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Approximate Modal Identi� cation of Lightly
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Turbine blade cracking or failure caused by high-cycle fatigue is a concern in both aerospace and aircraft
engines. Because of manufacturing advances leading to integrally bladed disks, nonuniformities and damping
associated with the blade-to-disk interface have been considerably reduced. In systems such as these, bladed-
disk assemblies can behave as lightly damped, rotationally periodic structures in which many resonant conditions,
involvingresponse in all of the blades, exist. Because of the nonuniform,aerodynamicforces on the blades, excessive
vibration response in the high-frequency regime can be a problem and, thus, identi� cation of resonant conditions
in this region of the spectrum is important in avoiding operation at potentially damaging speeds. We present a
simple modal identi� cation technique that can help locate potentially harmful resonant conditions and aid in the
validation of computational models of highly tuned, bladed-disk assemblies across a wide frequency regime. The
experimental approach used to acquire the necessary measurements in a timely manner is also described. An
example is presented using data acquired from an impulse test of a turbine and includes results up to 20 kHz.

Nomenclature
b = given number of blades
f = frequency, Hz
fn = natural frequency, Hz
Hi; j = frequency-response-function relating response at blade i

to impact at blade j , g/lbf
Href = frequency response function of reference blade, g/lbf
i = blade number
j = number of nodal diameters
On = number of nodal diameters for entire disk
nb = number of nodal diameters in b blades
t = time, s
tref = arbitrary reference time, s
yi = modal amplitude of blade i
yref = modal amplitude of reference blade
µi = angular position of blade i , rad
Ái; j = phase relating response at blade i to impact at blade j
Áref = phase of reference blade, rad

Introduction

P REVENTION of high-cycle fatigue failures, induced by reso-
nant vibration, in turbines is critical in the aerospace, aircraft,

and power industries.It is not surprising,therefore,that an extensive
amount of research has been directed at understanding and accu-
rately predicting the vibration characteristicsof turbine blading.1¡7
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Much of this knowledge is derived from analyticalmodels that vary
in their ability to treat mistuned conditionsand their applicabilityto
predictingresponse in the high-frequencyregime. Regardlessof the
particular methodologies used, however, the complexity of bladed
disk, or blisk, systems suggests that experimental methods be used
to verify and validate the theoretical predictions.

This paper presents an expedient (from a test time and postpro-
cessing standpoint) but approximate mode extraction method that
can be used across a wide frequencyrange and requires information
that can be acquired using a minimal amount of instrumentation.
It is suggested that a single accelerometer, an instrumented force
hammer, and a dual-channel data acquisition system are all that
is needed in order to conduct impulse response tests from which
modal information can be extracted and used to validate complex
numericalmodels and/or Campbell diagrams.Reference8 provides
a thorough explanation of the impulse testing employed to obtain
the data required for the modal identi� cation approach documented
herein. The experimental technique presented requires an under-
standing of the well-documentedbehavior9¡18 of rotationally peri-
odic structures and requires that the blisk be highly tuned and the
modes be well separated.Although these restrictionsmight initially
seem rather limiting, the recent introduction of integrally bladed
disks with minimal damping and mistuning, in both aerospace and
aircraft turbines, seems to make the approach attractive. The ef-
fect of mistuning, in which even a small degree of blade-to-blade
variability can signi� cantly alter the response characteristicsof the
hardware, has also been the subject of much research.19;20

The approachpresentedhereinfor the extractionof blisk response
characteristics is not a rigorous modal identi� cation method. Al-
though the authors use the terms “modal identi� cation” and “mode
shapes”for brevity, it should be understoodthat the responseshapes
identi� ed in this paper are really operating de� ected shapes, which,
in the case of highly tuned and lightly damped structures, can
provide approximate mode shapes that are suf� cient for develop-
ment of Campbell diagrams and provide very useful information
for numerical model validation. Furthermore, it is acknowledged
that the modal identi� cation approach used herein is rather simplis-
tic compared to some of the more recent and elegant identi� cation
strategies. Because of limitations associated with acquiring lightly
damped responses over a wide frequency range and a compressed
time schedule, the authors elected to use a rather simplistic yet
easy-to-implement and easy-to-understandapproach that could be

1105



1106 DIMAGGIO, DURON, AND DAVIS

employedin practiceby any test engineerin an industry,production-
line setting.

The accurate extractionof modal characteristicsfor highly tuned
blisks presents many challenges, chief of which is the sensitivity
of the structure to perturbations caused by the measurement sys-
tem. This problem, discussed in Ref. 21, has led most experimen-
talists to employ relatively unobtrusive measurement schemes, in-
cludinglaser vibrometers,21;22 strain gauges,23 � ber-opticsensors,24

andproximityprobes.25 Additionalexperimentalapproachesrelated
to turbines are also discussed in the context of accurately measur-
ing blisk damping values.26¡28 Nevertheless, a systematic approach
to experimental veri� cation of complex blisk models is not well
established.

Unlike the previous approaches,this paper documents an experi-
mental approach and corresponding approximate modal extraction
procedure that relies on an accelerometer to obtain the responses.
Special tests, discussed in this paper, were performed to demon-
strate that the use of the accelerometer did not induce any signif-
icant mistuning into the system and that the blisk behaved as a
highly tuned, rotationally periodic structure. Although details are
not provided herein because of length restrictions, results obtained
using an accelerometer provided improved � delity as compared to
those obtained on the same structure using strain gauges and laser
vibrometers.

Background
A blisk and shaft are illustrated in Fig. 1, supported on a spe-

cial stand used during the tests. As a result of a unique design and

a)

b)

c)

Fig. 1 Turbopump blisk and shaft supported in test stand. a) Stage 1
blades (smaller) and stage 2 (larger) blades are shown at the left end
of the blisk assembly. Note the bearing that is seated in the left-hand
support; b) section A-A’; and c) section B-B’.

manufacturing process, the structural system illustrated in Fig. 1
exhibits extremely low damping and is highly redundant.For exam-
ple, structuraldampingvalues on the order of 0.01% of critical were
measured. The term “highly redundant” implies that blade-to-blade
variability in material and geometric properties can be considered
negligible.

In the case of the tuned turbine rotor, the blade modes of vi-
bration occur in families, or clusters, that are described according
to their relationship to responses of a single blade mounted (can-
tilevered) on a rigid base or, in other words, uncoupled from the
disk. For instance, at any particular resonant frequency in which
the blades deform relative to the disk the blades exhibit a response
shape characteristic of one of the modes of a single, cantilevered
blade. All blades around the circumference of the disk, however,
do not deform with the same modal amplitude or phase. Rather, the
amplitude and phase vary in a periodic manner around the circum-
ference of the disk with a given number of nodal diameters. For a
given single, cantilevered-blademode shape, the number of nodal
diameters in the coupled-system mode governs the amplitude and
phase relationship between individual blades on the rim. The to-
tal number of nodal-diametermanifestations,or diametrals, of each
single, cantilevered-blademode is m D .N ¡ 1/=2, for N odd,where
N is the number of blades. When perfectaxial symmetry exists, two
“repeated” modes that have the same nodal-diametershape and are
separated by an arbitrary angle exist at each resonant frequency.

For the turbine rotor tested 123 stage-one blades were present,
resulting in 61 diametrals for each of the single, cantilevered-blade
mode shapes. For a tuned blisk vibrating in a mode having j nodal
diameters, the modal amplitude of blade i on the periphery can be
expressed as7

yi D A sin. jµi / cos.2¼ fn t/ (1)

for

µi D .2¼=123/.i ¡ 1/; i D 1; : : : ; 123 (2)

as shown in Fig. 2. The shape of vibration on the periphery of the
disk is A sin jµi , and the frequency of the resonant oscillation is
denoted fn .

The drawings in Fig. 2 are intended to illustrate modal response
for the � rst three diametrals. For the � rst diametral a single nodal-
diameter line exists, and the two blade groups located on either side
of this node line respond with opposite phase. Although this might
be the � rst diametral, the blade response relative to the disk can be
characterized by any of the mode shapes for a single, cantilevered
blade. If blades are located exactly on the nodal diameter line, how-
ever, they exhibit no response. For a diametral characterized by j
nodal-diameterlines, blades located exactlyÁ D 2¼=j radians apart
exhibit the same amplitude and phase response behavior. For ex-
ample, the second diametral corresponds to j D 2 and, as shown in
Fig. 2, bladesseparatedby Á D ¼ radiansexhibitthe same amplitude
and phase response.As the numberof nodaldiameters increases,the
natural frequencies of the coupled system, or blisk, asymptotically
approach the respective cantilevered frequencies of a single blade.

The nomenclature used in this report is introduced by consider-
ing what is referred to as the eighth diametral of the third blade
mode. This mode shape is denoted as 3(8) and describes a mode
characterizedby blades that deform relative to the disk in the third
cantileveredmode shape. In this mode, the response amplitude and
phase of individual blades vary sinusoidally around the blisk cir-
cumference with eight full waves.

In the following sections of this paper, the blisk is treated as a
perfectly tuned system in which all of the blades are assumed to
be identical. In fact, no system is perfectly symmetric, and a small
degreeofmistuningis alwayspresent.This slightvariabilityin blade
geometry and material properties causes the “repeated” modes just
mentioned to split in frequency. Each nodal diameter shape can,
thus, occur at two distinct natural frequencies that deviate by an
amount depending on the degree of imperfection in the blisk. In
the absence of signi� cant mistuning, as in the case of the hardware
discussed herein, these two modes appear either as very closely
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Fig. 2 Vibration modes of a highly tuned bladed disk.

spaced resonancesor, dependingon the frequency resolutionof the
frequency response functions (FRFs), as a single resonance. The
approachdescribed here assumes that the pairs are, in fact, repeated
in frequencyand a single approximatemode shape, which is a linear
combination of the two modes in the pair, is estimated.

Experimental Approach
The main goal of the experiments described herein was to obtain

datanecessaryto performanapproximatemodalidenti� cationof the
bladed disk portionof the turbopumpassembly illustrated in Fig. 1.
The test article consisted of the blisk and pump shaft mounted in a
specially designed support � xture. The center of mass was located
at the blisk end of the test article, thus ensuring that the shaft bearing
(Fig. 1) maintained contact with the � xture and that the tie-down
strap at the other end of the shaft remained in tension. This setup
allowed the blisk to be easily rotated in order to provide access to
any particular blade of interest.

Light damping and the relatively large frequencyrange of interest
associatedwith the blisk responseguided the choice of instrumenta-
tion and the designof suitable testprocedures.It also led to extended
acquisition times in order to allow transients to fully decay back to
levels present prior to the transient event.The large frequency range
of interest (20 kHz) further required unusually small sampling in-
tervals and, together with the extended acquisition times, resulted
in large data sets. Although mass loading effects were considered
at the onset of testing, the miniature accelerometer used to mea-
sure blade responsedid not signi� cantly affect the measurementsor
the extracted dynamic characteristics.This � nding is based on tests
conducted using a laser vibrometer to measure stage-one blade re-
sponse both with and without the miniatureaccelerometermounted.
Evaluation of the FRFs revealed that the location of resonant peaks
remained unaffected in frequency. The ratio of accelerometer mass
to blade mass for these tests was 0.004.

Test procedures were based on standard impulse test techniques
and were designed to provide reliable and repeatablemeasurements
of impact force and blade response. Although the main purpose
of the experiments was to characterize the entire blisk assembly
illustrated in Fig. 1, several tests were also conductedon the single-

a)

b)

Fig. 3 Accelerometer mounting and impulse locations as shown on
single-blade article. For these tests a) impacts were applied on the suc-
tionsideat the locationshown andb)a singleaccelerometer was attached
on the pressure side of the blades at the location shown.

blade test article illustrated in Fig. 3. Thus, whereas the paper will
focus on the blisk tests, the single-blade article is used to describe
the force and response locations used during both tests.

Transient blade response caused by the application of an impact
(force pulse) was obtained, using a miniature accelerometer glued
to the pressure side of blade 1 on the blisk at the location shown in
Fig. 3b (shownon the single-bladetest article).Impactswere applied
sequentially on stage-one blades on the suction side, as shown in
Fig. 3a.
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Because of limitations associated with the data acquisition hard-
ware, resulting from the high sample rate and long data records
required for these tests, only the force pulse and a single acceler-
ation response could be acquired concurrently. Furthermore, given
the requirement to glue the miniature accelerometer to the blades
in order to provide high-frequency vibration transmission, it was
impractical to consider moving the transducer from blade to blade
during the test. As a result, an alternate approachwas used in which
the transducer remained attached to blade 1 for the duration of the
tests, while impacts were applied sequentially to blades 1–24, num-
bered in a clockwisedirectionaroundthe circumferenceof the blisk.
This procedurevaried from the more desirable practice of applying
an impulse, or input, at one location (� xed during test), and mon-
itoring transient response, or output, at all measurement locations
simultaneously.

To assess the degree to which symmetry was present in blade
response behavior, a special series of tests were performed. In these
tests the responses at blade 1 as a result of impacts at blades 1–5
were compared to the responses at blade 20 as a result of impacts at
blades 20–24. Similarity in the resulting FRFs indicated that a high
degreeof bladesymmetrywas presentin theblisk responsebehavior,
thus allowing any location (i.e., any stage one blade) to be used
as the reference. In the case of the modal identi� cation procedure
discussed in the preceding section, it is, therefore, believed that the
approximationof the blisk as a perfectly tuned system is warranted
and provides an accurate estimate of the true system behavior.

Spectral estimates were obtained using standard Fourier analysis
techniquesand includedpower spectraldensities(PSDs), FRFs, and
coherence. FRFs were computed using the acceleration at blade 1
as the output and the impulses applied sequentially to the stage-one
blades as the inputs. In the following sections of this paper, it is
assumed that high-quality FRFs, relating the acceleration response
at blade number one to a force input at blades 1–24, for frequencies
up to 20 kHz, have been acquired. For a complete discussion of
the experimental techniques required to obtain these responses, the
reader is again referred to Ref. 8.

FRFs for Single-Blade Test Article
Prior to testing the complete blisk assembly illustrated in Fig. 1,

the single-blade test article shown in Fig. 3 was tested. This pre-
liminary test provided the experimentalista reasonable expectation
of where in the frequency spectrum modal clusters associated with
each cantilevered-blademode would exist.

A single-bladeFRF magnitude estimate, relating accelerationre-
sponse to the applied impulsive force, is shown in Fig. 4. The � rst
three resonantpeaksfor the single-bladetest articleare easily identi-
� ed at 10,550, 13,177,and 19,035 Hz, respectively.A � nite element
model was also generated for the single-blade test article, and the
computed natural frequencies in Table 1 (for the � rst three modes)
show good correlation with the experimental results. The results
of the numerical model for the single blade, with the � exible base
removed and a cantilevered boundary condition imposed, are also
shown in Table 1.

Fig. 4 FRF magnitude for single-blade test article.

Table 1 Summary of single-blade frequencies

Numerical model Numerical model
Experimental � exible base cantilevered

Mode frequency frequency frequency

1 10,550 10,551 11,868
2 13,177 13,181 14,442
3 19,035 19,000 21,176

Fig. 5 FRF magnitude relating blisk response at blade 1 to impulse
applied at blade 1.

Fig. 6 Expanded view of Fig. 5.

FRFs for Complete Blisk
The FRF shown in Fig. 5 was determined from the full-blisk

tests and relates acceleration response at blade 1 as a result of an
impulse applied to blade 1. Blade measurement locations (for both
impact and response) were the same as those employed during the
single-blade tests.

Comparisonof the FRF magnitude in Fig. 5 with the single-blade
results shown in Fig. 4 reveals signi� cant differences in spectral
character. Whereas the single-bladeFRF magnitude contains three
dominant resonances, associated with blade bending and torsional
behavior, the strong coupling between the blades on the blisk rim
leads to the appearance of many closely spaced resonances in the
full-blisk system. The FRF magnitude in Fig. 5 is characterizedby
the presence of three clusters, or families, of blade modes. In each
cluster the blade-mode diametrals are observed to asymptotically
approach frequencies of 10,335, 13,408, and 19,595 Hz, respec-
tively. As expected, these frequenciesare all below the cantilevered
frequencies summarized in Table 1.

Figure 6 shows an expandedview of the designatedregion shown
in Fig. 5. From the information in Table 1 and an understanding
of the well-documented behavior of highly tuned bladed disks, the
probable mode shapes associated with the resonant peaks shown in
Fig. 6 can be inferred. As indicated in Fig. 5, the resonant peaks
associated with the higher-order, cantilevered-blademodes can be
interspersedwith the lower-order,cantileveredmode shapes.For ex-
ample, although the closely spaced peaks at 12,772 and 12,786 Hz
might, in other structural systems, be interpreted as a split-second
mode resonance,mode-extractiontechniquesreveal the12,772reso-
nance to be theeighthdiametralof the thirdblademode.Conversely,
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none of the � rst blade-mode diametrals exist above the associated
cantileverfrequencyof 11,868Hz and, thus,are not evident in Fig. 6.

Approximate Mode Extraction
The FRFs acquired during test related the response at blade 1

(reference measurement location) to impacts applied sequentially
to each blade tested. Maxwell’s reciprocal theorem suggests that
the FRFs relating acceleration response at blade 1 to impulses ap-
plied at blades j D 1; : : : ; 24 can be considered to be identical to
FRFs relating the acceleration at blades i D 1; : : : ; 24 to an im-
pulse applied at blade 1. (Applying Maxwell’s reciprocal theorem
to this test procedure implies that the response at blade i caused
by a force applied at blade j is equal to the response at blade j
caused by a force applied at blade i .) With this result blisk mode
shapes can be identi� ed on the basis of the measured FRFs and the

a) 2(28) mode at 12,728 Hz

b) 3(8) mode at 12,772 Hz

c) 2(29) mode at 12,786 Hz

Fig. 7 Response shapes corresponding to 2(28), 3(8), and 2(29) modes.

assumed sinusoidalcharacter of blade response at a single resonant
frequency.

For an arbitrary time t and a given frequency f , the response at
each blade tested, as a result of an impulse applied at blade 1, is
expressed by

yi .t; f / D jHi;1. f /j sin[2¼ f t C Ái;1. f /] (3)

where jHi;1. f /j and Ái;1. f / are the FRF magnitudeand phase of the
response at blade i D 1; : : : ; 24, as a result of an impulse at blade 1.
By virtue of Maxwell’s theorem, these quantities are equivalent
to the measured FRF magnitude and phase jH1;i . f /j and Á1;i . f /
acquiredby measuringthe responseat blade1 as a result of impulses
applied sequentially to blades 1–24.

Of the 24 blades tested, any one of them can be arbitrarily se-
lected so that its estimated modal response amplitude is equal to its
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FRF magnitudeestimate.For a particular resonantfrequency fn this
location is taken as the reference location, where

yref. fn/ D jHref. fn/j (4)

sin[2¼ fn t C Áref. fn/] D 1 (5)

By virtue of Eq. (5), this response occurs at the arbitrary time

t D tref D .1=2¼ fn/.¼=2 ¡ Áref/ (6)

The responses of all other blades can now be synchronized in time
by setting t D tref in Eq. (3), and their resulting modal response
estimates are computed as

yi .tref; fn/ D jH1;i . fn/j sin[2¼ fn tref C Á1;i . fn/] (7)

Although the ratios of these modal amplitudes characterize the
unique shape of the modal response, their amplitudes can be scaled
by any factor necessary for visualization. In the case of these tests,
a scale factor of 50 was used to obtain the modal plots contained
herein.

Using this procedure, response shapes associated with the blade
resonancesat 12,728, 12,772, and at 12,786 Hz were identi� ed and
are shown in Fig. 7. In each of the plots shown, the abscissa in-
dicates the blades from 1 to 24, whereas the ordinate indicates the
correspondingmodalamplitudes yi .tref; fn/. Computedblademodal
amplitudesare denotedby the solid dots connectedby straight solid
lines, and a “smoother” result, obtained through a spline � t, is also
shown. In both cases, however, the nature of the mode shape is
preserved, and the periodic pattern is what an observer would see
at an instant of time, in the plane of the disk, if the circumference
were “unwrapped,” or laid out in a straight line. Uniformly high
coherence values, associated with the FRF estimates (at the partic-
ular frequency under consideration) for each individual blade, are
denoted by diamonds connected by solid lines.

Because these mode-shape plots contain information for the � rst
24 blades only, a determination of the number of nodal diameters
for the entire disk is obtained by

On D 123nb=b (8)

The ratio nb=b is the number of nodal diameters per blade, which,
when multiplied by 123 (total number of stage-one blades), yields
the number of nodal diameters present in the blisk. In this man-
ner the number of blisk nodal diameters can be identi� ed from
responses acquired over a portion of the blisk. For example, in

Fig. 8 Blisk natural frequency chart for � rst three blade-mode families.

Fig. 7a, using the smoothed mode shape curve, nb D 4 nodal dia-
meters were observed over b D .20:4 ¡ 3/ D 17:4 blades, yielding
On D .4 £ 123/=.20:4 ¡ 3/ D 28:3 or, approximately, 28 diametrals
present in the entire disk. Similar calculations are also shown in
Figs. 7b and 7c for the 3(8) and 2(29)modes.Note that the smoothed
curve was used in order to obtain a fractional number of blades b,
rather than simply using the integer number of blades in the physi-
cal system. This allowed the resonant peaks at 12,728, 12,772, and
12,786 Hz (shown in Fig. 6) to be identi� ed as the 2(28), 3(8), and
2(29) modes of the blisk.

Examinationof the FRF curve in Fig. 6 reveals a pattern in which
the spacing between the majority of resonant peaks appears to de-
crease with increasing frequency. This is characteristic of the fact
that thenaturalfrequenciesof the second-blade-modefamilyasymp-
toticallyapproachthecorrespondingcantileverfrequency,estimated
by the single-blade,cantileveredmodel to be 14,442 Hz. Identifying
the number of diametrals associated with a single resonant peak in
the family, therefore, is often suf� cient to infer the number of nodal
diameters associated with the remaining resonances. For example,
if the mode extraction process identi� es the 2(29) and 2(33) modes
in Fig. 6 it is reasonable to infer that the three intermediate peaks
correspond to the 2(30), 2(31), and 2(32) modes. The exception in
the trend is the response at 12,772 Hz, which was presumed to be a
diametral associated with the third blade-mode family on the basis
of an initial visual inspection of the FRF. By virtue of the response
shape shown in Fig. 7b, this resonant peak was subsequentlydeter-
mined to be the 3(8) blade mode. Closer examination of the FRF
over a wider frequency range indicates that the response at 12,772
Hz, while being interspersed with second-mode diametrals, does
fall into a similarly ordered numerical pattern that characterizes the
third blade-mode family.

Identi� cation of blademodal responsesusingEqs. (3–8) has been
shown to yield reasonableestimatesof mode shapes for applications
where themeasuredFRFs are characterizedbywell-spacedresonant
behavior. For example, the FRF magnitude in Fig. 6 shows a res-
onance at 12,728 Hz that is fairly well isolated from neighboring
peaks,whereas the responseat 12,772Hz, however, is in� uencedby
the peak at 12,786 Hz. This coupling manifests itself in the corre-
sponding mode shape plots by the presence of kinks, or deviations,
from an otherwise smooth response shape. This is illustrated in the
3(8) mode shape shown in Fig. 7b. The spline curve � t shows a
smooth shape that is characteristic of the 3(8) mode, whereas the
measured FRF data (denotedby solid dots and solid, linear connect-
ing lines) show a deviation from a purely periodic pattern at blades
10–12.
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Table 2 Third blade-mode natural frequencies

Diametral Natural Diametral Natural
number frequency number frequency

1 NDa 31 18,967b

2 ND 32 19,014c

3 10,377 33 19,065b

4 10,778 34 19,111b

5 11,179c 35 19,151c

6 11,580c 36 19,193b

7 12,147c 37 19,230b

8 12,772c 38 19,264b

9 13,383 39 19,299c

10 13,994c 40 19,329c

11 14,708c 41 19,355b

12 15,425c 42 19,386c

13 16,064b 43 19,397
14 16,699b 44 19,408
15 17,109c 45 19,419
16 17,390b 46 19,430
17 17,603c 47 19,441
18 17,777c 48 19,452
19 17,934b 49 19,463
20 18,068b 50 19,474
21 18,185b 51 19,485
22 18,300b 52 19,496
23 18,394b 53 19,507
24 18,485c 54 19,518
25 18,572b 55 19,529
26 18,649b 56 19,540
27 18,719b 57 19,551
28 18,789b 58 19,562
29 18,849b 59 19,573
30 18,911b 60 19,584

61 19,595b

aNot determined.
b Identi� ed by inspection of FRF.
c Identi� ed with mode extraction technique. All others linearly
interpolated.

System Identi� cation
The processdescribedin the precedingsectionwas carriedout for

a numberof FRF peaks so that, in conjunctionwith the deterministic
natureof highly tunedbliskbehavior,the responseshapesassociated
with each structural resonance could be identi� ed for the � rst three
familiesof blade modes. Results are presented in Fig. 8 in which the
natural frequenciesof the � rst three-blade-modefamilies are plotted
vs the number of diametrals in the response shape.

Table 2 summarizes the manner in which data points, associ-
ated with the third cantileveredblade-modefamily, shown in Fig. 8,
were identi� ed. The numbers with the superscriptc indicate that the
extraction technique summarized in Eqs. (3–8) was used to iden-
tify the response shapes, numbers with the superscript b indicate
that visual inspection of the FRF was used, and numbers with no
superscript indicate that the frequencies were linearly interpolated
between other, adjacent frequencies. Note that all modes identi� ed
with the extraction technique (superscript c) were veri� ed using a
visual inspectionof the FRF (superscriptb). Modes with fewer than
three diametralswere not identi� ed for the thirdblade-modecluster.
To provide a rigorous determination of the lower-order diametrals,
more than 24 blades should be processed in order to obtain a full
wavelength around the circumference of the disk. In Fig. 8 and
Table 2, however, many of the lower-order blade-mode diametrals,
although interspersedwith disk modes in the low-frequencyregion,
were estimated by extrapolating back in frequency from higher-
order, blade-modediametrals that were obtained with a high degree
of con� dence. Taken together,Figs. 7 and 8 and Table 2 represent a
summary of the system identi� cation procedureused on the blisk.

Damping Estimates
Damping estimates for stage-one blade response, for each of

the three blade-mode families, were obtained using the half-power
method. PSD functions were used in conjunction with a zero-

a) First blade mode cluster

b) Second blade mode cluster

c) Third blade mode cluster

Fig. 9 Damping estimates shown in percent of critical by r and re-
ferred to the left-hand ordinate for each of the three blade clusters, and
——, the PSDs referred to the right-hand ordinate.

padding29 preprocessing step, in which the time histories were
padded with an appropriatenumber of zeros, in order to obtain � ner
spectral resolution.As a result, although the originalPSD estimates
contained a 0.76-Hz resolution that was not deemed suf� cient for
the half-power method, zero padding led to an enhanced resolution
of 0.11 Hz. The enhanced resolution allowed a series of estimates,
for a wide range of resonant peaks in the three blade-mode fami-
lies, to be obtained.Figure 9 shows the damping estimates (denoted
by solid diamonds) for speci� c spectral peaks in each of the three
blade-mode families. Although the damping estimates for each of
the three blade-mode families show some variation with frequency,
overall magnitudes remain fairly small and do not exceed0.025%of
critical. The relative stability in these estimates, within each blade-
mode family, can be taken as an indicationof the reasonablenessof
the half-powermethodas applied to the enhancedspectralestimates.

It shouldbeunderstoodthatusingthehalf-powermethodto obtain
damping values for the blisk is an approximation that relies on the
assumption of perfect symmetry and an absence of very closely
spaced modes that can be present in slightly mistuned systems.
The estimates presented in this section were, therefore, checked
using more rigorous damping extraction techniques30 that are not
discussed herein. The damping estimates obtained from the other
methods investigated provided results that con� rm the approxima-
tions presented in this section.

For the estimates presented in Fig. 9, if split peaks were observed
in the FRFs the data points for the corresponding damping values
were higher than those obtained for the single peaks. For example,
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Fig. 10 Twenty-� fth diametral of the third blade mode showing a split
peak and its effect on the damping estimate.

the 3(25) mode, shown in Fig. 9c, is shown on a different scale
in Fig. 10. Note the split peak in Fig. 10 and the corresponding
damping value in Fig. 9c that is slightly higher than the rest of
the third blade-mode cluster. Finally, if any modes associated with
higher-order blade clusters were interspersed in the plots intended
to show estimates for a lower-orderblade cluster, the corresponding
damping values were omitted.

Conclusions
A method has been proposed to extract modal information from

highly symmetric, lightly damped bladed disks. The attractiveness
of the method lies in its simplicity and the ease in which the results
can be interpreted.The method is particularlyuseful for turbine ro-
tors with lightly damped, stiff blades. These cases require modal
identi� cation into the high-frequency regime and, therefore, very
high sampling rates and long data records. Finally, it is suggested
that, compared to more rigorous and established mode-survey-type
identi� cation methods, the data required to employ the method de-
scribed herein can be gathered ef� ciently and in a timely manner.
Although it is acknowledged that the proposed method has certain
limitations compared to traditionalmethods (i.e., true mode shapes
are not extracted), in a compressed schedule the technique can, in-
deed, help locate potentiallyharmful resonant conditions in bladed
disks and aid in the validation of complex computational models.
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