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Abstract

Turbine blade cracking or failure due to high-cycle
fatigue is a concern in both aerospace and aircraft
engines. Due to manufacturing advances leading to
integrally-bladed disks, non-uniformities and damp-
ing 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, involving response in all
of the blades, exist. Due to the non-uniform, aerody-
namic forces on the blades, excessive vibration re-
sponse in the high-frequency regime can be a prob-
lem and, thus, identification of resonant conditionsin
this region of the spectrum is important in avoiding
operation at potentially damaging speeds. Addition-
ally, recent advances in computational methods have
allowed bladed-disk assemblies to be treated numeri-
caly, albeit with complex models containing many
degrees of freedom. This paper presents a modal
identification technique that can help locate poten-
tially harmful resonant conditions and aid in the vali-
dation of computational models of highly-tuned,
bladed-disk assemblies across a wide frequency re-
gime. 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
n natural frequency, Hz

FRF  frequency response function

Hi; FRF relating response at blade i to impact at
bladej, g/lbf

H.«  FRF of reference blade, g/lbf

i blade number

i number of nodal diametersin mode

n number of nodal diameters for given mode
n, number of nodal diametersin b blades

t time, s

trer referencetime, s

TPA  turbopump assembly
Yi modal amplitude of bladei

Vet modal amplitude of reference blade

@i phase relating response at blade i to impact
at blade]

Gres phase of reference blade, rad

. angular position of bladei, rad

Introduction

Prevention of high-cycle fatigue failures, induced by
resonant vibration, in turbines is critical in the aero-
space, aircraft and power industries. It is not surpris-
ing, therefore, that an extensive amount of research
has been directed at understanding and accurately
predicting the vibration characteristics of turbine
blading.”” Much of this knowledge is derived from
analytical models that vary in their ability to treat
mistune conditions and their applicability to predict-
ing response in the high-frequency regime. Regard-
less of the particular methodologies used, however,
the complexity of bladed disk, or blisk, systems sug-
gests that experimental methods be used to verify and
validate the theoretical predictions.

This paper presents an expedient (from a test time
and post-processing standpoint) mode extraction
method that can be used across a wide frequency
range and requires information that can be acquired
using a minimal amount of instrumentation. It is sug-
gested that a single accelerometer, an instrumented
force hammer and a dual-channel data acquisition
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system are al that is needed in order to conduct im-
pulse response tests from which modal information
can be extracted and used to validate complex nu-
merical models and/or Campbell diagrams. In fact,
for the high sampling rates required in the example
problem described in a later section of this paper, the
data acquisition system could only acquire two chan-
nels of data simultaneously. Reference 8 provides a
thorough explanation of the impulse testing em-
ployed to obtain the data required for the modal iden-
tification approach documented herein. The experi-
mental technique presented requires an understanding
of the well-documented behavior of rotationally-
periodic structures and requires that the blisk be
highly-tuned and the modes be well-separated. While
these restrictions may initially seem rather limiting,
the introduction of integrally-bladed disks with
minimal damping and mistuning, in both aerospace
and aircraft turbines, seems to make the approach
attractive.

The accurate extraction of modal characteristics for
highly-tuned blisks presents many challenges, chief
of which is the sensitivity of the structure to perturba-
tions due to the measurement system. This problem,
discussed in Ref. 9, has led most experimentalists to
employ relatively non-obtrusive  measurement
schemes, including laser vibrometers®® strain
gauges,™ fiber optic sensors” and proximity
probes.™® Additional experimental approaches related
to turbines are also discussed in the context of accu-
rately measuring blisk damping values.**® Neverthe-
less, a systematic approach to experimental verifica-
tion of complex blisk modelsis not well established.

Since the experimental techniques discussed herein
are aimed at validation of computational models and,
at the same time require, a priori, an understanding
of blisk vibration response developed using early
theoretical analyses, a brief review of the previous
numerical work is given here. While early computa-
tional approaches entailed beam, plate and finite ele-
ment models of a cantilevered blade,""® advances in
computer technology have led to attempts at model-
ing entire blisk assemblies. Even with the advancesin
computing power, however, the costs of analyzing
complete assemblies using traditional finite element
approaches remain high. Two application-specific
numerical approaches have been investigated by
other researchers and show promise in mitigating the
computational constraints associated with analysis of
entire blisk assemblies. Using substructuring tech-
nigques, a full system model can be constructed using
finite element representations of the disk (without
blades) and a single blade by coupling the individual
models a the disk-blade interface degrees-of-

freedom.?* Other researchers use cyclic-symmetry
assumptions in order to model an entire assembly by
considering only a portion, or substructure, of the
blisk with appropriate, complex boundary condi-
tions.**?® These models are useful for highly-tuned
blisks, in which negligible blade-to-blade variability
exists. Regardless of the approach, the adequacy of
the results depends on the assembly of the individual
components into the full system model and, conse-
quently, appropriate experimental confirmation of the
resulting predictions, using modal testing techniques,
iS necessary.

Background

A blisk and shaft are illustrated in Fig. 1, supported
on a special stand used during the tests. As aresult of
a unique design and manufacturing process, the struc-
tural system illustrated in Fig. 1 exhibits extremely
low damping and is highly redundant. For example,
structural damping values 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.
This symmetry led to attempts to numerically model
the system using deterministic analyses in which all
of the blades have exactly the same properties. In
support of these analyses, experiments described in
detail in Ref. 8 were conducted and system identifica-
tion procedures, to be described herein, were devel-
oped to support the verification and validation of
these models. “Mistuned” system behavior,”?
resulting from even a small degree of blade-to-blade
variability, cannot be predicted using simplified ana-
Iytical models that assume rotational periodicity, and
statistical techniques become necessary.

In the case of the tuned turbine rotor, the blade modes
of vibration occur in families, or clusters, that are
described according to their relationship to responses
of a single blade mounted (cantilevered) 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, how-
ever, do not deform with the same modal amplitude
or phase. Rather, the amplitude and phase vary in a
periodic manner around the circumference of the disk
with a given number of nodal diameters. For a given
single, cantilevered-blade mode shape, the number of
nodal diameters in the coupled-system mode governs
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Fig. 1 Turbopump blisk and shaft supported in
test stand. 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.
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the amplitude and phase relationship between indi-
vidual blades on the rim. The total number of nodal-
diameter manifestations, or diametrals, of each sin-
gle, cantilevered-blade modeis m=(N-1)/2, for N

odd, where N is the number of blades.

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 noda di-
ameters, the modal amplitude of blade i on the pe-

riphery can be expressed as’
y; = Asin(j ;) cos(27f ,t) , (@D}
for
27 . .
=— (-1, i=1...123, 2
123( ) 1 %)

as shown in Fig. 2. The shape of vibration on the
periphery of the disk is Asinj&,, while the fre-
quency of the resonant oscillation is denoted f, .

The drawings in Fig. 2 are intended to illustrate mo-
dal response for the first three diametrals. For the
first 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 may be the first 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,
however, they exhibit no response. For a diametral
characterized by j nodal diameter lines, blades lo-
cated exactly @=2m/j radians apart, exhibit the

same amplitude- and phase-response behavior. For

Blade modal response

mmHHHHHH H‘ .

e “Hmwxww\wHHwHWHHlIlHWHHHMHWHWW :
et o|] k- [“HW”HHH’H”W o

.JG ' " h, V"

Fig. 2 Vibration modes of a highly tuned bladed
disk.



example, the second diametral correspondsto j =2
and, as shown in Fig. 2, blades separated by ¢ =7

radians exhibit the same amplitude and phase re-
sponse. As the number of nodal diameters increases,
the natural frequencies of the coupled system, or
blisk, asymptotically approach their respective canti-
levered frequencies of asingle blade.

The nomenclature used in this report is introduced by
considering 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 characterized by blades
that deform relative to the disk in the third cantile-
vered mode shape. In this mode, the response ampli-
tude and phase of individual blades vary sinusoidally
around the blisk circumference with eight full waves.

In the following sections of this paper, it is assumed
that high-quality FRFs, relating the acceleration re-
sponse at blade number one to aforce input at blades
one through 24, for frequencies up to 20 kHz, have
been acquired. For a detailed explanation of the ex-
perimental techniques required to obtain these re-
sponses, the reader isreferred to Ref. 8.

FRFEsfor Single Blade Test Article

Prior to testing the complete blisk assembly illus-
trated in Fig. 1, a single-blade article, mounted on a
flexible base, was tested. See Ref. 8 for details. This
preliminary test provided the experimentaist a rea-
sonable expectation of where in the frequency spec-
trum moda clusters associated with each cantile-
vered-blade mode would exist. This test was aso
used to verify the single blade analytical model that,
using component-mode synthesis, was assembled
into the complete, numerical blisk model.

The single-blade FRF magnitude estimate, relating
acceleration response to the applied impulsive force,
is shown in Fig. 3. The first three resonant peaks for
the single-blade test article are easily identified at
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Fig. 3 FRF Magnitude for single blade test arti-
cle.

10550, 13177 and 19035 Hz, respectively. A finite
element model was aso genetrated for the single-
blade test article, and the computed natural frequen-
cies (for the first three modes) show good correlation
with the experimental results, as shown in Table 1.
The results of the numerical model for the single
blade, with the flexible base removed and a cantile-
vered boundary condition imposed, are also shown in
the table.

Tablel. Summary of Single Blade Frequencies
Experimental Numerical Model Numerical Model

Mode Results Flexible Base Cantilevered
1 10550 10551 11868
2 13177 13181 14442
3 19035 19000 21176

FRFEsfor Complete Blisk

The FRF shown in Fig. 4 was determined from the
full-blisk tests and relates acceleration response at
blade 1 due to an impulse applied to blade 1. Blade
measurement locations (for both impact and re-
sponse) were the same as those employed during the
single-blade tests.

Comparison of the FRF magnitude in Fig. 4 with the
single-blade results, shown in Fig. 3, reveds signifi-
cant differences in spectral character. Whereas the
single-blade FRF magnitude contains three dominant
resonances, associated with blade bending and tor-
sional behavior, the strong coupling between the
blades on the blisk rim leads to the appearance of
many closely-spaced resonances in the full-blisk sys-
tem. The FRF magnitude in Fig. 4 is characterized by
the presence of three clusters, or families, of blade
modes. In each cluster, the blade-mode diametrals are
observed to asymptotically approach frequencies of
10335 Hz, 13408 Hz, and 19595 Hz, respectively.
As expected, these frequencies are al below the can-
tilevered frequencies summarized in Table 1.
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Fig. 4 FRF Magnitude relating blisk response at
blade 1 to impulse applied at
blade 1.



Figure 5 shows an expanded view of the region be-
tween 12 and 13 kHz in Fig. 4. 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 reso-
nant peaks shown in Fig. 5 can be inferred. Asindi-
cated in Fig. 4, the resonant peaks associated with the
higher-order, cantilevered-blade modes can be inter-
spersed with the lower-order, cantilevered mode
shapes. For example, while the closdly spaced peaks
at 12772 Hz and 12786 Hz might, in other structural
systems, be interpreted as a split second mode reso-
nance, mode-extraction techniques revea the 12772
resonance to be the eighth diametral of the third blade
mode. Conversely, none of the first blade-mode dia-
metrals exist above the associated cantilever fre-
guency of 11868 Hz and, thus, are not evident in Fig.
5.

M ode Extraction

Blisk mode shape information is readily derived from
measured FRFs that relate response (output) at each
blade to a single impact (input). The FRFs acquired
during test related the response at blade 1 (reference
measurement location) to impacts applied sequen-
tialy to each blade tested. Maxwell’s Reciprocal
Theorem’ suggests that the FRFs relating acceleration
response at blade 1 to impulses applied at blades
j =1,...,24 can be considered to be identical to FRFs
relating the acceleration at blades i =1,...,24 to an
impulse applied at blade 1. With this result, blisk
mode shapes can be identified on the basis of the
measured FRFs and the assumed sinusoidal character
of blade response at a single resonant frequency.
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Fig.5 Expanded view of Fig. 4.

" Applying Maxwell’s Reciprocal Theorem to this
test procedure implies that the response at blade i due
to aforce applied at blade j isequal to the response at
blade j due to aforce applied at blade i.

For an arbitrary time t and a given frequency f, the
response at each blade tested, due to an impulse ap-
plied at blade 1, is expressed by

Vit 1) = [Hi o(F)]sinf27At + @1 ()], 3)

where |Hi’1(f)| and @ 4(f) are the FRF magnitude

and phase of theresponse at blade i =1,...,24 , dueto
an impulse at blade 1. By virtue of Maxwell’s Theo-
rem, these quantities are equivaent to the measured
FRF magnitude and phase, |Hy;(f)| and ¢, (f),

acquired by measuring the response at blade 1 due to
impulses applied sequentially to blades one through
24,

Of the 24 blades tested, any one of them may be arbi-
trarily selected so that its estimated modal response
amplitude is equal to its FRF magnitude estimate. For
a particular resonant frequency, f,,, this location is

taken as the reference location, where

Vret (F) = [Hier (1) (4)
and
SiN[27ft + G ()] = 1. 5)

By virtue of Eq. (5), this response occurs at the arbi-
trary time

1 (m
=1 :ﬁ(a_@dj' (6)
n

The responses of all other blades can now be syn-
chronized in time by setting t =t,« in Eq. (3), and

their resulting modal response estimates are com-
puted as

Yi(teer » fo) =[Hui (Fo)|Sn[27 e + @i (F)] (D)

While the ratios of these modal amplitudes character-
ize the unique shape of the modal response, their am-
plitudes 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 resonances at 12728 Hz, 12772 Hz,
and at 12786 Hz were identified and are shown in



Fig. 6. In each of the plots shown, the x-axis indi-
cates the blade numbers from 1 to 24, while the y-
axis indicates the corresponding modal amplitudes,
Yi (t,e, T,) . Computed blade modal amplitudes are

denoted by the solid dots connected by straight solid
lines, and a “smoother” result, obtained through a
spline fit, is also shown. In both cases, however, the
nature of the mode shape is preserved, and the peri-
odic pattern is what an observer would see at a single
instant of time, in the plane of the disk, if the circum-
ference were “unwrapped,” or laid out in a straight
line. Uniformly high coherence values, associated
with the FRF estimates (at the particular frequency
under consideration) for each individua blade, are
denoted by diamonds connected by solid lines.

Since these mode-shape plots contain information for
the first 24 blades only, a determination of the num-
ber of nodal diameters for the entire disk is obtained

by

123n,
b

n=

: (8)

where n isthe number of nodal diameters present in
the entire disk and n,, is the number of nodal diame-

ters observed in b blades. The ratio n,/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 manner, the number of blisk nodal di-
ameters can be identified from responses acquired
over a portion of the blisk. For example, in Fig. 6(a),
using the smoothed mode shape curve, n, =4 nodal

diameters were observed over b=(20.4-3)=17.4
blades yielding n=(4x123)/(20.4-3)=28.3 or, ap-
proximately, 28 diametrals present in the entire disk.
Similar calculations are also shown in Fig. 6(b) and
(c) for the 3(8) and 2(29) modes. Note that the
smoothed curve was used in order to obtain a frac-
tional number of blades b, rather than simply using
the integer number of blades in the physical system.
This allowed the resonant peaks at 12728, 12772, and
12786 Hz (shown in Fig. 5) to be identified as the
2(28), 3(8) and 2(29) modes of the blisk. Recall that
the nomenclature 2(28) indicates that the mode is
characterized by blade deformation relative to the
disk in the second cantilevered mode, with an ampli-
tude and phase variation, around the circumference of
the disk, characterized by 28 nodal diameters, or full
waves.

Examination of the FRF curve in Fig. 5 reveadls a
pattern in which the spacing between the majority of
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Fig. 6 Response shapes corresponding to 2(28),

3(8) and 2(29) modes.

resonant peaks appears to decrease with increasing
frequency. This is characteristic of the fact that the
natural frequencies of the second blade-mode family
asymptotically approach the associated cantilever
frequency, estimated by the single-blade, cantilevered
model to be 14442 Hz. Identifying the number of
diametrals associated with a single resonant peak in
the family, therefore, is often sufficient to infer the
number of nodal diameters associated with the re-
maining resonances. For example, if the mode extrac-
tion process identifies the 2(24) and 2(28) modes in
Fig. 5, it is reasonable to infer that the three interme-



diate peaks correspond to the 2(25), 2(26) and 2(27)
modes. An exception in the Fig. 5 trend is the re-
sponse at 12772 Hz, which was presumed to be a
diametral associated with the third blade-mode fam-
ily on the basis of an initia visual inspection of the
FRF. By virtue of the response shape shown in Fig.
6(b), this resonant peak was subsequently determined
to be the 3(8) blade mode. Closer examination of the
FRF over a wider frequency range indicates that the
response at 12772 Hz, while being interspersed with
second mode diametrals, does fall into a similarly
ordered numerical pattern that characterizes the third
blade mode family.

Identification of blade modal responses using Egs.
(3)-(7) has been shown to yield reasonable estimates
of mode shapes for applications where the measured
FRFs are characterized by well-spaced resonant be-
havior. For example, the FRF magnitude in Fig. 5
shows a resonance at 12728 Hz that is fairly well-
isolated from neighboring peaks, while the response
at 12772 Hz, however, is influenced by the peak at
12786 Hz. This coupling manifests itself in the cor-
responding mode shape plots by the presence of
kinks, or deviations, from an otherwise smooth re-
sponse shape. This is illustrated in the 3(8) mode
shape shown in Fig. 6(b). The spline curve fit shows
a smooth shape that is characteristic of the 3(8)
mode, while the measured FRF data (denoted by
solid dots and solid, linear connecting lines) shows a
deviation from a purely periodic pattern at blades 10-
12,

System I dentification

The process described in the previous section was
carried out for anumber of FRF peaks so that, in con-
junction with the deterministic nature of highly-tuned
blisk behavior, the response shapes associated with
each structural resonance could be identified for the
first three families of blade modes. Results are pre-
sented in Fig. 7 in which the natural frequencies of
the first three blade mode families are plotted versus
the number of diametralsin the response shape.

Table 2 summarizes the manner in which data points,
associated with the third cantilevered blade-mode
family, shown in Fig. 7, were identified. The cells
with a single asterisk superscript indicate that the
extraction technique summarized in Egs. (3)-(7) was
used to identify the response shapes, cells with a
double asterisk superscript indicate that visual
inspection of the FRF was used and white cells
indicate that the frequencies were linearly
interpolated between other, adjacent cells. Note that
all modes identified with the extraction technique
(single asterisk)
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Fig. 7  Blisk natural frequency chart for first
three blade-mode families.

were verified using a visual inspection of the FRF
(double asterisk). Modes with fewer than three dia-
metrals were not identified for the third blade mode
cluster. In order to provide a rigorous determination
of the lower-order diametrals, more than 24 blades
should be processed in order to obtain a full wave-
length around the circumference of the disk. In Fig. 7
and Table 2, however, many of the lower-order
blade-mode diametrals, athough interspersed with
disk modes in the low frequency region, were esti-
mated by extrapolating back in frequency from
higher-order, blade-mode diametrals that were ob-
tained with a high degree of confidence. Taken to-
gether, Figs. 6-8 represent a summary of the system
identification procedure used on the TPA.

Mistuning and Symmetry

The current discussion has treated the blisk as a per-
fectly tuned system, in which al of the blades are
assumed to be identical. In fact, no system is per-
fectly symmetric, and a small degree of mistuning is,
therefore, always present. This dlight variability in
blade geometry and material properties can admit
split resonant peaks at each structural resonance.
Specifically, each resonant peak previoudy identified
may, in fact, be one of a pair of two very closely
spaced structural resonances that are characterized by
the same response shape, albeit with dightly different
angular orientations. For the specific case of the
blisk, if split resonances were observed for a particu-
lar diametral pattern, the average natural frequency of
thetwo isreported in Fig. 7 and Table 2.

In order to provide a general assessment of the degree
to which symmetry was present in blade response
behavior, a specia series of tests were performed. In
these tests, the responses at blade number 1 due to
impacts at blade numbers 1-5 were compared to the
responses at blade number 20 due to impacts at blade



Table2. Third Blade M ode Natural Freguencies

Diametral Natural Diametral Natural

Number  Frequency Number  Frequency
1 ND 31 18967**
2 ND 32 19014*
3 10377 33 19065**
4 10778 34 19111**
5 11179* 35 19151*
6 11580* 36 19193**
7 12147* 37 19230**
8 12772* 38 19264**
9 13383 39 19299*
10 13994* 40 19329*
11 14708* 41 19355**
12 15425* 42 19386*
13 16064** 43 19397
14 16699** 44 19408
15 17109* 45 19419
16 17390** 46 19430
17 17603* 47 19441
18 17777* 48 19452
19 17934** 49 19463
20 18068** 50 19474
21 18185** 51 19485
22 18300** 52 19496
23 18394** 53 19507
24 18485* 54 19518
25 18572** 55 19529
26 18649** 56 19540
27 18719** 57 19551
28 18789** 58 19562
29 18849** 59 19573
30 18911** 60 19584
61 19595**

* - | dentified with mode extraction technique
** - |dentified by inspection of FRF

ND - Not deter mined

All otherslinearly inter polated

numbers 20-24. Similarity in the resulting FRFs in-
dicated that a high degree of blade symmetry was
present in the blisk response behavior, thus allowing
any location (i.e., any stage one blade) to be used as
the reference. In the case of the modal identification
procedure presented in the previous section, it is,
therefore, believed that the approximation of the blisk
as a perfectly-tuned system is warranted and provides
an accurate approximation of the true system behav-
ior.

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-padding pre-
processing step, in which the time histories were
padded with an appropriate number of zeroes, in or-
der to obtain finer spectral resolution. As a result,
while the original PSD estimates contained a 0.76 Hz
resolution that was not deemed sufficient for the half-
power method, zero-padding led to an enhanced reso-
lution of 0.11 Hz. The enhanced resolution allowed a
series of estimates, for a wide range of resonant
peaks in the three blade-mode families, to be ob-
tained. Figure 8 shows the damping estimates (de-
noted by solid diamonds) for specifically-identified
spectral peaks in each of the three blade-mode fami-
lies. While the damping estimates for each of the
three blade-mode families show some variation with
frequency, overall magnitudes remain fairly small
and do not exceed 0.025% of critical. The relative
stability in these estimates, within each blade-mode
family, can be taken as an indication of the reason-
ableness of the half-power method as applied to the
enhanced spectral estimates.

It should be understood that using the half-power
method to obtain damping values for the blisk is an
approximation that relies on the assumption of per-
fect symmetry and an absence of closely spaced
modes, exemplified by the split resonant behavior
(inherent in dightly mistuned systems) mentioned in
the previous section. The estimates presented in this
section were, therefore, checked using more rigorous
damping extraction techniques® that are not dis-
cussed herein. The damping estimates obtained from
the other methods investigated provided results that
confirm the approximations presented in this section.

For the estimates presented in Fig. 8, if double 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, the
3(25) mode, shown in Fig. 8(c), is shown on a differ-
ent scalein Fig. 9. Note the double peak in Fig. 9 and
the corresponding damping value in Fig. 8(c) that is
dightly 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-order blade
cluster, the corresponding damping values were omit-
ted.
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Fig. 8 Damping estimates shown in percent of
critical by solid diamonds and referred to the left-
hand y-axis for each of the three blade clusters.
Solid lines are the PSDs and are referred to the
right-hand y-axis. Diametral numbers are shown
in parenthesisfor the relevant mode clusters.

Conclusions

A method has been proposed to extract modal infor-
mation from highly-symmetric, lightly-damped
bladed disks. The attractiveness of the method liesin
its smplicity and the ease in which the results can be
interpreted. The method is particularly useful for tur-
bine rotors with short, lightly-damped, stiff blades. In
these cases, which require modal identification into
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Fig. 9 25" diametral of the third blade mode
showing the double peak and its effect on the
damping estimate.

the high-frequency regime and, therefore, very high
sampling rates and long data records, it is not un-
common that even state-of-the-art data acquisition
systems cannot acquire multiple channels of data
concurrently. Finally, it is suggested that, compared
to more rigorous and established mode-survey-type
identification methods, the data required to employ
the method described herein can be gathered in sig-
nificantly less time. While it is acknowledged that the
proposed method has certain limitations compared to
traditional methods (i.e., orthogonal modes are not
extracted), in a compressed schedule the technique
can, indeed, help locate potentially harmful resonant
conditions in bladed disks and aid in the validation of
complex computational models.
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