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Rotor cracks represent an uncommon but serious threat to rotating machines and must be
detected early to avoid catastrophic machine failure. An important aspect of analyzing
rotor cracks is understanding their influence on the rotor stability. It is well-known that
the extent of rotor instability versus shaft speed is exacerbated by deeper cracks. Con-
sequently, crack propagation can eventually result in an unstable response even if the
shaft speed remains constant. Most previous investigations of crack-induced rotor in-
stability concern simple Jeffcott rotors. This work advances the state-of-the-art by
(a) providing a novel inertial-frame model of an overhung rotor, and (b) assessing the
stability of the cracked overhung rotor using Floquet stability analysis. The rotor Floquet
stability analysis is performed for both an open crack and a breathing crack, and con-
clusions are drawn regarding the importance of appropriately selecting the crack model.
The rotor stability is analyzed versus crack depth, external viscous damping ratio, and
rotor inertia. In general, this work concludes that the onset of instability occurs at lower
shaft speeds for thick rotors, lower viscous damping ratios, and deeper cracks. In addition,
when comparing commensurate cracks, the breathing crack is shown to induce more
regions of instability than the open crack, though the open crack generally predicts an
unstable response for shallower cracks than the breathing crack. Keywords: rotordy-
namics, stability, rotor cracks.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Rotor cracks, though rare, are exceptionally dangerous and can result in catastrophic machine failure [1,2]. Thus, rotor
cracks represent an uncommon but serious threat to rotating machines and must be detected early to avoid catastrophic
failure. A necessary prerequisite for understanding the behavior of a cracked rotor is a thorough study of the associated
rotordynamics, including both a forced response analysis (i.e., the diagnostic signatures of the crack) and a stability analysis.
It is well-known that deeper cracks result in rotor instability at lower shaft speeds [3]. Consequently, propagating rotor
cracks can eventually result in catastrophic instability even if the operational shaft speed remains constant.

The first step in determining the stability of a cracked rotor is accurately modeling the crack. In general, rotor cracks are
modeled according to (a) how the crack faces behave and (b) how the crack compliance is calculated. The faces of an open
crack remain open regardless of shaft rotation or loading conditions [4-6], while those of a breathing crack open and close
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as the crack cross-section varies between tension and compression [7,8]. This difference prominently manifests when
modeling the additional rotor compliance contributed by the crack. The open crack results in a rotor stiffness which is
constant in a shaft-fixed reference frame, whereas a breathing crack results in a nonlinear or linear time-periodic stiffness
matrix even in the shaft-fixed frame. In either case, the inertial stiffness of the rotor is linear time-periodic, and possibly
nonlinear depending of the specific breathing model used to approximate the crack.

Most approaches for modeling crack breathing behavior are either orientation-dependent [9-11] or response-dependent
[12,13]. Orientation-dependent models assume that the crack geometry varies smoothly between the fully-opened and
fully-closed states, and thus, the crack compliance only depends on the shaft rotation angle. These models are generally
valid beneath the first rotor critical speed [9]. The advantage of modeling an orientation-dependent crack is that the
compliance is a known function of shaft rotation, and can be determined prior to simulating the rotordynamics. On the
other hand, modeling the crack breathing as response-dependent assumes that the extent of crack closure depends on the
rotordynamics, and therefore must be evaluated at each instant in the numeric simulation (and consequently, the response
can be nonlinear). Darpe et al. [13] develop the crack-closure line approach, where the boundary between the opened and
closed crack regions is determined by the instantaneous stress state at the crack. Other works assume that the crack is
always either fully-opened or fully-closed [14]; this type of switching crack is not considered here because it predicts
responses which are not observed in reality [15].

Rotor cracks manifest most fundamentally as an increase in rotor compliance (i.e., a reduction in rotor stiffness). The total
compliance is therefore found by summing the undamaged rotor compliance and the additional compliance introduced by
the crack. The most common method for calculating the compliance of a true fatigue crack is the strain energy release rate
(SERR). The SERR was first developed by Dimarogonas et al. [4], and subsequently expanded to six coupled rotor degrees-of-
freedom [16,17]. A thorough survey of the SERR method is presented by Papadopoulos [7], who summarizes works em-
ploying the method, modifications to the method, and avenues for future work. Other researchers approximate the crack
compliance using local area moments of inertia [5,18] or three-dimensional finite element analysis [19,20].

Many crack detection schemes rely on integer shaft speed harmonics to identify rotor cracks. In the presence of a
constant radial load (e.g., gravity), an open crack generates only a 2X harmonic [5], whereas a breathing crack induces many
integer harmonics of the shaft speed [2,7]. Importantly, these harmonic oscillations interact with the structure and cause
associated sub-synchronous critical speeds (e.g., the 1/2 critical speed). The loss of rotor stiffness with increasing crack
depth causes these sub-synchronous critical speeds to likewise decrease. Other important diagnostic signatures are also
used to characterize rotor cracks, such as coupling phenomena [16] and unique time-energy-frequency signatures [21-
23,10].

A powerful technique for determining the stability of linear time-periodic dynamic systems is Floquet stability analysis
[24,25]. Guilhen et al. [26] describe a numeric method for performing Floquet stability analysis, and use the method to
calculate the instability threshold speed of an asymmetric rotor. Huang et al. [27] likewise perform a Floquet stability
analysis of a simple rotor model where the crack compliance is obtained using the SERR; their results indicate that even a
small amount of damping can dramatically improve the rotor instability threshold (this conclusion is likewise corroborated
by other investigations [28,29]). A similar analysis is performed by Meng and Gasch [30], who consider the stability of a
flexible Jeffcott rotor supported by fluid film bearings. Interestingly, their work concludes that the type of bearing does not
generally influence the shaft speeds over which the rotor response is unstable. Another important conclusion from existing
stability analyses of cracked rotors is that the breadth and onset of rotor instability is strongly dependent on the crack depth
and location [31,29]; deeper cracks result in wider instability regions and an earlier onset of unstable response. Sinou [32]
reaches similar conclusions using a perturbation stability analysis. Luo et al. [33] use Floquet stability analysis to indicate
that the multiple-fault scenario with a crack and rotor-stator rub changes the stability characteristics of the system. Ricci
and Pennacchi [34] analyze the stability of a generator rotor and conclude that in their particular system, instability is
eliminated because the crack is a localized effect in comparison to the large overall system geometry.

The objective of this work is to expand a model of an overhung rotor [3,5] and use the improved model to compare the
rotor stability considering both an open crack and a breathing crack. The inertial-frame overhung rotor model consists of
four degrees-of-freedom, including lateral and angular rotor deflections. External viscous damping and internal structural
damping are included in the model, along with rotating imbalance and dynamic angular misalignment. The crack com-
pliance is found using the strain energy release rate, and crack breathing is instituted using an expedient frequency-domain
approximation of the crack compliances over one revolution as calculated using the crack closure line method. Rotor sta-
bility is determined using a numeric Floquet stability analysis, and the results are compared for both an open and breathing
crack. The specific parameters studied here are the crack depth, the external viscous damping ratio, and the rotor inertia.

2. Modeling the overhung rotor

The four degree-of-freedom rotor model including lateral and angular deflections is shown schematically in Fig. 1 relative
to the inertial frame &;¢. The rotor has mass mg and transverse and polar mass moments of inertia of Iz and Ipg, respectively.
The rotor rotates about the system-fixed { axis with rotation rate .. Lateral and angular deflections in the direction of axis i
are denoted eg; and y;, respectively. Torsional and axial rotor degrees-of-freedom are not considered here. The inertial frame
rotor equations of motion are developed from the rotating frame equations of motion given by Varney and Green [6]:
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Fig. 1. Schematic of the overhung rotor displaying a transverse fatigue crack.
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where the rotor imbalance is & and the dynamic angular misalignment is y, [35]. In short-hand form, the equations of
motion are:

Mgy + Dg + D, + Gpdy + K1) + DR)qg = Fg(t) @)
where the degrees of freedom are encapsulated in the following vector:
qg = { €R5€R47R57R"}T 3)

The stiffness matrix K(t) is left as a general function of time to accommodate the time-variant stiffness coefficients resulting
from the cracked shaft. If the shaft is undamaged (i.e., isotropic), the stiffness matrix is denoted Kg, and assumes the
following form:

12,8
L L
12 6
Ky = &
o &40
L
6
-2 0 0 4
| L l )

where Ey is the elastic modulus, I is the cross-section area moment of inertia, and L is the shaft length. These coefficients can
be easily modified to account for other shaft geometries and boundary conditions (e.g., bearing support stiffness), though
this work only considers the overhung case.

External viscous damping is included in the rotor model via the matrix D, to emulate the operating conditions of real
turbomachines [35]. For simplicity, external viscous damping effects are assumed to be decoupled such that D, acquires a
diagonal form. Taking this into consideration, viscous damping ratios ¢, and ¢, are imposed such that

Cf ke Mg 0 0 0
0 Cfke My 0 0
0 0 [N 3 0

0 0 0 ¢Jk la 5)
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where k. and k,, are the diagonal entries of Ky corresponding to eccentric and angular deflections, respectively. Internal
damping caused by material hysteresis is encapsulated in the rotating damping matrix [Dg]. Here, the rotating damping
matrix is proportional to the undamaged shaft stiffness [K;] by the equivalent viscous damping coefficient 4. [3,5]:

1

T 2o,

Dg

K
ﬂc R (6)

Because the internal damping forces rotate with the shaft, the inertial frame equations incur an additional contribution by
transforming the forces to the inertial frame. The matrix D} is a consequence of this transformation:

& = R'DgR 7

where the matrix R moves a vector from the inertial to shaft-fixed frame according to the shaft rotation angle a(t):

cos a Sina 0 0
R= —sina cosa 0 0
0 0 cosa sina

0 0 —sina cosa )

3. Modeling the rotor crack
3.1. Open crack

The overhung rotor displaying a transverse fatigue crack is shown in Fig. 1, where the crack is located a distance L; from
the support (and thus, the rotor is located a distance L, from the crack, where L = L; + L,). The depth of the crack is a, and the
crack half-width is b (see Fig. 2). Because the crack remains open, the crack compliance and shaft stiffness are constant
relative to the shaft-fixed X;Y;Z; reference frame, where Zg signifies the shaft rotation direction. The crack compliance
coefficients c; are found using the strain energy release rate (SERR) [16], and then arranged into a local matrix [4] that
relates the additional deflections caused by the crack to the applied loads:

ex)] [c 0 0 07[Fx
Cvr 0 ;3 0 0|]Fy
e[ ] 0 0 cs5 cus|| My,
A 0 0 Cy5 Cyq MYR €)]

where F and M are forces and moments relative to the specified direction. The specific details regarding the compliance
calculations are omitted here due to the ubiquitousness of the method; further details can be found in the works by Varney
and Green [5,6]. The crack compliances are typically accurate for crack depths up to 80% of the shaft diameter [16]. Previous
works have calculated the cross-coupling coefficient c45 by integrating over half of the crack width (i.e., 0 to b) and doubling

Y,
o | b

Crack edge

Fig. 2. Crack cross-section relative to the shaft-fixed frame showing the half-width b and depth a.
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Fig. 3. Non-dimensional compliances for an open fatigue crack (Eg = 210 GPa, v = 0.3, d = 35 mm).

the result [3,5]. However, integrating over the full crack width, —b to b, indicates that c4s is zero when the crack is fully open.
This conclusion is also validated by other researchers [13,7]. The non-dimensional crack compliances are shown in Fig. 3.

The global compliance matrix of the cracked shaft relative to the shaft-fixed frame has previously been obtained using
the transfer matrix [36,6]:

Gi  —Cusls Csly  Ga
Cot = —csly o Gz —Csly
Cysly G, Gs C45
Cu —Csly G5 Cys (10)
where
Gi=0Cp+ Cul? + (L + L)
11 = Q2 T Ca4l 3E] an
3
Li+Ly)
G, = 2, (LitLly)
22 = C33 + Cssls + 3E] 12)
(L1 + Ly)
Gy =Cos + ——==
33 = Cs5 Ed (13)
(L +Ly)
Cpyy=Cpy + —
44 = Cyy Ed (14
2
Li+L
Ga=Cq=Caaly + % (15)
2
Li+L
Gy =Gy =—Cssly - % (16)

The final form of the compliance matrix for the open crack is then found by recalling that the coupling compliance coef-
ficient c45 is zero for an open crack. Importantly, and necessarily, removing the crack compliances reduces the global
compliance matrix to that of an Euler-Bernoulli beam of length L, + L, as expected. The stiffness matrix of the overall
cracked shaft is obtained by inverting Eq. (10) and transferring the result into the inertial reference frame:

K@) = R'C;[R a7

where the matrix R is provided earlier in Eq. (8). The inertial frame stiffness varies twice per revolution. To understand this
conclusion intuitively, consider the cases where the crack is oriented upward (i.e., Y; = ) and downward (i.e., Yy = — ). Both
orientations result in identical cracked shaft stiffness coefficients; thus, the stiffness of any coefficient varies twice per
revolution. In the presence of gravity, or any other fixed-direction inertial force, the deflection also varies twice per
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revolution because the crack orientation changes with respect to the excitation direction. However, in the case of only
synchronous excitation, such as imbalance, the excitation is fixed relative to the crack orientation, and therefore does not
create a twice-per-revolution frequency.

3.2. Breathing crack

In reality, the faces of a fatigue crack open and close as portions of the crack alternate between tension and compression.
This work assumes that the crack compliances vary harmonically with shaft rotation according to a known function (i.e., the
rotor static response dictates the breathing behavior). The crack compliances are found via the crack closure line (CCL)
approach [13], where the open region of the crack is determined by the respective stress intensity functions. Then, the
compliances are found by integrating only over the open crack region. This approach allows the compliances to reflect the
fact that the crack is fully-opened and fully-closed over a finite region of shaft rotation (see Fig. 5), and also permits the
cross-coupling compliance c45 to be calculated.

The CCL signifies the boundary between the open and closed regions of the crack; the crack compliances are then
obtained by integrating across only the open region:

O = 2 ]_U f_/J/m( )dydx

(18)
2 1 -2
pA T
G3= erRR _/ f yFn(h)dde (19)
1 -2
NA Y.
Cyq = ERR3 f f P F (E)dydx 20
1 -
/ y Y\ dw
Cas = ERR3 f f XyV1 - % le(ﬁ)ﬂy(ﬁ)dydx 21
1 -2 ) o
C55_ ERR3 f f F’X( )dy ax 22)

where b~ and b* signify the normalized lower and upper bounds of the open region and x and y are local coordinates of the
cracked region. An overbar signifies normalization by the shaft radius R. The shape functions Fy, Fy;, Fix, and Fy are provided
by Varney and Green [5]. The rotor material Poisson ratio is v. The crack geometry, along with the CCL, is shown in Fig. 4. The
CCL position is specified by the bounds b~ and b*, which are determined by evaluating the stress intensity function for the
first mode of crack opening, Kj, at every point along the outer crack edge (modes II and Il do not meaningfully contribute to
crack breathing [13]). Here, only the rotor weight is assumed to contribute significantly to the crack breathing behavior (i.e.,
the rotor speed is beneath the first critical speed), though this assumption could be relaxed in future works at the expense of
computational expediency. The stress intensity functions depend on the local axial stresses g; at the crack, the shape
functions used to calculate each compliance, and the crack geometry. The stresses, in turn, depend on the internal bending

b= \ Yr ht

a

V><
=

Fig. 4. Crack cross-section showing the CCL and the crack boundaries.
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Fig. 5. Crack breathing behavior for various orientations, where gravity acts in the negative » direction. Shading indicates open regions of the crack; (a)
a(t) = 0, (b) a(t) = #/2, (¢) a(t) = , (d) a(t) = 37/2.

moments generated by the rotor weight. The total stress intensity function K; at location x along the outer crack edge, where
x is a local coordinate that extends along the crack edge, is found by summing the stress intensity functions caused by
moments about Xz and Yg:

K =K x, + Ki v, 3)

This approach is permissible because the stress intensity functions are scalar quantities. Using the expressions for stress
provided by previous researchers [16,13] and evaluating the moments at the crack cross section caused by the rotor weight
in the rotating frame gives the following forms for K; x. and K; y.:

4(mpg cos a)L
K’-XR=RgﬂTmVR2_XZfWFIX(Wh) 24)

4(mgg sin a)L
Ky = = S v

25)
The location where K; changes from negative to positive denotes the location where the crack cross-section changes from
closed to open. This location is a function of angular position a(t) because gravity is a rotating force in the rotor-fixed X;YpZ;
frame. The region over which the crack remains fully-open or fully-closed is defined by the angle ,:

ifR-a
HC,:tan1( 5 )

where b is the half-width of the fully-open crack (see Fig. 2). Thus, the crack remains fully-open for —4,. < a(t) < 6., and
fully-closed for = — 6, < a(t) < = + 6 .

Evaluating the crack compliance integrals is computationally expensive when performing the rotor stability analysis (or
solving the rotor equations of motion). Because the compliances vary periodically, they can be expressed as a sum of complex
exponentials with fundamental period 2z/w,. Recognizing this, the fast Fourier transform is calculated for each compliance

(26)

¢t % Gy 27)

and then used to create an expedient reconstruction expression:
1 N
* 0 k . k
¢ =% G + k§:] IC,jIexp[l(kw,t +¢ )]

where 9%i(e) denotes the real part of the expression, C,? is the mean value over one period, N is the desired number of harmonics,

28)

IC,»’jI is the modulus of Cj(w) evaluated at the kth harmonic, and ¢ is the phase of Cij(w) at the k™ harmonic. This expression is
analytic with respect to time, and only relies on the crack compliances calculated over a single revolution. The compliances are
calculated over one period for a crack depth of 40%, and shown along with their Fourier reconstruction in Fig. 6 (note the
similarity between these results and those presented by Chasalevris and Papadopoulos [12] for another breathing function).
Here, each compliance is sufficiently reconstructed from the Fourier transform using N = 25 harmonics. Importantly, the
compliance calculations validate the angular bound 6.

The compliance matrix of the cracked overhung shaft (Eq. 10) using the new time-dependent compliances is then in-
verted into the stiffness matrix and transformed from the shaft-fixed reference into the inertial &;¢ frame (see Eq. 17).

4. Floquet stability analysis

Floquet stability analysis is a powerful tool for determining the stability of dynamic systems with linear time-periodic
coefficients. The objective here is to provide a practical method for performing Floquet stability analysis numerically; a
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Fig. 6. CCL Breathing Crack: Non-dimensional crack compliances versus shaft rotation, showing a comparison between direct calculation and a Fourier
transform approximation (a/d = 40%, Ex = 210 GPa, v = 0.3, d = 35mm, L = 250 mm, L, = 0.05 L); (a) angular crack compliances, (b) eccentric crack
compliances.

thorough mathematical treatment of Floquet theory is provided elsewhere [24,25]. The premise of Floquet theory is that a
first-order system of linear time-periodic (LTP) differential equations with fundamental period T can be rewritten such that

Xt + T) = ®X(t) (29)

where the matrix @ is called the monodromy matrix, and represents a Poincaré map that updates the vector solution X at
time ¢ to the solution at time t + T. The objective is to determine if this mapping indicates convergence or divergence of the
solution following a perturbation from the steady-state limit cycle. In general, however, the matrix @ is not directly (i.e.,
analytically) obtainable. To obtain ®, assume that a periodic solution vector q(t) exists with fundamental period T, and then
introduce a perturbation Aq:

q(t) = q4t) + Aq(D) 30

Inserting this disturbance and its derivatives into Eq. (2) results in the autonomous perturbation equations for the overhung
rotor:

MgAdg + (Dg + D, + Gp)A = gy + K(t) + DR)Aqy =0 31
where matrix notation has been dropped for brevity. In first-order state space, the perturbation equations of motion are:

X = A(bHx 32)
where the state vector is

x=[Aq Aql (33)
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The perturbation state space equations are now used to find the monodromy matrix @. The fundamental period T is divided
into N intervals with length At, such that T = NAt. Thus, if the number of intervals is large, the state matrix A(t) can be
assumed constant over At, which then allows the equations to be integrated numerically over each finite interval. The initial
conditions are assumed to be unity without loss of generality [24]. The numeric integration transfers the state vector at time
t; to the state vector at time t;,; = t; + At:

X(ti,) = TX(t) (34)
Thus, the monodromy matrix is the successive product of all the interval transfer matrices:
@ =Ty.. T, TT;_1.. T (35)

Here, the specific form of the transfer matrix T; is found by integrating the state-space equations of motion using the
Newmark-Beta method, according to the procedure established by Guilhen et al. [26]:

T B, B,
"7 2By — D/At 2B,/At -1

36)

where I is the identity matrix and

By = 4D;'Mg/At

B, = Dj'(4Mg/At? + 2C/At - ;)

Do= 4Mg/At? + 2C/At + E; 4 (37
where

E; = K; + D} (38)

C=Dg +D, + Gy 39)

These matrices can be modified if the damping matrix is also linear time-periodic (such a condition is not encountered in
this work). Stability is then determined by finding the eigenvalues of ®, which in this context are the Floquet multipliers Ay:

& - 211=0 (40)

These multipliers determine the local orbital convergence or divergence of the solution following one iteration of the
minimal period T. The solution x(t) is asymptotically stable if the modulus of every A¢ is less than unity, which guarantees
the existence of a stable limit cycle (i.e., periodic attractor) (a Floquet multiplier of unity does not guarantee asymptotic
stability). That is, any perturbation from the limit cycle results in the solution returning to the limit cycle. On the other hand,
the solution is divergent (i.e., unstable) if the modulus of any Floquet multiplier is greater than unity.

5. Results

The Floquet stability analysis is performed separately for an open crack and a breathing crack, where the parameters for
the rotor are given in Table 1. An experimental method for determining the internal damping coefficient g, is presented by

Casey and Green [3], who provide an estimate of 4. = 0.01. In all cases considered here, the crack is located a distance
L, = 0.05L from the support. In the results, a thin rotor refers to the case where I, = 2I, while the thick rotor designation

refers to the case where I,p = 0.5I. Furthermore, the matrix & is generated numerically using 150 time steps per period.

Table 1
Overhung rotor parameters.

Parameter

Rotor mass, mg 20 kg
Rotor transverse mass moment of inertia, I,z 0.2 kg-m?
Rotor polar mass moment of inertia, Iz (variable)
Shaft diameter, d 35 mm
Shaft length, L 250 mm
Shaft elastic modulus, Eg 210 GPa

Proportional damping coefficient, j. 0.01
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Fig. 7. Validating the rotor stability analysis for an undamped rotor (i.e., 4. = ¢ = ¢, = 0); (a) stability calculated using a conventional eigenvalue analysis,
(b) stability calculated using Floquet stability analysis.

5.1. Open crack stability

The rotor stability considering an open crack can be calculated in the rotating frame using a conventional eigenvalue
analysis [3] or in the inertial frame using Floquet stability analysis. In this work, the stability analysis of the rotor with an
open crack is performed using Floquet stability analysis. This choice is made to facilitate comparison with the rotor
breathing crack stability results, which cannot easily be analyzed using a routine eigenvalue analysis.

The Floquet stability analysis method is first verified by comparing the resulting instability bounds to those provided by
Casey and Green [3], where instability was determined using a classical eigenvalue analysis in the rotating frame. For
comparison with the results given therein, the analysis is performed for the undamped overhung rotor using the test rig
parameters provided by Casey [37]. The resulting Campbell diagram (i.e., the locus of eigenvalues versus shaft speed) is
shown in Fig Fig 7a for an open crack of depth 40%. In the classical eigenvalue analysis, the instability region is identified by
an eigenvalue with a positive real component (i.e., w, = 758 rad/s - 942 rad/s). The Floquet stability analysis gives lower and
upper instability bounds of 763 rad/s and 952 rad/s, respectively. These estimates are sufficiently close considering that the
Floquet stability method is predicated on solving the equations of motion numerically using the Newmark-Beta method.

The stability analysis is now performed for the parameters specified in Table 1. The Floquet exponents A¢ are obtained
across a range of shaft speeds for an open crack whose depth is 40% of the shaft diameter, and the moduli I3¢ are shown in
Figs. 8 and 9 for a thin and thick rotor, respectively. For each case, two scenarios are investigated: no external viscous
damping (¢, = ¢, = 0) and small external viscous damping (£, = ¢, = 0.01). In both cases, an external viscous damping ratio of
1% prominently reduces the extent of rotor instability versus both shaft speed and crack depth. Without external viscous
damping, the rotor response remains unstable with increasing shaft speed once the first local region of instability is en-
countered. This broad range of instability is a consequence of internal damping ., and occurs in a similar fashion even when

a = 0%. In general, the gyroscopic effect stabilizes the thin rotor over a wider range of shaft speeds than the thick rotor.
Additionally, the thin rotor response over the considered shaft speed range shows only a single region of instability, whereas
the thick rotor displays recurring regions of local instability.

The cracked rotor equations of motion are solved numerically to validate the stability predictions. Specifically, the va-
lidation is performed for the thick rotor with 1% external viscous damping and an open crack of 40% depth. The normalized
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rotor eccentric response is shown in Fig. 10 for both a stable (w, = 280 rad/s) and unstable (o, = 320 rad/s) shaft speed near
the first region of instability. The calculated responses are commensurate with the stability predictions gleaned from the
Floquet stability analysis.

The existence of crack-induced instability was also observed experimentally in an overhung rotordynamic test rig (a
description of the apparatus is provided by Varney and Green [5]). The test rig employs an overhung rotor with a finite-
width notch created via electrical discharge machining. While modernizing the rotor test rig and associated data acquisition
system, an undergraduate researcher unaware of crack-induced rotor instability operated the rotor at a speed within the
instability region. The resulting rotor quickly experienced catastrophic failure, and is shown in Fig. 11. The original notch of
depth 40% is shown in the figure, along with the crack which propagated due to operation within the instability region. The
specific shaft speed at which the failure occurred is unknown due to the circumstances of the failure. This experience
underscores the need to precisely predict the onset of crack-induced rotor instability.

The stability analysis is repeated over a wide range of crack depths and shown in Figs. 12-15 for external viscous
damping ratios of 0%, 0.5%, 1%, and 2%, respectively (in the figures, the dark regions represent regions of instability). As
observed previously, internal damping in the absence of external viscous damping results in an expansive region of rotor
instability (see Fig. 12). This wide range of instability disappears when external viscous damping is included, as shown in
Fig. 13. The figures indicate that once again, the thin rotor exhibits reduced instability regions compared to the thick rotor.
For all cases presented here with external viscous damping, the thin rotor has only a single region of instability, whereas the
thick rotor has multiple recurring instability regions. These instability regions are influenced by crack depth, a conclusion
that has also been reached by previous researchers [3,8]. In all cases considered here, the shaft speed range over which the
rotor response is unstable increases with increasing crack depth. If a crack is suspected, operating in (or even near, due to
crack propagation) these instability regions can quickly result in catastrophic machine failure. This observation underscores
the need to detect and rectify incipient rotor cracks.
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Fig. 11. Overhung rotor failure due to instability caused by an open crack.
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Fig. 18. Breathing Crack: Floquet stability (¢, = ¢, = 0.02); (a) thin rotor (I,r = 0.4 kg -m?), (b) thick rotor (Ior = 0.1kg- m?).

5.2. Breathing crack stability

The rotor stability considering a breathing crack is calculated using Floquet stability analysis and shown in Figs. 16-18 for
external viscous damping ratios of 0.5%, 1%, and 2%, respectively. Similar to the open crack, the rotor stability once again
depends strongly on the external damping ratio, the rotor thickness, and the crack depth. Several important conclusions are
drawn from the analysis, and are generally similar to those gleaned from the open crack analysis:

1. The rotor instability shaft speed range increases with increasing crack depth.
2. Increasing the external viscous damping ratio decreases the extent and prevalence of localized crack-induced instability
regions.

3. The breathing crack generates more localized instability regions for a thick rotor than a thin rotor, except for the case of
high external viscous damping.

Still, there are several important differences between the rotor stability with an open versus breathing fatigue crack. These
differences are most prominently observed regarding the prevalence of instability regions (i.e., the number of branches on
the instability plots) and the approximate lower threshold of crack depth abetting instability (i.e., the shallowest crack over
the considered shaft speed range that causes instability):
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1. For small external viscous damping ratios, the breathing crack causes more regions of rotor instability than the com-
mensurate open crack.

2. For a given external damping ratio, the open crack model predicts instability for shallower cracks than the breathing
model predicts. For example, comparing Figs. 13b and 16b, the lower threshold of crack depth causing instability is
approximately 17% for the open crack and 24% for the breathing crack. This observation is valid for both thin and thick
rotors.

It is also interesting to note that the thick rotor has more branches of instability than the thin rotor because the thick rotor
has an additional forward critical speed, and thus, a greater propensity for parametric resonance. Furthermore, as the crack
increases in depth, the forward critical speed(s) decrease in frequency; this decrease is likewise observed in the instability
region branches. Accurately predicting rotor instability therefore hinges on accurately identifying an appropriate crack
model. To reiterate, the stability predictions are important because they provide an upper limit on crack depth beyond
which catastrophic failure occurs via the onset of instability. The crack must be detected before its propagation causes rotor
failure.

6. Conclusions

This work has presented a numeric Floquet stability analysis for a cracked overhung rotor with linear time-per-
iodic stiffness coefficients. The rotor model is presented in the inertial reference frame, and includes gyroscopic
effects, external viscous damping, and internal structural damping. Two different types of cracks were considered
here: an open crack and a breathing fatigue crack. In both cases, the crack compliance is calculated using the strain
energy release rate. The breathing crack compliances are evaluated versus rotor rotation using the crack closure line
method, and subsequently approximated using the Fourier transform (this provides an expedient method for eval-
uating the breathing crack stiffness during the numeric stability analysis). The global rotor stiffness matrix is then
obtained in closed-form using transfer matrix methods, resulting in a time-dependent stiffness matrix (and speci-
fically, linear time-periodic coefficients).

The stability analysis is then performed over a range of crack depths for different values of external viscous damping and
rotor inertia. In all cases, and for both cracks, several key conclusions are observed. First, the range of shaft speeds over
which the rotor is unstable increases with increasing crack depth. Second, the range of instability is dramatically reduced by
even small increases in external viscous damping. Finally, it is observed for both crack types that the thick rotor displays
more local regions of instability than the commensurate thin rotor. Several differences are also observed when comparing
the stability of the rotor with the open crack and the breathing crack. In general, the breathing crack induces more localized
regions of instability than the open crack. However, instability occurs at shallower crack depths when the crack is open than
when it is breathing. These conclusions underscore the importance of accurately modeling the rotor, the damping condi-
tions, and the specific crack behavior.
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