaft diameter D and length
L carrying disc of mass m can be done with co-ordinate system which is attached
to the rotor and rotate with it. Since crack induces asymmetry in the rotor system
it is irrelevant whether to model the cracked rotor system with fixed or rotating co-
ordinate system. It is always easier to work with the coordinates which are attached
to the rotor and rotates with it for a cracked rotor system.

The crack induces asymmetry in the rotor system. The application compressive
axial impulses generate transverse forces Q,, Q,, and axial force Q, (Fig. 1) which
induce high-frequency axial vibrations and stress on the crack edge. The total stress
due to these forces is calculated using fracture mechanics theory. The total stress
intensity factor K is given as [1, 18]:

KzZKQv+KQw+KQx (D

Fig. 1 Forces acting crack
cross section [3]
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where K o, K, and K ¢, are the stress intensity factor due to forces Q,, Q,, and O,
respectively.

The crack causes a reduction in the stiffness of the rotor system, inducing an addi-

tional flexibility g; to the rotor system which is added to the flexibility of uncracked
shaft to get the total flexibility of the system. The additional flexibility due to the

crack is given as [18]:
32
8 =53 0 [/ J(Ot)dot} 2

where J(«) is the strain energy density function given by:

1
J(a) = E(KQv+KQw+KQx)2 3)

The corresponding stiffness matrix K is obtained by inverting the flexibility matrix
obtained using Eq. 2. Thus,

ky Ky kox 8 8w 8vx
K=|kyw ky kyx | = Ewv 8w 8wx “4)
kyy kxw ky 8xv 8xw 8x

Figure 2 shows the co-ordinate system used for the modelling the overhung rotor.
The co-ordinates, x, y and z, represent the stationary axes, while v and w represent
the rotating axes. The eccentricity of the centre of disc mass m from disc centre
is given by & with orientation 8 from v-axis in the direction of shaft rotation. 6
represents the instantaneous angle of rotation. The shaft speed is @ with damping
coefficient c. k,, k,, k, are the stiffness in v, w and x directions, respectively, and

Fig. 2 Co-ordinate system
for crack cross section [3]
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kv, Ky Koxs Kxvs ks Ky are cross-coupled stiffness due to the crack. The shaft
stiffness of healthy shaft is k,,. The equations of motion for an overhung rotor system
with cross-coupling coefficients due to the crack are given as [3]:

VA2C,r, v =2W A2 — D)V 4 (r2, — 2C,r)W + r2X = £cos B — rcos
WA2C,re W =2V 42 — DW 4 (r2, — 2Cor,)V +r2, X = esin f — r2sint

x +2C,r, ¥ -2V +er\7 + rwa + rff =0

®)

The above equations are in non-dimensional form with the following non-
dimensional terms:

v w _ X . e _  a W, c
V=2, W= T, X =, T=0le=—-,d=—,I)= —,C = )
1) 1) 8 ) D w 2 k,m
wy Wy, Wy w Wyx Wyy
ry = yTw = ——,Ix = —, Iy = —, 'y = s oy = s
, 1) w
Wyyx Wyy Wy Wyy
Tyx = s Fxw = s Fow = s Fwy = (6)
where
mg ko kv kw kx kvx
6= yWo =) Wy =4/ —, Wy =/ —, Wy =4/ —,Wyx =4/ —,
k, m m m
kxv kwx kxw kvw kwv
Wyy = —, Wy = —, Wxy = s Wyy = y Wyy = — (7)
m m m

3 Experimental Set-up

The physical dimensions of the rotor system corresponds to the Machinery Fault
system—Rotor Dynamics system (MFS-RDS) supplied by Spectra Quest (Table 1).
The rotor system consists of two discs as shown in 3-D model Fig. 3. The crack
present in the shaft is shown in Fig. 4. The shaft is made of TGP steel and discs are
made of Aluminium. A schematic diagram of experimental set-up is shown in Fig. 5.
A shaft (S1) carrying two discs (D1) and (D2) are supported by journal bearings (B1)

Table 1 Physical parameters of the rotor system

Parameter Value (mm) | Parameter Value (mm)
Total length of shaft 838.2 Diameter of discs 152.4
Distance between bearings | 546.1 Disc thickness 14.27
Diameter of shaft 19.05 Crack distance from coupling end | 558.8
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Fig. 3 3D model of the rotor system

Fig. 4 Crack in shaft

Power Supply

Computer Amplifier

Bl

51
Motor Shaker

Base

Fig.5 Block diagram of the experimental set-up, C—coupling, B1—bearing housing 1, S1—shaft,
dl—disc 1, a—accelerometer, B2—bearing housing 2, D2—disc 2, S2—stinger
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and (B2). The Dytran LIVM accelerometer 3055B4 (A) is placed on bearing (B2)
for getting the lateral and radial response of the system. The excitation is provided
through stinger (S2) attached to a shaker. The modal analysis is done using dytran
impact hammer with hard plastic tip.

4 Simulation and Experimental Results

The numerical simulation for free vibration analysis is done through Finite Element
Method (FEM) for validation purpose. The overhung rotor system is divided into 24
elements as shown in Fig. 6. Crack is present in element number 17. The stiffness for
cracked element is calculated using Eq. 4. Equations of motion for an overhung rotor
system are then integrated using MATLAB [19]. Table 2 provides the comparison for
simulation and experimental natural frequency. Figure 7 shows the first three mode
shapes of the rotor system obtained through simulation. Since the rotor system is
lightweight, only the first three natural frequencies are studied.

The experimental work consists of studying the free vibration response of the
system followed by the application of the external excitation to the running rotor
for detection of cracks. The free vibration response is studied through impact
hammer analysis. Dytran dynapulse impulse hammer 5800B4 with hard plastic tip
is used for impact analysis. The first three natural frequency of the system obtained
experimentally is shown in Fig. 8. The first natural frequency «y is found to be 44 Hz.

The rotor is running at a constant speed (w) of 1200 RPM. The excitation to the
rotor is given in axial direction through the Labworks Inc. MT-161 electrodynamic
shaker. The external excitation frequency is w,; which is equal to the first natural

Disc 1 Disc 2
—‘ Element with crack H
EF St FFFtF-d i F T FFFt-F-F-F-F-f
Bearing 1 ] Bearing 2 H
— o @ T W W e D 06 9 - NP ¥ QR EQ R F g a8
Fig. 6 FEM model of overhung rotor system
Table 2 Comparison of
Mode no. Natural fi H
experimental and FEM results odeno & ur.e.l requency (Hz) % error
(natural frequency) Experimental FEM
I 44 47.8075 7.9
1I 121 123.864 2.3
111 418 464.432 9.9
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Fig. 8 Experimental modal analysis result

frequency and w,, which is equal to the subharmonic of the first natural frequency.
The response is measured in lateral and radial direction. The comparison of the
response between healthy and crack rotor system are shown in Figs. 9, 10, 11 and
12. The blue graph is for the healthy rotor and the red graph is for the cracked rotor.
It is evident from all the figures that the response of cracked shaft has more 2X
component peak than that for the healthy shaft; however, 2X component may also
appear due to the presence of unbalance in the system. The identification of crack
therefore needs a more robust method. The application of external excitation through
a shaker induces some additional peaks for the cracked shaft which can be easily
distinguished from that of healthy shaft. Figures 9 and 10 show the comparison of
response for healthy and crack shaft in lateral and radial directions, respectively,
subjected to external excitation frequency w,;. The lateral response for crack shaft
when subjected to external excitation frequency w,;, has w,; component and its
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Fig.9 Blue graph—healthy shaft, red graph—crack shaft, response direction—lateral, @ = 20 Hz,
we1 = 44 Hz (data 3)

Arrplitude g pk

Fig. 10 Blue graph—healthy shaft, red graph—crack shaft, response direction—radial, @ = 20 Hz,
we1 = 44 Hz (data 3)

Amplitude g pk
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Fig. 11 Blue graph—healthy shaft, red graph—crack shaft, response direction—lateral, w = 20 Hz,
wer = 22 Hz (data 4)

harmonics present along with the 3X component (Fig. 9), while the radial response
for the crack shaft has 1X, 2X, 3X and 8X components present in the response
spectrum in comparison to that of the healthy shaft (Fig. 10).

Figures 11 and 12 show the comparison of response for healthy and crack shaft in
lateral and radial directions, respectively, subjected to external excitation frequency
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Amplitude g pk

0 100

Frequency- Hz

Fig. 12 Blue graph—healthy shaft, red graph—crack shaft, response direction—radial, ® =20 Hz,
wer = 22 Hz (data 4)

w.». The lateral response for the crack shaft when subjected to external excitation
frequency w,, has peaks at various harmonics of w,., (Fig. 11), while the radial
response for the crack shaft has 1X and 2X components present in the response
spectrum in comparison to that of the healthy shaft (Fig. 12).

5 Conclusions

This paper presents an experimental approach to detect crack in an overhung rotor
system using external excitation through a shaker. Responses are measured in lateral
and radial direction. The lateral response has more amplitude peaks at excitation
frequency and its harmonic for cracked rotor when excited with frequency equal
to the first natural frequency and its subharmonic. The peaks are more prominent
for subharmonic of first natural frequency as external excitation. A considerable
difference in the amplitude of X and 2X components can be seen in radial response for
cracked rotor and healthy rotor when excited with frequency equal to the first natural
frequency and its subharmonic. The application of external harmonic excitation with
frequency equal to first natural frequency and its subharmonic can be very well used
for crack detection in overhung rotor system without stopping it.
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