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Traveling Wave Excitation System for Bladed Disks

Keith W. Jones¤ and Charles J. Cross†

U.S. Air Force Research Laboratory, Wright–Patterson Air Force Base, Ohio 45433-7251

A traveling wave excitation system is described that was developed for the U.S. Air Force Research Laboratory’s
Turbine Engine Fatigue Facility. The traveling wave system was designed to simulate engine order excitation
in stationary bladed disks for the purpose of identifying forced response localization and ampli� cation due to
mistuning.The system can test bladed disks of varying sizes and number of blades using either acoustic or magnetic
excitation. A phase-shifting circuit reduces signal generation costs over purchasing separate function generators
and allows amplitude and phase calibration of the exciters. Sources of errors in the traveling wave excitation
are discussed and estimated. A � nite element analysis shows that the forced response of a bladed disk is more
sensitive to structural mistuning than to traveling wave excitation errors. The traveling wave excitation system is
demonstrated on an 18-bladed disk, and experimental forced response results are presented.

Nomenclature
A = force amplitude
a = speed of sound
C = engine order
e = distance error
F = force vector
Fav = average exciter force magnitude spectrum
f = excitation frequency,Hz
h = frequency response
i = blade number
L = wavelength of sound
N = number of blades
t = time
x = forced response
1A = amplitude error
1µ = phase error
µ = interblade phase angle
µe = phase error
! = excitation frequency

Introduction

H IGH cycle fatigue (HCF) is caused by the force applied to
airfoils as they rotate through stationary disturbances in the

� ow� eld of turbine engines. (HCF can also be present in stationary
airfoils due to rotating pressure disturbances.) This excitation is
often called engineorder excitation,where the engineorderC refers
to the number of equally spaced disturbancesdue to struts, vanes,or
stators eitherupstreamor downstreamof the bladeddisk. In the case
of a tuned bladed disk, where all blades have the identical natural
frequencies,engine order excitationcausesall blades to vibratewith
equal amplitudes. In the case of a mistuned bladed disk, where the
natural frequencies of individual blades vary slightly, engine order
excitation usually causes response localization and ampli� cation
above the tuned response.1;2
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Because responseampli� cationcauseshighercomponentstresses
and contributes to HCF failures, measuring the forced response of
mistuned bladed disks to engine order excitation experimentally is
of great practical interest. Methods of simulating engine order ex-
citation are especially needed to evaluate the effectivenessof inten-
tional mistuning designs that seek to reduce the amount of response
ampli� cation due to random mistuning.3

The response of mistuned bladed disks to engine order excita-
tion can be composedmathematicallyfrom experimentallyobtained
mode shapes and natural frequencies using modal analysis. How-
ever, modal testing of bladed disks can be extremely challenging
due to the existenceof multiple closely spaced natural frequencies.4

As an alternative, the forced response can be studied directly, ei-
ther by rotating the bladed disk through stationary excitation or by
rotating the excitation around the stationary bladed disk. Rotating
bladed disks at realistic speeds requires complex and expensive test
rigs. Therefore, it is desired to produce engine order excitation in a
stationarybladeddisk where standardlaboratoryvibrationmeasure-
ment devicescan beused.Note that in thecase of insertedblades, the
centrifugal loading of the blade in the dovetail must be simulated.
For that reason, this paper focuses on the excitation of integrally
bladed disks.

Engine order excitation can be simulated in a stationary bladed
disk by applying harmonic excitation to all blades where the ex-
citation differs from blade to blade by a constant interblade phase
angle µ :

Fi D A sin.!t C iµ / (1)

i D 1; : : : ; n ¡ 1 (2)

µ D 2¼.C=N / (3)
where Fi is the forcing function on each blade and C is the engine
order excitation. This type of excitation in a stationary bladed disk
is referred to as traveling wave excitation.

Kruse and Pierre carried out the � rst systematic experimen-
tal study of forced response ampli� cation due to mistuning using
phased piezoelectric actuators to provide traveling wave excitation
to a 12-bladed disk.5 This system had the disadvantageof adding a
small amountofmistuningto the bladesvia the bondedpiezoelectric
actuators. Judge et al.6 used the same system to study the 12-bladed
disk in a different frequency region. This work provided the � rst
good correlation between � nite element model predictions and ex-
perimental results for the forced responseof a mistuned bladed disk
to engine order excitation. Pierre et al.7 developed another travel-
ing wave excitation system that used a number of programmable
function generators to excite a 24-bladeddisk with phased-acoustic
excitation. This system was noncontacting, capable of any engine
order excitation, and had a series of programmable gain ampli� ers
for calibrating the various speakers.
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Slater and Bhaskar studied wave propagation in bladed disks by
applying traveling wave excitation with a rotating air jet that was
placedneara bladeddisk.8 This excitationwas noncontactingso that
mistuningwas not introduced,but it was limited to producingan en-
gine order 1 excitation at rotational speeds up to 930 rpm. Another
system by Slater used a rotating bladed disk placed near a station-
ary bladed disk to produce traveling wave excitation.9 This system
was also noncontacting,but was limited to engine orders of 2, 4, or
8 at rotational speeds up to 2500 rpm. Duf� eld and Agnes created
travelingwave excitationusing a � ywheel that rotatednear an eight-
bladed disk.10 Permanent magnets were placed on the � ywheel and
the blade tips. When the � ywheelmagnetspassedtheblademagnets,
a repulsive force was generated. This method allowed different en-
gine orders to be simulated by changing the number and spacing of
magnets on the � ywheel. One disadvantageof the � ywheel system
is that additionalmistuning may be introducedby the attachmentof
magnets to the blades.

The excitationsystemsof Slater9 and Duf� eld and Agnes10 excite
bladed disks with phased pulses rather than the harmonically pure
phased sinusoid of Eq. (1). Therefore, the forces created by these
systems actually consist of a fundamental sinusoid at the desired
forcing frequency as well as lower amplitude harmonic sinusoids
that appear at integer multiples of the fundamental frequency. Al-
though this type of excitation is a closer representation of the true
HCF blade forces in a turbine engine, it complicates the correla-
tion between experimental forced response results and analytical
predictions. Therefore, traveling wave methods that provide har-
monically pure sinusoidal excitation, such as those of Pierre et al.7

were pursued in the developmentof a new travelingwave excitation
device.

The goal of this research was to build a traveling wave excitation
system for the Turbine Engine Fatigue Facility (TEFF). The pur-
pose of the device was to measure forced response localization and
ampli� cation due to mistuning in a number of bladed disks. The
excitation was desired to be noncontacting, capable of any engine
order excitation, and expandable to high blade counts at a reason-
able cost. This work provides three main contributions to traveling

Fig. 1 Experimental setup.

wave excitationmethods. The � rst is the design of a traveling wave
� xture that can be easily con� gured to test different bladed disks.
The second is a method of producingphased sinusoidalvoltage sig-
nals using a phase-shifting circuit. This circuit eliminates the cost
associated with purchasing separate signal sources for every blade,
corrects for variations in the amplitude and phase response of the
various exciters, and allows traveling wave sine sweep tests that re-
duce the time requiredto collecttravelingwave frequencyresponses.
The third contributionis a discussionof the types of errors that may
be present in experimental traveling wave excitation, as well as a
� nite element analysis example showing the resulting error in the
forced response measurement.

System Description
The TEFF traveling wave system can use either acoustic or mag-

neticexcitation.The systemconsistsof a mounting� xture to hold the
bladed disk and position the exciters, a function generator, a phase-
shifting ampli� er, the power ampli� ers, the impedance matching
transformers, the electromagnets and horn drivers, and a personal
computer for instrument control and data acquisition. The experi-
mental setup also includes a two-axis linear traverse, single-point
laser vibrometer, bandpass � lter, and laser holography system for
instrumentation. A diagram of the experimental setup is shown in
Fig. 1.

The mounting � xture, shown in Fig. 2, was designed to allow for
the testing of various bladed disks. A three-jawed lathe chuck can
hold thebladeddisk by its shaft or by the innerface of its hub. Slotted
beams extend radially outward from the center of the chuck. An
aluminum post extends from the slotted beam to position the vinyl
tubing (used to deliver acoustic excitation) and electromagnets. A
post holder allows the proximitybetween the exciters and the blades
to be adjusted and � xed with a setscrew. The slotted beams can be
rotatedabout theirbase,which allows for bladeddiskswith different
blade counts and uneven blade spacing to be tested. A right angle
plate with two stiffening webs holds the entire assembly vertically.

The acoustic excitation is directed from a bank of horn drivers to
the blades using vinyl tubing. This allows � exibility in positioning
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Fig. 2 Traveling wave excitation on an 18-bladed disk.

and directing the acoustic excitation, even in narrow blade pas-
sages. Aluminum cones provide a smooth transition between the
horn driver throat diameter and the tubing diameter.

Signal Generation
The TEFF traveling wave system produces traveling wave exci-

tation by mixing a sine and a cosine wave. This approach reduces
the cost over purchasingseparatephase-lockingsignal sourcesby at
least an order of magnitude. A two-channel function generator out-
puts a sine and cosine wave in either constant tone or sweep mode.
The triggeredsweep mode signi� cantly speedsdata acquisitionover
a stepped sine test technique.

A phase shifterwas built to produce24 phase-shiftedsignals from
the sine and cosine inputs.The phase-shiftedsine waves requiredfor
traveling wave excitation in Eq. (1) are created using the following
trigonometry identity:

A sin.!t C iµ / D B cos.!t/ C C sin.!t/ (4)

B D A sin.iµ/ (5)

C D A cos.iµ/ (6)

This methodwas implementedusing two programmableoperational
ampli� ers (for gains B and C/ and one summing operational am-
pli� er per channel. The traveling wave personal computer (Fig. 1)
sets B and C using a National InstrumentsTM digitaloutputcard and
LabVIEWTM software. Both the amplitude and phase of the applied
force on each blade can be controlled by manipulating B and C .

The phase shifter’s ability to force each blade with arbitrary am-
plitude and phase allows phase-resonance testing to be applied to
bladed disks. In phase-resonancetesting, the forces are apportioned
to excite a single mode in isolation for very accurate identi� ca-
tion of closely spaced modes.11 Therefore, phase-resonancetesting
may have application in mistuning identi� cation algorithms, where
accurate mistuned mode shapes are required.12 This is a suggested
area for further research.

Force Characterization
The magnetic and acoustic force spectrum was characterized so

that the frequency response of each blade, hi , could be obtained by

hi .!/ D xi .!/=Fav.!/ (7)

where x is the blade response and Fav is the average force spectrum
of the exciters. Magnetic force was characterizedby measuring the
force on a cobalt disk attached to a small force transducer.Acoustic
force was determined by multiplying the exit area of the tubing by
the pressuremeasuredby a microphone.The microphoneand cobalt
disk were placed 0.005-in. (0.127 mm) from the exciters.

The open-loop transfer function between the measured force and
signal generator output for the magnetic and acoustic exciters is

Fig. 3 Calibrated open-loop transfer function between force and sig-
nal generator output for 18 exciters.

Fig. 4 Measured forces from four consecutive exciters (µ = 90 deg,
dc amplitudes shifted for clarity): ——, magnetic excitation and - - - -,
acoustic excitation.

shown in Fig. 3. The amplitude spectrum shows magnetic excita-
tion providingmore force than acoustic excitation,especiallyat low
frequencies. (Of course, this depends on the ferromagnetic proper-
ties of the test item.) Note the regularly spaced small peaks in the
acoustic transfer functionsthat are causedby the natural frequencies
of the vinyl tubing. The same setup was used to verify that the in-
tended interbladephase angle µ was present in the measured forces
(Fig. 4).

Calibration
Two types of errors are assumed to be present in the traveling

wave excitation. Nonuniformity errors are caused by differences in
the open-loop transfer functions of the various exciters. Position
errors are amplitude and phase errors caused by varying distances
between the exciters and the blades, as shown in Fig. 5.

Nonuniformityerrorswere addressedby performinga calibration
on the exciters. The open-loop transfer function of each exciter
was recorded using the characterization setup described in the last
section. Gap sizes were controlled to within 0.001 in. (.025 mm)
to minimize position errors during calibration. Once each exciter’s
force spectrum was recorded, the traveling wave personal computer
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Fig. 5 Position error can cause amplitude and phase errors in the
excitation.

Fig. 6 Excitation amplitude vs gap size.

adjusted the phase-shiftingampli� er gains to correct for differences
in force magnitude between exciters.

Figure3 shows the calibratedmagneticandacoustictransferfunc-
tions. The magnets all had similarly shaped transfer functions that
made calibration across a wide range of frequencies possible with
one correction.However, the acoustic exciters had more variability
in transfer function shape, especially around resonantpeaks. There-
fore, acoustic excitation is most accurate when a new correction is
made to the excitersat every frequencychange.Calibrationwas suc-
cessful in reducing the range of magnetic and acoustic magnitude
variation to §5%.

Positionerrorsare controlledby preciseplacementof the exciters.
However, force amplitudes can be very sensitive to position errors,
especiallyfor magneticexcitation,as shown in Fig. 6. Becausemag-
netic excitation decreases much more rapidly than acoustic excita-
tion as gap size increases, it will tend to introduce more amplitude
error in the excitation. Also, note that the amplitude of the forc-
ing varies with blade position in Fig. 6, meaning that the forcing is
slightlynonlinear.However, the effect of these nonlinearitieson the
forcing was investigated numerically and found to add negligible
error to the traveling wave excitation.

Phase errors can also be introduced into the forcing function of
Eq. (1) due to varying distances between the sound sources and
blades (Fig. 5). The resulting phase error in degrees, µe, equals the
distance error e divided by the wavelength of sound L :

µe D 360.e=L/ (8)

Because the wavelength can be written as the wave speed divided
by its frequency, Eq. (8) becomes

µe D 360.e f =a/ (9)

Note that the phase error increases linearly with frequency.Position
error will not cause any phase error in magnetic excitation because
the blade immediately experiences magnetic � eld changes regard-
less of gap size.

Forced Response Error Analysis
It is not clearwhat effect amplitudeand phase errors in the excita-

tion of individualblades will have on the system response when the
average traveling wave excitation of Eq. (1) still exists around the
disk. Therefore, a numerical analysis was conducted to investigate
what effect errors in the traveling wave excitationhave on the tuned
and mistuned forced response of bladed disks.

Amplitude and phase errors were included in the traveling wave
forcing function formulation:

Fi D .A C 1Ai / sin[! t C i.µ C 1µi /] (10)

where 1Ai and 1µi were the amplitude and phase errors, respec-
tively. The values for 1Ai and 1µi were taken from a population
of uniformly distributed random numbers. The ranges of these dis-
tributions were determined as the estimated maximum error in the
TEFF traveling wave excitation system. The maximum placement
error was assumed to be 0.005 in. for an exciter at an intendedgap of
0.02 in. Then based on Fig. 6, 1Ai was found to be §25% for mag-
netic excitation and §5% for acoustic excitation.At a frequencyof
2 kHz, acoustic excitation also has a 1µi of §0.25 deg from Eq. (9).
The actual values for 1Ai and 1µ i are given in Table 1.

A forced response analysis of the 18-bladed disk in Fig. 2 was
conductedwith a NASTRANTM � nite element model. Engine order
3 excitation, C D 3, was applied at the blade tips, and response
measurements were taken from the same location. A tuned bladed
disk and a mistuned bladed disk were analyzed in the frequency
region of the second bending family of blade modes. The mistuning
was introduced by changes to the nominal blade elastic modulus
E0 , shown in Table 1, that came from a uniformly distributed set of
random numbers with a standarddeviation of 5%. A relatively large
amount of mistuning was required, because of the large coupling in
the bladed disk.

The maximum blade responses of the tuned bladed disk to three
types of traveling wave excitation are shown in Fig. 7. Figure 7
shows the responses to simulated acoustic and magnetic excitation
[de� ned by Table 1 and Eq. (10)], as well as the response to a perfect
traveling wave excitation [de� ned by Eq. (1)]. A perfect traveling

Table 1 Excitation and mistuning parameters
for forced response error analysis

Acoustic excitation Magnetic excitation Mistuning
1Ai 1µi 1Ai Ei =E0

0.034 0.213 ¡0.043 1.017
0.040 0.008 ¡0.073 0.926
¡0.005 ¡0.211 ¡0.111 1.008
¡0.017 0.103 0.150 1.020
0.027 0.015 0.169 1.089
¡0.031 ¡0.225 0.055 0.948
¡0.011 0.020 ¡0.007 1.013
0.020 0.229 ¡0.201 0.960
¡0.048 0.041 ¡0.249 0.952
0.012 0.176 ¡0.140 0.912
0.028 0.134 0.144 0.958
¡0.026 0.107 0.140 0.970
¡0.005 0.061 ¡0.004 1.076
0.001 ¡0.071 ¡0.213 0.936
0.025 0.162 0.017 1.040
¡0.045 ¡0.019 0.211 0.941
¡0.020 0.006 0.122 0.995
¡0.015 ¡0.174 0.151 1.000
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Fig. 7 NASTRAN prediction of maximum blade amplitude vs excita-
tion frequency for a tuned bladed disk, C = 3: ————, perfect excitation;
——, magnetic excitation; and - - - -, acoustic excitation.

Fig. 8 NASTRAN prediction of maximum blade amplitude vs excita-
tion frequency for a mistuned bladed disk, C = 3: ————, perfect excita-
tion; ——, magnetic excitation; and - - - -, acoustic excitation.

wave excitation excites only one resonant peak, corresponding to
the repeated three-nodal diameter modes.2 However, the errors in
the simulated acoustic and magnetic excitation caused modes other
than the dominant three-nodal diameter modes to appear in the re-
sponse.These modes respondedwith greater amplitude under mag-
netic excitation,which containedgreateramplitudeerrors. Acoustic
andmagneticexcitationincreasedthemaximumresponseamplitude
over the maximum response to perfect excitation by 0.6 and 1.1%,
respectively.These increasesare relatively small when compared to
the 8.6% difference in maximum response between the tuned and
mistuned bladed disks with perfect excitation (Fig. 8).

The maximum blade responses of the mistuned bladed disk (de-
� ned in Table 1) to the same three types of travelingwave excitation
are shown in Fig. 8. Like the tuned bladed disk, the mistuned bladed
disk responses in Fig. 8 are dominated by large resonant responses
in the three-nodal diameter modes. However, the non-three-nodal
diameter peaks are over four times larger in Fig. 8 than they were in
Fig. 7. Also, note that the structuralmistuning has split the repeated
system modes, resulting in more resonant responsepeaks than were
in the tuned responses in Fig. 7. Last, acoustic and magnetic excita-
tion increased the maximum responseamplitudeover the maximum
responseto perfectexcitationby0.7and2.3%,respectively,in Fig. 8.

This example suggests that traveling wave excitation errors are
not a great concernfor the validityof forced responsemeasurements
of bladed disks. Excitation errors are not likely to be confused with
mistuning in the bladed disk for several reasons. First, unlike mis-
tuning, they do not move or split natural frequencies. Second, the
non-three-nodal diameter modes were excited to amplitudes four
times greater in the mistuned disk with perfect excitation than in

the tuned disk with excitation errors. This suggests that bladed disk
forced response is more sensitive to mistuning than to errors in trav-
eling wave excitation.Third, most studies on mistuned bladed disks
are concernedwith themaximumresponse,whichwas changedlittle
by the excitation errors in this example.

Experimental Results
The 18-bladedsteel disk shown in Fig. 2 was used to demonstrate

the TEFF traveling wave excitation system. The bladed disk was
designed so that the blades would be lightly coupled and nearly
tuned. The second bending mode family was investigated because
it was high enough in frequency to be excited by both acoustic and
magnetic excitation.

The bladed disk was excited using sine sweep engine order 3 ex-
citation, C D 3. When this method is used, the phase shifter is fed a
simultaneoussine and cosine sweep, which causes the phase-shifter
outputs to sweep simultaneously while maintaining the 60-deg in-
terbladephaseangle fromEq. (3). Sine sweep excitationwas chosen
to save time over a stepped sine dwell test.

The linear traverse (Fig. 1) positioned the single-point laser vi-
brometer on the tip of each of the 18 blades during testing. The
data acquisitionsystem was triggered to capture the function gener-
ator output and the blade responseover exactly one cycle of the sine
sweep.The complexvaluedfrequency-responsefunction(FRF) was
then computed from the captured time signals. Five averages were
taken to reduce any noise in the data. Finally, each blade FRF was
formulated by dividing the acquired FRF by the average actuator
force spectrum from the calibrationexperiment [Eq. (7)]. Each sine
sweep required 8 s for a frequency resolution of 0.125 Hz.

The maximum response of any blade is plotted as a function of
frequency in Fig. 9 for acoustic and magnetic excitation. A tuned
bladed disk should contain 8 repeated natural frequencies and 2
single natural frequencies, for a total of 18 modes in the second
bending family.1 Assuming perfect traveling wave excitation, only
one resonant peak, corresponding to the repeated three-nodal di-
ameter modes, should be present in the FRF.2 This dominant peak
is clearly seen in Fig. 9. (The relative size of the dominant peak
is even more apparent when plotted on a linear scale later.) Some

Fig. 9 Experimental blade FRF, C = 3: ————, magnetic excitation and
——, acoustic excitation.

Fig. 10 Experimental blade FRFs, C = 3, magnetic excitation.
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Fig. 11 Experimental blade FRF, C = 3, Magnetic excitation; laser holography images of second bending family of modes.

other modes are also weakly excited indicating some combination
of excitation errors and mistuning in the bladed disk.

It was expected that magnetic excitation would excite the non-
three-nodaldiametermodes more than theacousticmode as in Fig. 7
because it was assumed to contain more amplitude excitation error.
However, the non-three-nodal diameter peaks are at most 30% of
the three-nodaldiameter peak for acoustic excitation and only 17%
for magnetic excitation.Larger than expected errors may be present
in acoustic excitation due to the greater variability between acous-
tic exciters than between magnetic exciters (Fig. 3). Although a
calibration correction was applied at 1150 Hz, the magnitudes of
the various exciters varied at other frequencies without correction
during the frequency sweep. This source of error can be corrected
with a slower stepped sine test, where a correction is applied to
the exciters at every frequency change. The acoustic exciters also
contained greater variability in phase response than the magnetic
exciters, which was uncorrected during this test. Phase differences
can be corrected using the phase shifter in the same way magnitude
errors currently are. This is a recommended future improvement to
the system.

Figure 10 shows a closeup of the three-nodaldiameterpeak in all
18 FRFs. Small amounts of mistuning have caused the two repeated
modes to split slightly in frequency.13 All repeated modes appeared
this way when viewed closely with enough frequency resolution.
Note that the FRFs in Fig. 10 split into three distinct groups, those
containing a low-frequency peak, high-frequency peak, or a high
responding middle-frequency peak. The blades alternated sequen-
tially among these groupsaccordingto their sequentialorder around
the disk.

Several evidences of mistuning were observed in the bladed disk
that partly account for the presence of non-three-nodal diameter
modes in the FRFs. The one-nodal diameter and two-nodal diame-
ter modes are clearly split in frequency in Fig. 9. The three-nodal
diameter (ND) peak, on close examination in Fig. 10, also has peak
splitting.Last, the more closely spaced high-frequencymodes were
excited to higher amplitudes than the other non-three-ND modes,
indicating that they may be more localized, that is, have lost more
of their orthogonality to the engine order 3 excitation.

Laser holography was used to qualitatively measure the amount
of distortionand localizationin the mode shapes.Holographicmode
shapeimages,shownin Fig. 11, were takenwhile excitingthebladed
disk at its various natural frequencies. Holographic images show
areas with no vibration (node lines) in white. As one moves from the
node lines, alternating fringes of light and dark indicate increasing

vibration amplitudes. The second bending motion of the blades in
this family of bladeddisk modes is clearlyevidentby thenode lineat
approximatelythree-quartersof the bladelength from the blade/disk
interface.

The low-frequencymodes in Fig. 11 appear as classic ND modes
of a tuned bladed disk. These modes are orthogonal to excitations
where the engine order is not equal to the number of NDs in the
mode.1 Therefore, they are present only at very low amplitudes in
the FRF. On the other hand, the modes above six-NDs have lost
their symmetry and do not resemble tuned ND modes. The highest
two modes are particularly localized to blades on one-half of the
disk. (Thismode distortionand localizationindicatesthat the closely
spacedhigher-frequencymodes aremore sensitiveto mistuningthan
the lower-frequency modes. Judge et al. observed similar behavior
on a 12-bladed disk.5) Localized modes lose their orthogonality to
the forcing function and generally can be excited by any engine
order.2 Therefore, the mode distortion and localization in Fig. 11 is
further evidence of mistuning in the bladed disk and an explanation
for why the higher-frequency modes were excited by the engine
order 3 excitation.

Conclusions
A traveling wave excitation system was designed and built for

the U.S. Air Force Research Laboratories TEFF. The system was
designedwith the � exibilityto test bladeddisksof differentsizesand
numbers of blades using either acoustic or magnetic excitation.The
systemuses a phase-shiftingcircuit to producethe phased excitation
inexpensively.The phase shifter allows calibrationof all exciters in
amplitudeand phase,aswell as simultaneoussweepingonall phased
channels.

An error analysis showed that position errors cause amplitude
and phase errors in the traveling wave excitation and in the forced
response of the bladed disk. However, it was shown that the effect
of excitation errors was both different and smaller than the effect
that mistuning had on the forced response. Excitation errors can be
controlled through careful placement of the exciters, so that reli-
able engine order excitation forced response measurements can be
achieved.

The TEFF traveling wave system was demonstrated on an
18-bladeddisk and shown to be successful in producing a traveling
wave response.Travelingwave excitation stronglyexcitedonly one
bladed disk mode on a nearly tuned bladed disk. Acoustic excitation
is suspected of having slightly more excitation error than magnetic
due the larger appearanceof othermodes in theblade responses.The
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presence of other modes in the response is also partly explained by
mistuning in the disk. The presence of mistuning was veri� ed by
observing frequency splitting in repeated modes and distortion and
localization in bladed disk mode shapes. The TEFF traveling wave
systemis a promisingtool for studyingthe forced responseof bladed
disks.
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