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Abstract

This paper proposes to perform experimental tests on the vibrational characteristics of a slotted
rotor. Changes in the responses of then× amplitudes are examined for small and deep slots that
can be considered as open cracks. The evolutions of the orbital patterns and the2× harmonic
components near one-half of the first critical speed are investigated in details to propose an
efficient indicator of the presence of slots in rotor: a special attention is given to both the com-
parison of the horizontal and vertical maximum amplitudes of the 2× harmonic components,
and changes in the size of the inside loop of orbits when the rotor is passing through one-half
of the first critical speed.

A huge experimental work considering the influences of the slot depth and the orientation
of unbalance relative to the slot direction is investigatedin order to examine the possibility of
detecting the presence of a transverse slot in rotors.

1 Introduction

Dynamic behavior of cracked rotors has been a subject of substantial interest for the last three
decades. Reviews on cracked rotors and structures can be found in [1–3]. Most of the previous
studies focused on detecting cracks in rotor by means of the observation of the lateral non-
linear rotor’s steady-state vibrations using only numerically analysis [4–7]. They indicated that
the presence of a crack induces changes in the2× and3× harmonic components of steady-state
response of the rotor system. They also proposed to exploit the evolutions of orbital pattern of
the cracked rotor at one-half of the first critical speed for the non-destructive detection of cracks
in rotors.

More recently, several researchers have studied the dynamic response of cracked rotors com-
bining theoretical and experimental approaches. Generally, experimental tests are undertaken
in order to illustrate the efficiency of the proposed methodologies and on-line diagnostic tech-
niques. For example, Seibold and Weiner [8] proposed a time domain identification algorithm
based on the Extended Kalman Filter for the localization of cracks in rotating machinery. Ex-
perimental and numerical investigations on the response ofthe cracked rotor to periodic axial
excitation were carried out by Darpe [9] to prove that coupling of bending and longitudinal vi-
brations may be used as the signature of a transverse crack inrotors. Bachschmid et al. [10–12]
proposed a model-based diagnostic approach with a least-squares identification for the detection
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of cracks in rotors. The reliability of the proposed methodology was validated by experimental
tests on industrial rotating machineries with an excellentaccuracy obtained in identifying both
the position and depth of cracks [12].

Finally, relatively less work is reported on a complete experimental study of the steady-state
non-linear vibrations of a rotor with various crack depths.Exception are the works of Pennacchi
et al. [12], Darpe et al. [13], Adewusi and Al-Bedoor [14] andMayes and Davies [15, 16].
These works have been widely used by other researchers to validate their theoretical studies.
These experimental studies showed that the steady-state vibration signal of a propagating crack
produces changes in1× and2× amplitudes and induces the classical two-loops orbit at one-
half of the critical speed. Moreover, Adewusi and Al-Bedoor[14] noted that the3× amplitudes
appear just before the rotor’s fracture. In these papers, the authors proposed to generate a real
propagating transverse crack in the rotor.
In the following study, the type of crack that has been chosenis a slot (i.e. the crack always
remains open). As indicated by Sabnavis et al. [3], cracks that are assumed to be open all the
time are also known as gaping cracks or called “notches”. Even if this slot does not reproduce
exactly the typical propagating and breathing behavior of acrack in rotors, it allows to show the
effects of an always open crack due to the rotor stiffness unsymmetry introduced by the slot.
For the following study, this type of crack reproduction hasbeen chosen for two main reasons.
Firstly the reproduction of a real propagating crack in a rotor is a very difficult and expensive
work especially if a huge experimental work is required. As explained by Sabnavis et al. [3],
most experimental work is focused on open cracks due to the fact that a slot is easy to mimic
in a laboratory environment. Secondly, a transverse breathing crack is experimentally done by
starting from a slot that allows to initiate a fatigue crack at the desired location. Then, the
repeated experiment of cyclic loading cause the crack propagation as a consequence of fatigue
solicitation [12,14]. For example, Mayes and Davies [15] decided to rotate the shaft slowly with
a static load applied to the crack location. Darpe [13] proposed to place the rotor in a three-
point-fatigue bending machine and to subject the shaft to cyclic loading. The disadvantage of
this procedure is that the crack is firstly done in the shaft and then the complete rotor system
is assembled. As explained by Pennachi et al. [12], this factimplies that it can be difficult to
have a valid reference case of the healthy rotor: differences in alignment and unbalance can be
introduced and so comparisons with the healthy rotor can be difficult. As explained by some
researchers [12,15], the shaft is broken at the end of tests in order to reveal the fracture surface of
the crack. Moreover, the initial slot and the propagating crack are both present in the shaft and so
they influence the vibrational characteristic of the cracked rotor. Then, the shaft characteristics
can be changed due to the cyclic loading used to create the crack and the appearance of a bow in
rotor can be introduced. Thus comparisons of the vibration characteristics of the healthy rotor
with those of the rotor with different cracks can be difficultto be done precisely. It can be noted
that Mayes and Davies concluded in their study [15] that a horizontal cracked shaft, except for
large crack where the depth is greater than the radius of the shaft, behaves as a slotted shaft
with additional excitation due the crack breathing. They also indicated that their experimental
results for a cracked rotor can be compared with the results obtained for an asymmetric shaft
(based on the results of the experimental study of Taylor [17]). Numerical comparisons of
the response of cracked and asymmetric rotors were also proposed by Henry and Okah-Avae
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[18]: responses at the main critical speed and at one-half ofthe critical speed and the effect
of eccentricity for both a linear asymmetry and a crack were studied. The authors indicated
that the crack can tend to remain always open in the vicinity of the main critical speed due
to the combined effect of eccentricity orientation and gravity. So, the shaft can behave like
an asymmetric shaft if the eccentricity keeps the crack open. On the other hand, they also
observed that the shaft behaves like a symmetric shaft if theeccentricity orientation is such
to close the crack. The opening/closing phenomenon was alsoinvestigated by Jun et al. [19].
They performed an extensive numerical study of the necessary condition for a crack to remain
always open or close, or to breathe. They indicated that opening and closing conditions are
dependent upon the crack depth and unbalance. For example, they observed that the crack
tends to breathe or to remain always open before the first critical speed if the unbalance and the
crack are in the same direction. Above the first critical speed, the crack tends to remain always
close. The opening/closing phenomenon is reversed if the unbalance coincides with the opposite
direction of the crack. The authors indicated that the rotortends to breathe when the direction
of the unbalance is perpendicular to that of the crack (except near the critical speed). They
also suggested that the crack tends to alternate the open andclosed states when the unbalance
becomes small. When the unbalance is relatively large, the crack tends to remain open or closed.
Plaut et al. [20] also studied behavior of a cracked rotatingshaft. They compared the responses
of a shaft with a breathing crack to those for a crack that remains open and to those for an
uncracked shaft. They demonstrated that the angle between the crack and the unbalance can
induce significant changes in the responses of the rotor.

Finally, as suggested by Bachschmid et al. [21], different thermal states can force the crack
to be always open. For example, Bachschmid et al. [21] explained that the thermal stresses tend
to prevent and to reduce the breathing behavior for a heatingtransient (a positive temperature
gradient). Moreover, if a cooling transient is observed (a negative temperature gradient), the
crack can be always open. So the thermal states can drastically affect the breathing behavior.

So the limits of the experimental results that will be proposed in this paper concern the case
of a slotted rotor, the vibrational behavior of a slotted rotor being sufficient to give the primary
effects of the vibration changes for a rotor with an open crack. A complete study of the effect
of different open crack depths, a complete comparison with the healthy rotor by considering
the evolutions of thenth orders (withn = 1, 2, . . . , 6) and the orbits (at the first critical speed
and at the1

n
sub-critical resonant speeds) will be studied. The objective of this present study

is to perform an huge experimental analysis of the effects ofan open crack on the dynamic
characteristics of rotors. Not only the evolutions of thenth orders (forn = 1, ..., 6) as a function
of the rotating speed and the crack depths, but also interaction between the front open crack and
the unbalance, and orbital evolutions will be discussed.

This paper is divided into three parts. Firstly, the experimental setup is presented. Then, the
evolutions of then× amplitudes and orbital evolution in the horizontal and vertical directions
are investigated for the healthy and slotted rotors. Finally, the influence of the open crack
depth and the interactions between the open crack and the unbalance parameters (intensity and
orientation with the front crack) are undertaken.
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2 Experimental setup

The equipment used for the experiment tests is composed of a Rotor Kit with a motor speed
control and data acquisition interface unit that is controlled by the I-DEAS Software. The
measured vibratory data are transmitted to a PC via the National Instruments PCI-4472 channel
dynamic signal acquisition devices. Then the data are transferred from I-DEAS Software to
Matlab in order to be examined and manipulated to obtain then× amplitudes and the orbital
pattern.

The picture of the experimental rig is shown in Figure 1. Thistest rig that consists of a
steel shaft of480mm long and10mm diameter, is simply supported at both ends by two bush
bearings. The experimental system is directly mounted on a rigid massive concrete table isolated
from the environment. The left end of the rotor is coupled with an electric motor by means of
a flexible coupling. The shaft carries one disc made of steel and placed at382mm from the
left end of the shaft. Disc dimensions are75mm diameter and35mm thickness. The disc has
sixteen holes that are separated by regular degree angle in order to be able to investigate the
influence of the unbalance and angle between the front crack and imbalance intensity. Before
the experimental tests, the level of the residual unbalanceof the healthy rotor has been estimated
at0.18gm and168deg.

The location of the open crack is at 243mm from left end of the rotor. The rotor’s cracks are
made by cutting a piece of width0.2mm with a jeweler’s saw. Runs are done at five different
crack depths (from the small crackµ = 0.2 to depth equals to the half of the shaft diameter
µ = 1, with intervals of non-dimensional crack depthδµ = 0.2) and with the uncracked rotor.
µ defines the non-dimensional crack depth and is given byµ = h

R
whereR is the radius of

the shaft andh the depth of the crack. Each cutting is realized on the complete rotor without
dismantling operations in order to be able to compare all theexperimental tests with various
crack depths. The cut introduces an open crack in the rotor. Indeed the lateral deflections
being small, the slot may not completely close and would not eventually breathe. So the rotor
under study may be considered as a slotted rotor (i.e. a rotorwith an open crack) due to the
cut which in turn may give different dynamic response from a rotor having a breathing crack.
However, this experimental procedure has been chosen to be sure that changes in thenth orders,
the non-linear responses and the orbits are only due to the evolutions of the slot depth and not
to structural modifications that may be introduced by dismantling operations.

To assess the non-linear dynamic of the cracked rotor and to investigate the effects of the
presence of a transverse crack, the displacements of the shaft are measured in several transversal
planes. Six non-contact displacement transducers that aremounted in both the horizontal and
vertical directions are used in order to measure the displacement of the rotor. They consist of
two orthogonal proximity probes for each plane and are placed at70mm (plane A1),210mm
(plane A2) and440mm (plane A3) from the left end of the shaft. The position of the three
planes are given in Figure 1. Therefore, a tacho signal is used to measure the rotor speed that is
measured and monitored at regular intervals during the tests. A variability of2.5rpm/s for the
rotor is chosen during run-ups and the operational range is from0 to 4000rpm.
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Figure 1: Picture of the experimental rig and the transversecrack

3 Experimental results

The experimental procedure is divided into three parts. Thefirst set of experiments are done
for the healthy shaft. Secondly the evolutions of the non-linear behavior and then× associated
amplitudes of the slotted rotor are investigated by increasing the speed of the rotor (with a
constant acceleration speed profile) until the first critical speed is reached. The effects due to
the interactions between the open crack and the imbalance parameters (intensity and orientation
with the front crack) are undertaken. Finally, the orbital evolutions are studied for various crack
depths when the rotor passes through one-half and one-thirdof the first critical speed.

3.1 Healthy rotor

First of all, two cases are considered for the healthy rotor.The first case concerns the initial
residual unbalance that has been estimated at0.18gm and168deg. The second case corresponds
to the addition of an unbalance of1gm at0deg.
An order tracking test (DSP method of filtering the measured time history signal) is performed
to access the harmonic contents of the non-linear vibrations of the healthy rotor when the rotor
runs from0 to 4000rpm. Results of then× amplitudes (n = 1, 2 and3) and phases in plane
A2 are presented in Figures 2 and 3 for the unbalance of0.18gm at 168deg, and1gm at 0deg.,
respectively.

Some of the order tracking plots (the whole signal magnitudecalled the composite power,
orders 1, 2 and 3) are presented in Figures 4 at the locations A1 and A3 in both the horizontal
and vertical directions for the second unbalance case (i.e.1gm at0deg.).
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The order 1 response peaks (Figures 2(a) and the blue lines inFigures 4) correspond to the
first critical speeds of the healthy rotor. These figures showthat the first rotor critical speed is
around2500rpm.

From the phase evolution of the vertical and horizontal plots in Figure 2(a), the precession
of the rotor is forward below2700rpm and above2800rpm: the vertical vibration leads the
horizontal vibration. Between2700rpm and2800rpm, the rotor vibrates in reverse in the period
between the two principal resonances (i.e. the precession is reverse) and the horizontal vibration
leads the vertical vibration. The simplest and predominantreason for this reverse orbiting is the
asymmetric (i.e. anisotropic) support stiffness of the rotor system, as showing in the picture of
the rotor system (see Figure 1). This is typically the case ofmost horizontal machines that are
weaker horizontally.

From the2× harmonic components in Figures 2(c), 3(c) and Figures 4, it can be inferred
the2× harmonic components are present. From the analysis of the2× amplitudes in Figures 4,
the2× harmonic components are about10− 15µm for planes A1 and A3, and25µm for plane
A2) at the1

2
sub-critical resonances. The3× harmonic components appear to be very small for

the three planes in both the vertical and horizontal directions (with small peaks about1µm for
planes A1 and A3, and1.5µm for planes A2 when the rotor is passing through1

3
of the first

critical speed). The presence of the2× component are typically due to the combination of the
asymmetry and a steady-state radial load that is generally due to the gravity on horizontal rotor.

Then Figures 5 show the orbital evolutions of the healthy rotor at the middle of the shaft
(plane A2) around one-half of the first critical speed, wherein a small distorted two-loop orbit
is formed.

To clarify the presence of other orders than1×, Figure 6 illustrates the evolutions of then×
amplitudes (forn = 0.25−6.25 with a step of0.25). To compare the magnitudes of each order,
then× amplitudes are normalized on the speed range under study as follows:

Xnormalized =
log (X)− log (Xmin)

log (Xmax)− log (Xmin)
(1)

whereXmin andXmax define the minimum and maximum amplitudes of all then× amplitudes
on the speed range. Figure 6 shows that not only the second andthird orders are present at the
1

2
and 1

3
sub-critical resonant speeds, respectively, but also the fourth, fifth and sixth orders at

the 1

4
, 1

5
and 1

6
sub-critical resonant speeds, respectively. However, the2×, 3×, 4×, 5×, 6×

amplitudes are small in comparison with the vibration amplitudes of first order. Finally, it can be
also observed that thenth orders (withn = 1, 2, . . . , 6) are present when the rotor speed reaches
the first critical speed, even if the associated amplitudes are not very significant in comparison
with the first order of the non-linear response of the healthyrotor.

The small amount . that are mechanisms generating . components when the system behavior
is non-linear. In fact, the presence of the bushings causes anon-linear response of the rig: super-
harmonics are excited by synchronous excitations (like theresidual or the additional unbalance)
even without the presence of the slot. Thus the test-rig response is non-linear by itself and the
effect of the slot is the combination of two non-linear responses. The non-linear response of the
slot cannot be evaluated as simply additional to that of the rotor without the slot.
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The small amount of super-harmonic components other than1× can be attributed to the
bow-related side load on the shaft-disk, and the rotor anisotropy and the unbalance that are
mechanisms generating2× and3× harmonic frequency components when the system behavior
is non-linear. In fact, the presence of the bushings causes anon-linear response of the rig: super-
harmonics are excited by synchronous excitations (like theresidual or the additional unbalance)
even without the presence of the slot. Thus the test-rig response is non-linear by itself and the
effect of the slot that will be studied in the following section of the paper is the combination
of two non-linear responses. The non-linear response of theslot cannot be evaluated as simply
additional to that of the rotor without the slot.

3.2 Slotted rotor

3.2.1 n× amplitudes

The effects of an open crack on the response curves of the rotor system are first considered in the
present section. Figures 2 and 3 indicate changes of the1×, 2× and3× amplitudes and phases
for the healthy and slotted rotor in plane A2 (two unbalance configurations are given: the first
case concerns the initial residual unbalance of0.18gm at 168deg. and the second corresponds
to an added unbalance of1gm at 0deg). Then, Figures 4 show the evolutions of the non-linear
responses and the1×, 2× and 3× amplitudes for both the healthy and slotted rotor at the
locations A1 and A3 for the second unbalance case (1gm at 0deg). In the case of the open
cracked rotor, the crack is situated at the middle of the shaft (as shown in Figure 1) and the
non-dimensional crack depth is equal to 1, which corresponds to the case of half the area of the
cross-section is missing due to the open crack.

In regards to the1× amplitudes, an offset at very low rotating speeds is observed (see Figure
3(b) or Figures 4 (a) and (b) for example). This fact indicates a significant and permanent bow in
the rotor. Then, the change in1× amplitudes at the first critical speed is clearly observed inall
cases. From the analysis of the results for the initial residual unbalance (0.18gm at 168deg) in
Figures 2(a) and (b) for the plane A2, the vertical and horizontal synchronous amplitudes varies
from 75µm and48µm to 210µm and220µm, respectively. With an added unbalance of1gm
at 0deg, the horizontal and vertical1× amplitudes change from440µm and250µm to 200µm
and180µm, respectively. Typically these changes in synchronous amplitudes are caused by
the shaft bowing due to the asymmetric transverse open crack. The bow is introduced by the
slot and so the effect of the slot is equivalent of an additional unbalance. In our case, it can be
observed that the offset due to this bow is important. For theslotted rotor, the bow generate
around10µm and15µm in the horizontal direction for the planes A1 and A2 (see Figures 4(a)
and (c) or Figure 3(b)).

Then, Figures 2, 3(c), and 4 illustrate the fact that the2× and3× harmonic amplitudes for the
slotted rotor are more significant than that of the healthy rotor when the rotor reaches one-half
and one-third of the first critical speed, respectively.

The high amplitudes of the peaks (about30−40µm for planes A1 and A3, and55–75µm for
plane A2) at one-half of the first critical speed are clearly due to the open crack. Moreover, the
resonance amplitudes of the3× components (about3–5µm for planes A1 and A3, and5–8µm
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for plane A2) at one-third of the first critical speed, are recognisable. Even if the3× amplitudes
are not very important, they are three times more important than for the healthy rotor and so
clearly show the effect of the open crack.

The same conclusions can be done from the analysis of the2× and3× amplitudes in Figures
2. The peaks of the horizontal and vertical2× amplitudes change from25µm and24µm to
52µm and75µm at one-half of the first critical speed, respectively. At one-third of the first
critical speed, the3× amplitudes changes from1µm to 6µm in both the vertical and horizontal
directions. Then, the rotating speeds where the2× and3× maximum amplitudes are observed
(at one-half and one-third of the first critical speed, respectively) decrease significantly (from
1465rpm to 1410rpm for the 1

2
sub-critical resonant speeds, and from980rpm to 960rpm

for the 1

3
sub-critical resonant speeds from the analysis of the2× amplitudes in Figures 4).

Moreover, the3× amplitudes increase at1
2

sub-critical resonant speed and at the first critical
speed due to the presence of the open crack.

Then, it clearly appears that the2× and3× harmonic components are present when the rotor
is passing through nearly the first critical speed.

From the analysis of the2× and3× amplitudes in Figures 4, it appears that the2× and3×
amplitudes are multiplied by three due to the presence of theopen crack. So the differences of
2× and3× harmonic components between the healthy and slotted rotorsare significant enough
in order to be used as a diagnostic tool.

Finally, then× normalized amplitudes are shown in Figure 7. Not only the2× and3×
amplitudes are present, but also the4×, 5× and6× harmonic components are visible at1

2
sub-

critical resonant speed whereas they are not visible for thehealthy rotor. Moreover, it clearly
appears that the2×, 3× and4× normalized amplitudes are more significant when the slotted
rotor reaches one-half, one-third and one-fourth of the first critical speed, respectively.

In regards to the2× amplitudes in Figures 6 and 7, it is observed that the speed range
where2× amplitudes are recognisable increases due to the presence of the open crack: for the
slotted rotor, the2× amplitudes are important from500rpm to 2000rpm, whereas they are only
recognisable between1300− 1700rpm for the healthy rotor.

All these results can be key indicators for the detection of open cracks in a rotating shaft.
All the previous results and comparisons between the healthy and slotted rotors are made

when one-half of the shaft diameter is cracked. In real machine, it is interesting to detect small
cracks when the crack depth is not greater than 10%-30% of theshaft diameter. So, to clarify
the effects when the open crack is not very deep, experimental tests are done for various non-
dimensional crack depths. Figures 8 show the evolutions of1×, 2×, 3×, 4×, 5× and 6×
amplitudes for both the vertical and horizontal directions.

First of all, the1× amplitudes increase or decrease with the increase of the transverse slot
depth in both directions whereas the critical speed of the rotor system always decreases, as
illustrated in Figure 8(a). The effect of slots on the critical speed of slotted rotors is consistent
with the results reported by Sekhar and Srinivas [22], Pennacchi et al. [12], and Darpe et al. [13]

From the analysis of the2× and3× amplitudes in Figures 8(b) and (c), it is observed that the
horizontal and vertical maximum amplitudes of the2× and3× orders growth gradually with
the non-dimensional open crack depth at the1

2
and 1

3
sub-critical resonant speeds, respectively.

Moreover, increasing the transverse slot depth decreases the rotating speed where the2× and
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3× maximum amplitudes are observed (at one-half and one-thirdof the first critical speed re-
spectively). These experimental results reflect the fact that the natural frequencies of the rotor
system are changed due to the reduced stiffness resulting from the transverse slot. If the open
crack is not very deep (i.e. the slot is equal toµ = 0.4), the2× amplitudes in the horizontal di-
rection are twice more important than in the case of the healthy rotor as indicated in Figure 8(b).
Moreover, the vertical and horizontal peaks at one-half of the rotating speed are very important
and exceed40µm. Showing the evolutions of the3× amplitudes in the horizontal direction (see
Figure 8(c)), the3× amplitudes appear to be four times more important than in thecase of the
healthy rotor. So the evolutions of the2× and3× amplitudes can be used for the detection of
an open crack even if the crack is not deep. However, it can be observed that it can be difficult
to detect a transverse slot that is inferior toµ = 0.4 in the present study.

In regards to the3× amplitudes in Figures 8(c), it is observed that the3× amplitudes in-
crease at1

2
sub-critical resonant speed with increasing the slot depth. As previously shown, the

evolution of the3× amplitudes at1
2

sub-critical resonant speed is significant even if the trans-
verse slot depth is not deep and is clearly recognisable if the slot depth is superior toµ = 0.4
(see the horizontal direction in Figure 8(c)). However, it may be noted that the amplitudes of
the3× amplitudes are small (about 4µm). Consequently, the detection of variations in the2×
and3× amplitudes at one-half and one-third of the first critical speeds can be used as a diag-
nostic tool for the detection of slotted rotor if the open crack is superiorµ = 0.4. We recall that
the conclusions presented in this study are consistent withour test rig and limited to the case
of an open crack. All the results that are presented in the study only give general tendencies
for the vibration characteristics of slotted rotors. For a real machine, some researchers have
demonstrated that it is possible to detect smaller cracks (14% of the diameter for the study of
Pennacchi et al. [12] for example).

Finally, evolutions of the4×, 5× and6× harmonic components are given in Figures 8(d-
f). In these cases, the increases of the4×, 5× and6× maximum amplitudes at1

4
, 1

5
and 1

6

sub-critical resonant speeds are not observed or not significant enough to be used as diagnostic
tools. However, it is observed that increasing the crack depth increase the4× and5× amplitudes
in both the vertical and horizontal directions when the cracked rotor is passing through one-half
of the first critical speed. Nevertheless, theses variations are not important enough (about 1-2
µm) and can not be used to detect the presence of a transverse crack in rotors.

3.2.2 Influence of the slot–unbalance interaction

The main objective of the following experiments is to investigate the effects of slot-unbalance
interaction on the2× and1× response amplitudes by considering variations of the unbalance
orientation angle and, the amount of unbalance and the transverse slot depth.

Firstly, the effects of the slot depth and the relative anglebetween the slot and the unbalance
for the 1× maximum amplitudes when the rotor is passing through the first critical speed are
shown in Figures 9(a-b) (with an unbalance of0.4gm). Experimental results are given for
various non-dimensional slot depths in both the vertical and horizontal directions. One maxima
is seen near180◦ and one minima is at approximately0◦ for both the vertical and horizontal
directions. It can be concluded that the effects of the relative angle between the transverse slot
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and the unbalance (for0.4gm) is more important that the effects of the slot depth (for this present
study) in regards to the1× maximum amplitudes at the first critical speed. All these results
are in agreement with the level of residual unbalance that has been estimated for the healthy
rotor (0.18gm at 168deg). By comparing with the experimental results previously published
by Darpe [13], it is noted that the variation of the peak response with phase of unbalance does
not match exactly but looks similar to his case with a lower unbalance of0.53gm and a slotted
crack ofµ = 0.23.

Then, the effects of the amount of unbalance and the transverse slot depth are given in Fig-
ures 9(c-d) by keeping a phase between the unbalance and the slot front of 0deg. It clearly
appears that the amount of unbalance drastically affect theevolutions of the1× maximum am-
plitudes. For the healthy rotor, increasing the amount of unbalance increases the1× maximum
amplitudes at the first critical speed for both the vertical and horizontal directions. This result is
in agreement with the level of residual unbalance of the healthy rotor (0.18gm at168deg). From
the analysis of the evolutions of the1× maximum amplitudes for the slotted rotor in Figures
9(c) and (d), the unbalance of0.4gm now gives lower responses for all the slot depths com-
pared to the healthy rotor. The smallest horizontal and vertical amplitudes (about 40-50µm) are
observed for the transverse slot depth ofµ = 0.8. These results imply that the presence of the
slot in the rotor system modifies lightly the level of residual unbalance.

Secondly, the effects of the relative angle between the transverse slot and the unbalance for
the2×maximum amplitudes when the rotor is passing through one-half of the first critical speed
respectively, are shown in Figures 10(a-b) for various non-dimensional crack depths (with an
unbalance of0.4gm at0deg.) in both the vertical and horizontal directions. Then, the effects of
the crack depth and the amount of unbalance is given in Figures 10(c-d) (in this case the phase
between the unbalance and the crack front is chosen to be0deg).

It is observed that for a given slot depth, the2× peak amplitudes at1
2

sub-critical resonant
speed do not depend upon the angle between the unbalance and the slot front. Increase of the
slot depth induces an increase of the2× amplitudes for all the slot–unbalance configurations.
These results are in perfect agreement with the previous study of Mayes and Davis [15]: they
observed that the2× harmonic component increases monotonically with the slot depth and that
there is no variation in the2× amplitude with out-of-balance distribution. However, it can be
remembered that some numerical studies [7, 19] demonstrated that the orientation between the
unbalance and the crack can affect the amplitudes of the2× peak amplitudes at1

2
sub-critical

resonant speed. For example, Jun et al. [19] observed an increase of the amplitude of the second
harmonic components with increasing the crack depth, but they indicated that the2× harmonic
components tend to have maximum or minimum amplitudes when the unbalance is in phase and
out of phase with respect to the crack. As explained by Sinou [7], the intensity of unbalance is
one of the key factor that can induce changes (or not) of the2× harmonic component with the
orientation between the crack and unbalance.

Considering these experimental results, it can be concluded that the changes in the2× am-
plitudes of the rotor system through one-half of the first critical speed drastically depend on the
crack depth and so appear to be the classical and robust signature for detecting the presence of
an open crack in rotors.

Then, Figures 11(a) and (b) illustrate the differences between the2× maximum vertical and
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horizontal amplitudes with regard to the transverse slot depth and phase between the crack
and the unbalance, and the slot depth and the unbalance intensity respectively. These results
demonstrate that the differences between the2× vertical and horizontal amplitudes increase
monotonically with the increase of the slot depth, when the rotor is passing at one-half of the
first critical speed. This phenomenon is due to the increasedasymmetry as slot depth increases.
These results also indicate that the effects of the slot depth are stronger that those of the unbal-
ance intensity or those of the phase between the slot front and the unbalance.

So, for a rotor with an opened crack (with a given unbalance and phase with the crack front),
not only changes in the2× amplitudes in both the vertical and horizontal directions may be
used for the detection of cracks in rotors, but also differences between the2× horizontal and
vertical amplitudes can be considered as one of the most practical indicators of the presence of
a crack in rotors for health-monitoring purposes.

3.2.3 Orbital evolutions

Now, the attention is focused on the evolution of the orbits around one-half and one-third of the
first critical speed. Firstly, the case of a rotor with a transverse slot of relative depth ofµ = 1
is investigated. As illustrated in Figures 12, the orbit of the slotted rotor at the middle of the
shaft (plane A2) firstly changes from double loops to an outside loop (like a ”‘eight”’) as the
speed of the rotor increases. Then, when the rotating speed of the slotted rotor reaches through
half of the first critical speed, the orbit plot changes from the outside loop to a loop containing
an important loop inside with a rotation of this loop indicating a significant change in both the
phase and amplitude of the2× vibration. As mentioned by Darpe et al. [13], the inner loop
changes its orientation by almost180◦.

In regards to the the phase evolution of the vertical and horizontal2× amplitudes of the
slotted rotor (see Figure 3(d)), the rotor vibrates in a forward precession below1340rpm and
above1390rpm. So the horizontal phase leads the vertical phase and the double inside loop is
present. Between1340rpm and1390rpm, this is a reverse precession orbit and the horizontal
phase lags the vertical phase as illustrated in Figure 3(d):the double outside loop appears, as
shown in Figures 12. Typically, the internal loop in the direct orbit is one of the characteristic
for signals containing two vibration components with the same direction of precession (see the
phases of the1× and2× components in Figures 3(b) and (d)).
By comparing the evolutions of the healthy and slotted rotors’ orbits (see Figures 5 and 12), it
clearly appears that the presence of an open crack generatesa strong evolution of the vibration
characteristics of the rotor when the rotating speed passesthrough nearly half of the machine
critical speed. Not only the maximum amplitudes of the orbits are modified, but also the size of
the inner loop. In regards to the orbits of slotted rotor in Figures 12, it is shown that the speed
range where the inside loop is present is larger than that of the healthy rotor (given in Figures
5). So the intensity of the inside loop can be used for the detection of an open crack in rotor.

To verify if the previous observations (variation and change of orbits around one-half of the
first critical speed) are valid for deeper slot, experimental investigations with various slot depths
are performed. Results are shown in Figures 13. First of all,the distortion in the two outside
loops (i.e. the ”‘eight”’) increases when the slot depth increases, as indicated in Figures 13 (for
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the rotating speedωrotor = 1340rpm). For planes A1 and A2, even if the slot depth is small
(see for example the case ofµ = 0.4), the orbital patterns are different from the healthy rotor.
Therefore, the detection of an open crack can be done by usingthe evolutions of the outside
loops before crossing1

2
sub-critical resonance. However, the differences of the two outside

loops for the different slot depths (fromµ = 0.4 to µ = 1) are not significant enough significant
enough to be estimate the size of the slot.

Then, when the orbit changes from a double loop to an inside loop (i.e just before crossing
1

2
sub-critical resonance), the inside loop increases with increasing the transverse slot depth for

the three positions of the shaft at the left, middle and rightof the rotor, as illustrated in Figures
13(d), (e) and (f) respectively (for the rotating speedωrotor = 1410rpm). After crossing1

2

sub-critical resonance (atωrotor = 1530rpm), Figures 13(g), (h) and (i) show that the same
results are observed: increasing the slot increases monotonically the inside loop for the three
planes A1, A2 and A3. This results are in perfect agreement with the numerical study of Jun
et al. [19]. In regards to the orbital patterns atωrotor = 1410rpm (see Figures 13(d), (e) and
(f)), it can be concluded that the vibration characteristics of the slotted rotor are different from
those of the healthy rotor even if the slot depth is not deep. Moreover, the size of the inside
loop is a good indicator of the slot depth. From the analysis of the evolutions of the orbital
patterns fromωrotor = 1410rpm to ωrotor = 1530rpm, it is observed that the rotation of the
inside loop indicating a significant change in both the phaseand amplitude of the2× vibration
is recognisable and significant enough to be the signature ofthe presence of a transverse slot in
rotor. For example, Figures 13(d) and (g) indicate that the inner loop changes its orientation by
almost180◦.

Showing Figures 13(d), (e) and (f), the difference between the horizontal and vertical sizes
of the inside loops increase with the increase of the slot depth. These results agree with the
previous observations done in Section 3.2.2 for the evolutions and differences of the2× ampli-
tudes in the vertical and horizontal amplitudes. So it clearly appears that the orbital changes of
the inside loop can be one of the most efficient and robust signature for detecting the presence
of a transverse crack in rotors.

In conclusion, all these results clearly indicate the change in both the phase and the ampli-
tude of the2× harmonic components around one-half of the first critical speed, as previously
explained in Section 3.2.1. The size of the inside loop is drastically affected by the slot depth
even if the open crack is not very deep. So, the orbital movements of the rotor through the
passage of one-half of the first critical speed can be used as the signature of a transverse slot in
the rotor.

Now, the effects of the unbalance, and the relative orientation angle between the transverse
slot and the unbalance near the rotational speeds at1

2
of the first critical speed are investigated.

Figures 14(a) and (b) illustrate the orbital changes at the middle of the rotor (plane A2).
From the analysis of the orbits in Figure 14(a), it appears that the orbital evolutions with

increasing the unbalance are not significant for a given slotdepth (i.e. µ = 1). The sizes
of the inside and outside loops are practically the same for all the cases. Then, Figure 14(b)
indicates that the outside and inside loops are not also drastically affected by the variation of
the angle between the slot front and the unbalance. These observations can be correlated with
the evolutions of the2× amplitudes of the rotor system through one-half the first critical speed,
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as previously explained in Section 3.2.2.
In conclusion, the distortion of the orbit and changes of thesize for the inside loop in the orbit

at one-half of the first critical speed can be consider as a robust damage assessment technique
for the non-destructive detection of a transverse slot.

4 Conclusion

This study presents an experimental work on the vibration characteristics of a slotted rotor that
corresponds to the case of an open crack. The presence of a transverse slot in rotor induces an
increase of the contributions of then× harmonic components, and a decrease of the first critical
speed and the associate1

n
sub-harmonic resonances.

It is also illustrated that the diagnosis of the presence of aslot can be based only on the
evolution of the2× harmonics response at one-half of the critical speeds. However, a reference
case that is generally chosen to be the healthy rotor is needed in order to avoid a worse diagnostic
since there are several other mechanisms in rotor that generate2× amplitudes. The response of
slotted rotor can be compared with those of an asymmetric rotor.

Then, a slight increase of the inside loop of orbital patterns when the rotor speed is around
one-half of the first critical speed can be a key indicator forthe detection of transverse slot in
a rotating shaft. Moreover, the difference between the horizontal and vertical2× amplitudes at
one-half of the first critical speed appears to be a robust indicator of the presence of a slot in
rotors.

So, the author hopes that the published experimental data may be useful for the future investi-
gations of researchers that are currently working on the detection and identification of transverse
open cracks in rotors. We recall that the results presented in this study can give general tenden-
cies for the vibration characteristics of open crack rotors, but they are consistent with our test
rig and limited to the case of an open crack.
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Figure 2: Evolution ofn× amplitudes and phase in plane A2 for the healthy and slotted ro-
tors (µ = 1) with the initial residual unbalance (a)1×, healthy rotor (b)1×, slotted rotor (c)
2×, healthy rotor (d)2×, slotted rotor (e)3×, healthy rotor (f)3× slotted rotor (solid lines =
horizontal direction, dashed lines = vertical direction)16
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Figure 3: Evolution ofn× amplitudes and phase in plane A2 for the healthy and slotted rotors
(µ = 1) with the unbalance of1gm at 0deg. (a) 1×, healthy rotor (b)1×, slotted rotor (c)
2×, healthy rotor (d)2×, slotted rotor (e)3×, healthy rotor (f)3× slotted rotor (solid lines =
horizontal direction, dashed lines = vertical direction)17
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Figure 4: Evolution of the global response,1×, 2× and3× amplitudes for the healthy and
slooted rotors (µ = 1) with an unbalance of1gm and a phase between the unbalance and the
crack front of 0 degree. (a-b) plane A1 (c-d) plane A3 (solid lines = uncracked rotor, dashed
lines = cracked rotor, black = global amplitudes, blue =1×, green=2×, red =3×)

18



  2e−005

  4e−005

  5e−005

  0.0001

  5e−005

  0.0001

  5e−005

  0.0001

ωrotor = 1285rpm ωrotor = 1345rpm ωrotor = 1385rpm ωrotor = 1405rpm

  5e−005

  0.0001

  2.5e−005

  5e−005

  2.5e−005

  5e−005

  2e−005

  4e−005

ωrotor = 1425rpm ωrotor = 1445rpm ωrotor = 1470rpm ωrotor = 1590rpm

Figure 5: Orbital evolutions for the healthy rotor for the plane A2 around one-half of the first
critical speed with an unbalance of 1gm and a phase between the unbalance and the crack front
of 0 deg.

19



500 1000 1500 2000 2500 3000 3500 4000

1

2

3

4

5

6

ω
rotor

 (rpm)

O
rd

er

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

Figure 6: Evolutions of thenth orders for the healthy rotor with an unbalance of 1gm and a
phase between the unbalance and the crack front of 0 deg.
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Figure 7: Evolutions of thenth orders for the slotted rotor withµ = 1 (unbalance = 1gm, phase
between the unbalance and the slot front = 0 deg.)
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Figure 8: Evolutions of then× amplitudes for various crack depths with an unbalance of 1gm
and a phase between the unbalance and the slot front of 0 deg. (a)1× - plane A2, (b)2× - plane
A2, (c) 3× - plane A1, (d)4× - plane A3, (e)5× - plane A1, (f)6× - plane A3 (-o- uncracked,
-+- µ = 0.2, -.- µ = 0.4, · · · µ = 0.6, - - µ = 0.8, –µ = 1)
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Figure 10: Evolutions of the2× maximum amplitudes at one-half of the first critical speed for
the horizontal and vertical directions at the plane 2 (a,b) versus the slot depth and the phase
between the unbalance and the slot front for an unbalance of 0.4gm (c,d) versus the slot depth
and the unbalance with a phase between the unbalance and the slot front of 0 deg.
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Figure 11: Differences between the horizontal and verticaldirections of the2× maximum am-
plitudes at one-half of the first critical speed on plane A2 (a) for various crack depths and
unbalance with a phase of 0 deg. (b) for various crack depths and phases between the unbalance
and the crack front with an unbalance of 0.4gm
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Figure 12: Orbital evolutions of the cracked rotor for planeA2(with µ = 1) around one-half
of the first critical speed with an unbalance of 1gm and a phasebetween the unbalance and the
crack front of 0 deg.
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Figure 13: Orbits of the cracked rotor around one-half of the first critical speed with an unbal-
ance of 1gm and a phase between the unbalance and the crack front of 0 deg. (red:µ = 1,
magenta:µ = 0.8, blue:µ = 0.6, black:µ = 0.4). (a) Plane A1 -ωrotor = 1340rpm, (b) Plane
A2 - ωrotor = 1340rpm, (c) Plane A3 -ωrotor = 1340rpm, (d) Plane A1 -ωrotor = 1410rpm,
(e) Plane A2 -ωrotor = 1410rpm, (f) Plane A3 -ωrotor = 1410rpm, (g) Plane A1 -
ωrotor = 1530rpm, (h) Plane A2 -ωrotor = 1530rpm, (i) Plane A3 -ωrotor = 1530rpm
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Figure 14: Changes in the orbital patterns at the one-half of the first critical speed as a function
of (a) the phase withµ = 1 and an unbalance of 1gm ( red: 0 deg., magenta: 90 deg., blue: 180
deg., black: 270 deg.), (b) the unbalance withµ = 1 and a phase of 0 deg. (black:0gm, blue:
0.4gm, magenta:0.8gm, red:1gm)
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