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MODAL ANALYSIS OF ROTATING MACHINES

Summary. Modal Analysis of rotating machines has specific
aspects and requires special approach. Classical Modal Analy-
sis elaborated for passive (nonrotating) structures does not
yield satisfactory results. These aspects, as well as specific
application of circular perturbation testing of rotating ma-
chines 1is discussed in this paper. An algorithm for identifi-
cation of modal parameters of rotating machines, based on
Dynamic Stiffness approach is outlined.

1. Introduction

Experimental Modal Analysis has become a popular method for study-
ing practical vibration problems of mechanical structures. Appli-
cation of Modal Testing for parameter identification and diagnostics
of rotating machines, which represent an important class of mechanical
structures, has several specific aspects and requires a special
approach. The results and predictions obtained by applying the
classical "passive structure"” Modal Testing to a rotating machine are
usually incomplete and not sufficiently accurate for the most important
lateral modes, while providing information which is insignigicant for
the rotating machine operating performance.

2. Specific aspects of Modal Analysis of rotating machines

2.1. Most of the modal identification methods and conventional
procedures of modal analysis deal with structures with assumed linear
behavior. The structures are modeled by self-adjoint differential
operators and discretized by symmetric matrices. Rotating machines
have an inherent nonsymmetric nature, due to rotation-related
factors, such as gyroscopic effects and fluid dynamic forces in
bearings and seals, which provide feedback-like effects. The dynamic
behavior of rotating machines can adequately be represented only by
the non self-adjoint differential operators. The discretization



128 A. Muszyrfska

yields nonsymmetric matrices. The modal analysis has to not only
determine all classical modal parameters (i.e., eigenvalues,
eigenfunctions constituting the right eigenvectors and form of
eigenfunctions yielding generalized/modal masses associated with
each eigenmode), but also the parameters provided by the left
eigenfunctions. Decoupling of precessional mode components requires
the utilization of additional relations (such as biorthogonality)
between left and right eigenvectors 1-5 .

2.2. Rotating machines can be modeled by linear equations in very
limited ranges of deflections and velocities. The classical Modal
Analysis, based on the assumption of linearity, has to be completed
by taking nonlinearities into consideration. Significant nonlinear
effects of geometric and physical origin in rotating machines can
introduce large errors to the classical Modal Tests 6-8 .

2.3. All dynamic phenomena occuring during the performance of a
rotating machine are closely related to the rotative motion of the
rotor. The continuous supply of rotative energy makes the system
"active', containing a feedback loop. Numerous vibrational phenomena
in rotating machines occur due to the transfer of energy from
rotation (main performance! to vibration (undesirable side effects).
Rotation of the shaft with all mechanical parts attached to it, as
well as involvement in rotation of the working Ffluid (in fluid-flow
machines, in seals and bearings), causes important modifications in
modes and natural frequencies. In large turbomachines, additional
changes can be generated by thermal effects, foundation deformations,
and misalignment. All these factors cause the results of Modal
Testing of rotating machines "at rest" (“'passive structure' approach)
to differ significantly from the results of testing during machine
operational conditions (“active structure" approach).

2.4. Rotors, which represent the main parts of rotating machines,
are similarly constrained in two lateral directions; therefore,
they exhibit vibrational motion which always has two inseparable
coupled lateral components (conventionally called "vertical" and
"horizontal'™). The result is two-dimensional precessional motion
of the rotor.

Unidirectional impulse testing, widely used in Modal Analysis,
when applied to a rotating shaft, results in a response containing
both vertical and horizontal components.

2.5. In practical performances of rotors, the precessional motion
can contain multi-frequency components, each of which has a definite
relation to the direction of rotation. In the most general case,
each individual component can be either forward (direction of
precession the same as direction of rotation) or backward (direction
of precession opposite to rotation). Direction of precessional
motion 1is vital to the rotor integrity. The net deformation frequency
of the shaft is equal to the difference between rotative and pre-
cessional frequencies, taking into account their signs. During backward
precession the shaft is, therefore, subject to high frequency de-
formation (sum of both frequencies). When measuring rotating machine
vibrations, it is important to identify each vibrational frequency
component, whether it is forward or backward. Narrow band filtering
and time base/orbit analysis are extremely helpful for this purpose.
In classical Modal Testing, 'negative" frequencies have no meaning.
Applied to rotating machines, the '"negative" frequency has a direct
and very significant physical interpretation related to backward
precession.
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2.6. Most important vibrational phenomena of rotating machines are
associated with the rotor lateral vibrations (sometimes coupled
lateral/torsional/longitudinal vibrations). Each mode of rotor lateral
vibration contains two components (vertical and horizontal), the
characteristics of which are usually slightly different as a result
of elastic/mass nonsymmetry of the rotor and supporting structure in
two lateral directions. Modal Testing of structures with closely-
spaced modes presents numerous difficulties. Rotating machines belong
to this category. It is, therefore, reasonable to define "pair modes"
in rotating machines (e.g., "first mode vertical™ and '"first mode
horizontal™).

2.7. Classical Modal Testing usually, though not always, deals
with a large number of modes of a structure over a wide frequency
range. In the performance of rotating machines, the most important
are the lowest modes and low-frequency precessional phenomena. This
fact is related to the rigidity of the rotor system and to the
relationship between the actual rotative speed and rotor precessional
dynamic phenomena. Firstly, rigidity/mass characteristics of a rotor
are always located in a lower range of frequencies than those of the
supporting structure. The lowest modes of the rotating machine
correspond, therefore, to the modes of the rotor itself. Secondly,
the rotating machine has its own continuously active forcing function
— the unbalance, which is a inseparable feature of the rotating
system. The frequency of this force is equal to the rotor s actual
rotative speed. The resulting motion is referred to as synchronous
precession. The operating speed of a single span machine train, even
if It represents dozens or thousands of rpm, seldom exceeds third
balance resonance frequency (the third lateral natural frequency);
therefore, main interest is concentrated on investigating the rotor s
first two or three lateral/bending modes, as the rotating machine
has to survive resonances of the lowest modes during each start-up
and shutdown. The amplitudes of rotor deformation at low modes are
the lighest, and the low modes are usually poorly damped. Therefore,
they ire of the greatest concern.

2.8. Another aspect of importance, focused on rotor lowest modes,
is the fact that nearly all self-excited vibrational/precessional
phenomena occurring during performance of a rotating machine are
characterized by low frequencies, always located in the subsynchronous
region (frequencies lower than synchronous frequency). The self-exci-
ted vibrations occur when rotative speed is sufficiently high, and
they are often referred to as rotor instabilities, which signifi-
cantly affect the machine operation. The frequency of self-excited
vibrations is either equal to a fraction of the actual rotative
speed — and the same ratio to rotative speed is maintained if the
rotative speed varies (oil whirl, partial rub) — or it is equal to
the rotor bending mode natural frequency (oil whip, full annular
rub). Due to the specific role of internal friction, the subsyn-
chronous vibrations of rotating machines are always characterized
by much higher amplitudes than supersynchronous vibrations.

2.9. When dealing with high number of modes during classical
Modal Testing, the accuracy of the phase angle readings is usually
low. In rotating machines the phase angle represents an extremely
important parameter. In not only gives information on the force/
response relationship, but also relates the shaft lateral vibration
to its rotative motion. It also yields significant information for
identifying modal parameters.’Limiting Modal Analysis to the lowest
modes permits one to increase the accuracy of phase angle readings.
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2.10. Finally, the most important aspect: The results of Modal
Testing of rotors during operational conditions in low-frequency
regions reveal the existence of specific modes, unknown in 'passive"
structures. These modes are generated by solid/fluid interaction
activated by the shaft rotation, e.g., in fluid-lubricated bearings
ans seals. During rotating machine performance, these modes exhibit
their activity through rotor self-excited vibrations (e.g., "oil
whirl"™ is the rotor/bearing system self-excited vibration; "oil
whirl resonance" and '"oil whirl mode"™ are modal parameters revealed
by perturbation testing £9-11].

In summary, Modal Analysis of rotating machines provides a signi-
ficant computational complexity due to the nonsymmetric nature of
rotating structure dynamic behavior. Modal Testing of rotating
machines should be focused on the lowest bending modes and applied
to the rotor during normal operational conditions. The classical
Modal Testing, as used in case of "passive'" structures, is not the
most efficient for this purpose. Better results can be obtained by
applying limited frequency sweep, circular-force, perturbation
testing (Fig- 1).

ROTATIVE ENERGY

OPERATIONAL TEMPERATURE
PRESSURE, LOAO, ETC.

Fig. 1. Perturbation technique for Modal Testing of rotating
machines at their operational conditions

3. Input forces for Modal Testing of rotating machines

Classical modal testing uses unilateral exciting forces, such as
provided by impacting or sinusoidal excitation. Static structures
tixhibit symmetry (in terms of the mathematical model, all matrices
are symmetric), which results in reciprocity of the cross-data:
accelerance at point "i" when force is applied at point "k equals
the accelerance at point "k when force is applied at point "i".

Rotating machines are not symmetric. Nonsymmetry in the system
matrices results from rotation-generated tangential forces. The
natural frequencies and modes differ for two different directions
of rotation. They are referred to as "forward" and "backward"™ modes.
Their corresponding natural frequencies differ in values, and these
differences are functions of rotative speed (and possibly other
operational factors).

When the classical unilateral excitation is applied to a rotating
shaft, the forced response consists of both forward and backward
modes, which are difficult to separate.
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The best excitation for rotating shaft modal testing during machi-
ne operational conditions is a rotating force with the distinct
direction: forward {same as rotation) or backward (opposite to rota-
tion) . This type of nonsynchronous excitation allows for easy sepa-
ration of the forward and backward modes and identification of
rotation-generated terms. The term "nonsynchronous' refers to the
perturbation frequency which is different than the rotative speed.

The use of a circular rotating force has further advantage, namely
ease of control of the force magnitude and phase by applying a
controlled unbalance in the perturbation system, as well as the ease
of controlling its frequency.

FREE SPINNER 0) VARIABLE
PERTURBATION (FORWARD,
BACKWARD) ,, FREE SPINNER
cglr - const m u m im ja

&

PERTURBATION
AGID ROTOR MASS
PERTURBATION
CO VARIABLE
(FORWARD, PerrURStKQ
COR- CONST backward) ySiaELSZm SLa.
£ i Z 1 SEPARATE motor
rolling element bearing PERTURBATION MASS

Fig. 2. Perturbation testing of rotating machines using sweep

frequency circular forces generated by rotating unbalance at Q:\%

free speener, or (B) rigid auxiliary rotor. Rotative speed of the
main shaft ( R) maintained constant

Various types of perturbation systems generating rotating forces
can be used. An unbalanced rotating free spinner mounted on the
shaft (driven, for instance, by an air jet flow) or an unbalanced
auxiliary shaft attached to the main rotating machine shaft through
a pivoting bearing and driven by a separate motor, both allow for
"nonsynchronous' shaft perturbation (Fig. 2). Two electromagnetic
actuators in X-Y configuration and generating sinusoidal forces with
90 degree phase shift can also be applied as perturbation input
force devices. For all these systems, the frequency (angular speed)
of the perturbing force is entirely independent from the rotative
speed of the main shaft: The latter rotates at a chosen constant
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speed, while the perturbation device provides the perturbation force
with sweep frequency. The shaft can be perturbed either in a forward
or a reverse direction. These perturbation systems also yield very

good results iIn "passive" cases, i.e., when the shaft does not rotate.

4. Response measurements

Most popular transducers used in classical modal testing are
accelerometers. The results are presented in terms of accelerances
(or "inertances') representing response acceleration vector to input
force vector ratios. Modal analysis of passive structures deals
usually with high number of modes with natural frequencies located
in relatively high frequency range. Accelerometers are the most
appropriate instruments for this purpose.

In a rotating machine the modes of highest interest are these of
the rotor itself. Most often the rotor modes correspond to the lowest
modes of the entire structure. The first natural frequency may occur
in the range of 5 to 15 Hz. In this range of frequencies accelerometers
perform very poorly. The best transducer in the low frequency range is
the displacement proximity probe. When mounted in casings or bearings,
the proximity probe provides relative measurements (shaft motion
relative to support motion). For machines with very soft supports the
proximity probe can be complemented by a seismic probe providing
casing absolute measurements (for instance in a form of a dual probe).

Results of modal testing using displacement transducers are usually
presented in term of receptances (with equally used names such as
"admittances', compliances", '"dynamic flexibilities"), which are the
ratios of the displacement response vectors to input force vectors.
Receptance vectors are widely used, for instance, in rotor balancing.
(They are often called "influence coefficients', but more property
are "influence vectors'™).

Using accelerometers, velocity pickups, or proximity transducers
in measurements of mechanical structure vibrations is not only a
matter of rational choice, corresponding the best to the type of
encountered conditions. It is also a matter of philosophy. Although
popular in modal analysis applications, accelerometers are not widely
used in on-line diagnostics of rotating machinery malfunctions. Rotor
displacements, not accelerations, are the most meaningful signals
for operating personnel. Specific changes in rotor displacements
(vibration amplitudes as well as static positions) directly indicate
what type of malfunctions the machine developes. Changes in the
static positions indicate changes in alignment state. This data
assists in prediction of oil whirl/whip self-excited vibrations, as
well as shaft crack prevention. A specific content of vibration
signals indicate presence of unbalance, rotor-to-stator rubs, loose
parts, shaft cracking, and other malfunctions.

The most harmful vibrations for the integrity of the rotating
machine are low frequency, subsynchronous vibrations, resulting
usually from an instability action transferring rotational energy
into vibrations. They have a “self-excited"” nature. Internal/struc-
tural friction forces in rotating elements at the subsynchronous
frequency range act against external damping forces. This results
in lowering the level of the system 'positive”, stabilizing damping,
and consequently, leads to high amplification of subsynchronous
vibration amplitudes independently of the original source of vibration.
The rotor lowest frequency vibrations are usually characterized by
the highest amplitudes.
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Acceleration amplitude is proportional to the square of vibration
frequency. This means that when measuring rotor vibration by using
accelerometers, the higher frequency components become dominant,
indicating high amplitudes. The low frequency components look in-
significantly small, even though they have high amplitudes in terms
of rotor displacements. In addition, accelerometers are most often
installed outside the rotor casing; thus they measure vibrations
of the outside structure, not vibrations of the rotor, which is the
main source of vibration. By transmission through the structure,
vibration becomes attenuated.

An example is shown in Fig. 3; Due to severe rotor-to-stator rub,
subsynchronous vibrations at frequencies around 2 kCPM exhibiting
amplitudes above 6 mils pp do not generate any meaningful signal
when measured by an accelerometer. Vibrations with 6 mils pp at
2 KCPM represent only 0.34 g. With accelerometer sensitivity of
10.2 mV/g it gives a weak signal of 3.5 mV. On the other hand, the
eighth harmonic (8x) at 38 KCPM shows the high acceleration amplitu-
de of 1.5 g (15.3 mV), which represents, however, a meaningless
motion of 0.073 mils pp.

5. ldentification of modal parameters of a rotating machine

In the classical Modal Testing identification of the structure
modal parameters are usually based on curve fitting of results
presented in the form of Receptances (Fig. 4). Much better identi-
fication results are, however, obtained when Dynamic Stiffness
Approach is applied. Straight lines are definitely the best to fit
(Fig- 4). An algorithm for identification of modal parameters of a
rotating machine is outlined below.

Rotor responses to rotating force excitation bring meaningful
data for identification of the system parameters. The identification
procedure involves matrice inversions, thus identification of higher
number of modes requires a computer for experimental data adquisition
and processing. The identification algorithm is outlined below.

Consider a nonsymmetric (laterally anisotropic) rotor with 2n
degrees of freedom:

[«O L*»~ P] [°1 3 [DL2) Ds 1 &i23

21 [n2] [K211CK2 1
where Z = col jxi,.. P n"—l e Jp" -,yn3 represents rotor
horizontal and vertical deflections at its p=1,...,n axial locations.
The system parameters are represented by the matrices: 3q]"

[Dg*1 (Pq,3-9J" [KgqJ" tKg,3-q]" 3=1*2 are inertia, damping, and stiff-
ness matrices correspondingly. The matrices Edq,S—qj' qgntaln i
gyroscopic effects and ''cross'" damping terms; matrices qu §—qf

contain elements of 'cross" stiffness type. They strongly depend on
the rotative speed. The function F represents an excitation vector.
For identification of the system parameters, a rotating perturbation
(excitation) force is applied consecutively at "r* ( =1,...,n)
axial locations of the rotor in either forward (s=1) or backward
(s=2) direction. The n pairs of displacement transducers in X-Y
configuration are mounted at 'p" (p=I,...,n) axial locations of
the rotor (Fig. 5). At the experiment when the force is applied at
r-th location, the excitation vector is, therefore.
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Fig. 4. Ildentification of modal parameters: @A curve fitting of
receptances, 12 , (B) straight line fitting of dynamic sitffness
results 11

* = ool Jo,...,OfFsraos(Wt+5sr),0,...0,M ) StlFsrsin(Wt+5sr)»0,...,0], s1,2.

where (@ is perturbation frequency, Fsr and (Tsr are the pertur-

bation force amplitude and phase respectively. Rotor responses
measured at "p" axial locations and filtered to the components
with frequency (O are as follows:

Asqll Asqln

_ s,q = 1,2
[*sqb = = rAsqpreb0Cs<ipr] a

_Asgnl ' Asgnn

where 'r'J indicates the exciting force location, Asgpr is the
response amplitude, sqgpr M the corresponding response phase

(angle between force and displacementKIln this presentation the
comples number formalism is used (=V_1).
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Fig..5. Modal jtesting of a rotating shaft using circular forward
and backward perturbation forces and displacement noncontacting
proximity transducers for vibration response measurements

The identification procedure is converged into the following
expressions:

0gq]-“2 =H b - (")gt2 1 ()
al- "2l g - Gz s
o[°q] = im{WlJ - <-Dq[wJ} ®
© RO L[] - [%] ®
»2J . qm 1.2 (C)
where
J A ; 1, s,9=1.2
Wsq sSI"i[-Asq] ["3-s .9 3-s,3-q ,3-q
. r -
Fs = diag Esi ’" "‘anj
The symbols "Re] and "ImEN" denote the real and imaginary
parts of the corresponding expressions. The power- ”-1" indicates

matrix inversion.
With the frequency sweep excitation (cjvariable from zero to
COmax) the results (@) to (@ are graphically presented versus Q or

The latter is used for Eq. (@Q): each element of the matrix [kg gj
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will

line,

then be represented in the plane @% ’K———_OZquy} by a straight
thus allowing easy identification of the elements of the
gsr

matrices EKg:}and IMqi' Each stiffness K can be read at inter-

section with the vertical axisand the mass Mgsr asa slopeof
the corresponding line (Fig. 48). The elements of the matrics£°g ]

and

3.9 lare calculated as slopes of the straight lines ver

yielded by EgS* and (3).

The described methodology was successfully used for one- and
two-mode identification of rotor/bearing system £9-113 -

REFERENCES

rii

[1

£4]

£5)
£4

£7)

£:1

£9)

£4

FI]

Glasgow, D.A., Nelson, H.D., Analysis of Rotor/Bearing Systems
Using Component Mode Synthesis. Journal of Mechanical Design,
Trans ASME, 102, 1980.

Bigret, R., Elements for the Modal Analysis of Symmetric and
Non-Symmetric Transfer Matric Structures. Proc. of the 2nd
International Modal Analysis Conference, Orlando, FI, February
1984.

Childs, D.W., A Modal Transient Simulation Model for Flexible
Asymmetric Rotors. Trans ASME, Journal of Engineering for
Industry, February 1976.

Zhang, Q., Lallement, G., Experimental Determination of Eigen
Solutions of Nonself-Adjoint Mechanical Structures. Proc. of
the 3rd International Modal Analysis Conference, Orlando, FI,
January 1985.

Andrews, R.P., Rotor-Bearing Dynamic Analysis by Structural
Decoupling, ibid.

Sullivan, B.J., Application of Modal Superposition in Nonlinear
Rotor Dynamic Analysis, ibid.

Fillod, R., Piranda, J., Bonnecase, D., Taking Nonlinearities
into Account in Modal Analysis by Curve Fitting of Transfer
Functions, ibid.

Black, H.F., Brown, R.D., Modal Dynamic Simulation of Flexible
Shafts in Hydrodynamic Bearings, Vibrations in Rotating Machi-
nery, Proc. of Conference, IMechE C266/80, Cambridge, U.K.,
1980.

Bently, D.E., Muszyiiska, A., Oil Whirl Identification by
Perturbation Test. Advances in Computer-aided Bearing Design,
82-72978, ASME/ASLE Lubrication Conference, Washington, DC,
October 1982.

Bently, D.E., Muszyiiska, A., Perturbation Study of Rotor/Bearing
System: ldentification of the Oil Whirl and Oil Whip Resonances.
Tenth Biennial ASME Design Engineering Division Conference on
Mechanical Vibration and Noise, 85-DET-142, Cincinnati, OH,
September 1985.

Muszyiiska, A., Modal Testing of Rotor/Bearing Systems. The
International Journal of Analytical and Experimental Modal
Analysis, Vol. 1, No. 3, July 1986.



138 A. Muszynska

03 Ewins, D.J., Modal Testing: Theory and Practice, Research
Studies Press Ltd., John Wiley & Sons Inc., New York, Brisbane,
Chichester, Toronto, Singapore, 1984.

0 MO.HAJILHCM AHAJIH3E TyPBOMAIUHH
Pe3d3bne

Mo~aj isHOMy aHajiH3y Typ6éoManiHH CBo8cTBeHN cneiflKjDHHeckKHe acneKTH
h TpenyeT oh cneipialibHoro nonxona,

KjiaccHnecKHi+ MonajibHHFfi anajiH3, pa3pa6oiaHHuUf£i ajih naccHBHux ne-
BpagaH)niHxcH kohct pyKijHM, He xaeT nojioxHTejibHux pe3yjibiaTob.

3th i1 aoneKTH,; KakK h 1 npHMeHeHHe nccjiefOBaHH.s Koaeo-
hhx HapyneHna b TypOoMajiHHax, npe~craBJieHH b HacToameH pafioTe.
B aHajiHSHpyeMOM cxynae, 6a3Hpya Ha ajieweHTax mhtphiih flHHaMHHecKoa
JKeCTKOCTH, CtJopMVJIHpOBaH anropHTM HFfleHTHeHKapKH MOflajlbHHX napawe-
TpoB TypSoMamHH.

O ANALIZIE MODALNEJ MASZYN WIRNIKOWYCH

Streszczenie

Analiza modalna maszyn wirnikowych ma specyficzne aspekty i1 wy-
maga specjalnego podejscia.

Klasyczna analiza modalna, ktdéra zostata opracowana dla biernych
niewirujgcych konstrukcji, nie daje zadowalajacych rezultatow.

Te aspekty, jak rowniez zastosowanie badania kotowych zaburzen
w maszynach wirnikowych,przedstawiono w tej pracy. W omawianym
przypadku bazujac na elementach macierzy sztywnosci dynamicznych
sformutowano algorytm identyfikacji parametrow modalnych maszyn
wirnikowych.
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Wptyneto do Redakcji 10.11.1989 r.



