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NASA TURBINE BLADE MODAL TESTING STUDY

~INTRODUCTION

The purpose of this study was to develop testing procedures which
could be used t¢ modal test turbine blades. The methods studied
were methods which used and extended current modal testing proce-
dures. An acoustical impacting testing method was perfected for
testing small turbine blades.

REVIEW OF CURRENT TECHNOLOGY

The current procedures for testing blades can be divided into the
conventional frequency response methods and the optical holograp-
hic methods. The technology investigated in this study was
limited to conventional frequency response testing methods. The
methods evaluated during the study were optimized acccrding to
blade size and mourting condition.

The most difficult testing situations were for small blades
and/or blades mounted in discs with loose or non-linear boundary
conditions. The study concentrated upon these measurement cases.
The larger blades could be studied by conventional frequency
response testing methods where a small accelerometer, strain gage
or some other small displacement pickup is mounted on the blade
and an exciter system(impactor or electro-mechanical exciter) is
used to excite the modes of vibration.

The small blades, in general, had high natural frequencies and
low modal mass. As a result, with current state-of-th~e-art
transducers and exciter systems it is impossible to measure the
eigenvalues and eigenvectors without significant errors due to
the mass loading of the blade by the measuremeat system.

The smallest commercial exciters and impedance heads cause sign-
ificant frequency shifts in those modes of vibration where the
impedance heads contributed significant mass to the mode of
vibration. In general, this would be modes of vibration which
had significant motion normal to the force sensing direction of
the impedance head. Since the impedance head could not measure
these force, they were not considered in the fregquency response
measurementas.

Also, the small blades are, in general, rather stiff and as a
result it is difficult to excite the blades to high displacement
values at the high natural frequency of the blades. Therefore,
non-contacting displacement pickups are often not sensitive
enough to make good measurements,

EXCITATION METHOD
An impacting method was chosen to excite the small blades since

there is not mass locading effectwith this method, A small hand
held impacting hammer was specially developed for the turbine

TURBINE BLADE TESTING page 1
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blade testing. A standard small PCB impacting hammer was pur=-
chased and used as the starting point for the hammer construce
tion. The load cell was removed for this hammer and fitted with
a very light weight epoxy reinforced handle. The mass of the
hammer was reduced to a minimum in order to excite the frequency
range of interest and to reduce the possibility of multiple
impacts.

A special conical tip was machined on the tip by PCB. This is
important for achieving repeatiable results on the frequency
response measurements., Small impact caps can be used to reduce
the frequency range inputs for impacting on larger or more flex-
ible blades. '

Unfortunately, for the small blades with the hand held impactor
it requires good manual dexterity to operate the small hammer.

For even smaller blades, a small ball bearing can be used to
impact the blades. For this case it was not possible to measure
the input force. As a result, the frequency response of the
blades could not be measured. The natural frequency could be
measured from response spectra and estimates of mode shape could
be estimated by the mass loading method described in Appendix A.

RESPONSE MEASUREMENTS

The response of the blades was measured whenever possible with a
small accelerometer bonded at one point on the blades. The
accelerometer was placed as close to the root of the blade as
possible to minimize loading effects. It was important to pick a
point where the modes of the blade c¢ould be measured. Small
sirain gages could also be used, however, for this work no strain
gages were evaluated. In most applications it would not be
necessary to have calibrated frequency response measurements
since only the eigenvalues and eigenvectors would be the desired
measurement result.

Non-contact probes were evaluated for measuring the response.
Eddy current displacement probes were evaluated, Lut due to the
small vibration levels and the difficulty of mounting the probes,
they were not practical without constructing a special fixture
for mounting and possibly scanning the probe. Optical displace-
ment orobes may be practical but were not evaluated during this
contraict because they were not available to the University.
Again it would be necessary to have a probe positioning fixture.

Microphones were found to be very practical for measuring the
response of the small blades. They are very sensitive to high
frequency vibration of the blades particularly if the blades are
lightly damped. Also, the positioning of the microphone is not
ecritical. A great deal of work was spent on developing the
microphone measurement method. A detailed analysis of this
method is presented in Appendix B, The primary disavantage of
the microphone method is that ambient noise can cause problems.
Special filters may be required to filter out high background

TURBINE BLADE TESTING page 2
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noise problems. Also, there are some modes which are not gnod

radiators of noise. Acoustical modes in the testing environment

can be important, as a result, an anechoic chamber is the ideal

"testing environment,

IMPACTOR DESIGN AND EVALUATION

The design of the impactor is shown in Figure 1. A light weight
handle was designed and modally tuned. The hammer was calibrated
using a small Quixote Measurement Dynamics hammer calibrator. A
typical calibration curve is shown in Figure 2. The harner could
be ustd to a frequency of 30,000 Hz. or greater if impacting on a
hard surface.

MICROPHONF

A 3&K one inch sound level microphone was used to measure the
sound radiated by the blade under impacting conditions.

TEST EQUIPMENT

A HP 5423A Structural Dynamics Analyzer was used to make the
impact measurements. Mode shapes and natural frequency could be
determine directly with the 5423 for the data taken with small
accelerometers, Due to the time delays present with the micro-
phone, the curve fitting in the 5423 was not adequate. The data
was either transferred to a HP 9816 desk top computer or the HP
5451C Fourier Anzlyzer system where it could be curve fit wita
the complex exponential curve fitting algorithm which can handle
the time delay problem. £2Anatrol Corp.'s "PRISM" desk top modal
software package was used to do the curve fitting in the 9816 and
the University of Cincinnati "RTE MODAL" program was used in the
5451C system.

TEST PROCEDURE
Turvine Blade Boundary Condition.

The mounting condition for the turbine blade is very important.
The easiest testing condition is a free-free condition, however,
for most situations this is not acceptable. As a result in most
cases the blade will be tested in a fixture which will duplicate
the true mounting condition or by actually mounting the blade in
its operating system.

The boundary condition at the root of the blade is very difficult
to duplicate in the laboratory. In many cases, the blade is
seated by centrifugal force during cperation but in the
laboratory it is free to move. This causes obvious rroblems with
measuring the true operating frequencies and damping values.
There are addition problems due to "rattles" aivd other non-

.linear behavior which make it difficult to obtain good frequency

response measurements. This condition can be improved by pre-
loading the blade in its mount which can be done by shimming the
blade or by bonding the blade with a removable glue.

TURBINE BLADE TESTIKNG page 3
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If the purpose of the test is to compare with finite element
results, then it is best not to measure the blade in the actual
‘operating system since this condition has many modes of vibration
associated with the total system and, in general, has many mea-
surement problems due to non~linear behavior of the turbine
system. The best apprcocach is to model the system in a configura-
tion which can be easily tested in the laboratory. This would be
in a free~-free condition or in a simple fixture whichk effectively
mass loads the blade root. The mass loading is used to have
forces acting on the blade root during the testing process.

Transducer Location

The location of the transducer should be picked, so that it is
sensitive to those modes important in the evaluation of the
blade, but minimizes the loading effects of the tranaducers. A
position near the root of the blade is ideal since it offers
reduced loading effects. O0f course, several positions should be
evaluated to mimimize the possiblity of missing an important
mode. To evaluate the loading effects, two transducers can be
used. One located at a fixed location on the blade and one which
can be moved to likely mounting points on the blade. The fixed
transducer can be used to measure the shift in frequency as the
roving transducer is positioned. This shift will be representive
of the shift pr:sent in the actual testing condition.

In the case ¢f the microphone testing method the transducer is
positioned at a point where the modes under investigation radiate
a good sound pattern., It should be noted that whether the micro-
phonc is mounted in the near field or the far field is not
important. However, in the near field the sound pressure levels
of the radiated sound are higher and as a result the signal to
noise ratio is nigher which is a better signal processing condi-
tion. It is important in the near field that once the test is
started no relative motion between the test object and the micro-
phone exists. If the microphone is in the far field the relative
position effects are minimized. In practice, the microphone has
been placed approximately four inches from the blade being
tested.

Excitation Considerations

The type of excitation is determined by the test setup aud the
size of the blade. The impacting method i3 better for the
smaller blades. On the larger blades, impacting is also desire~
able, except for the cases where there are signbificant non-
linearities in the test article or it becomes necessary to zoom
into a small frequency range. For these cases and electo-mech-
anical exciter system could be used.

TURBINE BLADE TESTING page 6
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Signal Processing

The type of s!gnal processing that should be used is standard for
the freequency response testing with the exception that for the
wicrophone measuremeirts it is important to minimized the effects
of the time delay of the sound measurements. This can be done by
using a pre-trigger delay between the force channel and the
microphone channel.

For a test using an electro-mechanical exciter system, it is
important to use signal processing and excitation methods to
minimize the effects of "leakage®. Force ana exponential windows
should be used for the impacting test.

Finite Flement Analysis

Whenever possible it is good to have a finite element analysis
performed on the turbine blade being tested. For extremely,
small blades it is difficult to locatz a large number of test
points on the turbine blade. For thess cases, the basic nature
of the modes of vibration can be determined from the testing, and
the finite elerment modes can be used to describe the modes. The
natural frequencies obtained from the test can be used to adjust
the finite element model. For these cases, it would be advisavle
to test the blade in two steps, a free-free test and a mounted
test. The blade should be modelled with a finite element program
in both conditions for comparison. The free-free test would be
used to verify the turbine blade model and the finite element
system model should be used to adjust the boundary conditions.

TEST RESULTS

A number of different turbine blades were tested during this
study progranm. The blades sizes were varied from very small to
large.

Test Setup

A typical photograph of the testing setup is shown in Figure 3.
The equipment shown is the HP 5423A and the RKP 9816 desk top
computer. In Figure 4, a photograph of the impacting test on a
larger blade is shown with a small accelerometer mounted on the
blade. In Figure 5, the same blade is shown with the microphone
being used as a pickup. The set-up typical of smaller blades is
shown in Figure 6.

A typical test is shown in progress in Figure 7.

Frequency Response Measurements

Impact testing was primarily used during this testing program. A
great deal of effort was spent on perfecting a testing method for
small blades. A special hammer was constructed by rebuilding a

standard small PCB impact hammer. A very light weight handle was
constructed from epoXxy coated balsa wood. This hammer was then

TURBINE BLADE TESTING page T
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modally tuned to eliminate any hammer modes which would effect
the force spectrum. The hammer has a special conical tip whiceh

improves the repeatablity of the force signal. A typical force

—spectrum is shown in Figure 8.

Frequency response measurements made on a small turbine blade
with the small impact hammer are shown in Figure 9 and 10 for a
driving point and cross measurement.

The small hammer can be used to measure frequency response

.. functions with a maximum frequency of over 30,000 Hz. The actual
frequency range is determined by the hardness of the contact zone
between the hammer and the turbine blade.

It takes a person with good manual dexterity to use the hammer,
therefore, it is important .to practice before performing a func=-
tional test.

With practice, the frequency response measurements made with the
small hammer gave excellent results even on the smallest blades
tested.

Parameter Estimation

For the cases where an accelerometer is used, the standard single
and multi-degree of freedom modal parameter estimation algorithms
can be used to estimate the modal parameters (frequency, damping,
and mode shapes).

For the microphone cases it is necessary to use a method which
has the avility to handle the phase shift due to the time delay
caused by the propagation of the sound signal. A pre~trigger
delay can be used to reduce this effect and the standard methods
of analysis can often be used. The complex exponential algorithm
can be used to obtain the desired results even with significant
delays present in the data. A modified parameter estimation
method was developed which can take the time delay directly into
consideration. This method is desribed in detail in Appendix A.

Typical Results

A large number of blades were tested as part of this study. A
set of typical results is shown in Appendix B. A comparison
between standard testing methods and the acoustical method is
shown.

For very small blades the difficulty is locating points on the

blade. In these cases only enough points were taken to correlate

the results with the finite element results.

For cases where a large number of blades are mounted on a turbine
disc, a problem with group modes can develop. A group mode is
one where 1n a very narrow frequency range, a large number of
modes of the same nature exist., This is caused by the large
number of blades and is exaggerated by the slightly different

TURBINE BLADE TESTING page 13
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tuning of each individual blade on the disc. For these cases, it
is necessary to zoom in on the frequency range, to separate the

closely spaced modes. For close zoom ranges it is often diffi=

testing. For these cases, a test where the turbine dise is .

excited with an electro-mechanical device is a better solution
because the energy can be concentrated in the frequency range of
interest. By exciting on the turbine disc, the loading effects
of the exciter system are minimized from the test considerations.
Carc must be taken to locate a point on the turbine dise which

“will excite the modes of interest.

SUMMARY

A method has been developed for testing small turbine blades.
This metho ! uses a non-contact microphone and impact testing to
eliminate the transducer loading problems associated with conven-
tional testing methods. For larger blades, the more conventional
testing methods work well.

TURBINE BLADE TESTING page 17
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D.5 ONE CHANNEL ‘R“QUENCV RESPCNSE AND MODE PARAMETER
MEASUREMENTS

In order to measure the freguency resporse of a system,:'
it is necessary to measure the inputr signal and ouzput
response of a system (see Section IV of Appendix A). There

are cases in which it either impossible or inconvenient

[l
[

to measure the input of a system, or the data processing

equipment is only availahle for processing one channel of
data. In this case, an aprroximation of the frequency re-
sponse and approximate mode coefficient czn be obtained by
measuring the response spectrum only. The measurement is
made by altering the test system 1y adding mass or ccnnect-
ing some other structure *tc the test system at selected

pcints and then measuring the shift in natural frequency of

the new system.
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The simplest method is the
at a predetermined peint. The driving point freguency
response at the pcint (A) where the mass has been addad to the

structure can be written as:

" 2
= B =T v N P ISR
¥, AN B Te2g,8-5]
A izl (1 “i) lui]
for 2 system which cen be approximated by real normal modes.

Or rewriting in terms of effective stiffness, mass, and

| damping:
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where WAi ~ eigenvector

ws v natural fregquency of ith mode
. P, ~ damping coefficient of ith mode

KA ~ effective stiffness of ith mode at point a
l B

my " effective mass of ith mode at point a
l -

C, ~ effective damping of i™ pode at peint a
i

The frequency response at point A which is modified by

connecting an additional system is given by the following

expressicn:
(H,,).
(Hplp = —i23-
) 1».%1& D.5.3
“a
where (HAA)i = initial frequency response at point A
(HAA)f = ?inal frequency response after sys- em
is altered
HC = frequency response ¢f connecting system
1 - -
= 75 for pure mass D.5.4

m = added mass
Substituting D.5.4.and D.5.2 into equation [0.5.3, the

resulting equation is obtained;

(H,,) -<x“> .7 1 D.5.5 ’
L3S 2R NG SFet TKAi-(mAi*m)u-+cAiujJ ;
388
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The natural frequency of the original system for the

ith mode is:

k
H -Ai o
N vy D.5.6

and Ior the modified system is:

©, = Al D.5.7

Therefore, equation D.5.6 and D.5.7 can be solved for
Kai and m,; in terms of the measured frequencies and the i

added mass (m) or:

. D.5.8

and

[ois .

ax
L]
£
~
]
w
O

The damping term can be m=asured from the hali-power
points, rate of decay or by any number of different techniques.

and C,.a are xnown, then the frequency respcnse .

o, XK.
Once ia’ “ia?

of the driving poin*t can be estime:ed frem equation D.5.2.

If the mass is moved from point to point on the structure, ?
then the eigenvector or mode shape can be cbtained from -
.l
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The acoustiec gressure is also expressed by jqf,
then by formula (3) , the acoustic pressure is

Py= jwfz—l/.[/ﬁ 4S (4)

Suppose that the structure surface is composed of
these piston sources , the acoustic pressure is

5 SLull € (5)
= =JW — 5
R .Z_‘ B 5’,,,..2::-_/]3 7, %S
. When a force is applied at a point i on the
structure , the velocity(Vy) of the piston can be
expressed as follows.
Vg = JwHniF; Unll; _ Unll; Rl g;;
Face érie;qi::e.néy r%'s(bon§e) function

Then formula (5) becomes

Pa --W ZHM. 6//6 ‘{Sn
=- ‘;;_ BIF_du | uid / 45,
N N

Lf _@ﬂf_J_f_w@zs-)/ .

Gija-R)  &G-FDY £

Fig.3 RADIATION MODEL

ACOUSTIC MODAL ANALYSIS
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Laplace program (User program Y70, see Appendix B) was
then used to calculate the natural frequencies and damping -
coefficients in the zoom transformed range. The procedure
gave very repeatable results for the natural frequency
measurement. For example, the second bending mode frequency
was at 4328 Hz, and the standard deviation was only 0.25
Hz for the measurement. In Figure D.5.1 the first three
measured mode shapes are given for the beam. As can be
seen from this figure, reasonable mode shapes are obtained.

The technique also has application for zases where
two channel meaéurements can be made to obtain good scaling
values for eigenvectors. A known mass can be added tc
the system and the change in the ratural frequency can be
determined and used to compute the effective mass or stiff-
ness of a mode of vibration. A series of masses can be
adced and the effective mass can be determined in a least
square sense from these series of measurements for improved
accuracy. f

The rigid body modes cf a complex system can be determined
by moving & known mass around the system and calculating the
effective mass of the six rigid body modes. From the six
rigid body modes, the location of the center of gravity and

+he rotary moments of inertia can be determined.

D.6 MICROPHONE MODE SHAPE MEASUREMENTS .
Several times during the thesis project a microphone

was used with impact testing for determining the natural

358
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FIGURE D.5-1 MODES 1-3 FOR GRAPHITE-EPOXY BEAMS



frequency and damping factors for small lightly damped
éystems. Since the mi;pophone didn't contact the part

Vseihg tested, it never locded the part and the measured
frequency and damping factor were accurate. (see Appendix
D.5). Very good mode shapes could also be determined by
fixing the microphone in space and usinglimparting techniques
tc measure the mode shape vibration of the part. The mode
shape was determined by moving the impactor from point to
point on the part being tested. The level of vibration

for each mode varied with the impact point by an amount
propu.rtional to “:he modal coefficient at that point. The
microphone measured the sound radieted by the part which is

a measure of the vibration of the part; Since the microphone
is positioned remotely from the vart, there is a phase delay
in the resulting frequency response; therefore, circle fitting
or Laplace fittinz should be used to measure the modal cocf-

ficient.
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ACOUSTIC MODAL ANALYSIS

ABSTRACT

The modal parameters estimation technique for the
.requency response function which is the ratio of an
acoustic signal to an input force was developed in this
paper. By this technique we could estimate frequencies
,dampings ,modal vectors and modal mass. In modal
analysis the modal mass cannot be estimated without a
driving point measurement. But this technique can -
handle the modal mass without a driving point
measurement.

This paper includes two examples (Turbine blade,
T-plate). The results were compared with the results by
modal analysis and it had a good correlation. Moreover,
in order to check the accuracy of the results twc
attempts were performed. One is that the frequency
response functions at a different microphone position
were predicted. Another is the prediction of the
frequency response function of the modified structure
with some amount of mass. Both had good results.
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Velocity potential
Area of the structure surface

Distance from the each point on the structure
to the microphone

Distance between the structure and the microphon??
Frequency (=21Cf) ‘

Damped naturalrfrequency of r-th mode

Undamped natural frequency of r-th mode

Sound speed

Wave number (w/C)

Eigen value of the r-th mode

Delay rate of r-th mode (damping)

Number of points measured on the structure

Number of modes of interest

Number of points which radiate the noise
to the microphone

Mode number

Densicty Af ihe air |

Acoustic préssure

Experimental frqeuency response
Analytical frequency response
Residual mass

Residual flexibility

Damping factor
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When one efficiently reduces the noise from the
structures , the technique to determine the dynamic
cnaracteristics of the structure and predict the
radiated noise is required. So far some papers have
been devoted to this area but these papers have used the
method as in Figure 1. The drawbacks of this method are
that the noise radiation cofficiency must be predicted ,

" because it is very difficult to predict for the

complicated structures and modes,

In order to r=solve this problem , the technique in
this paper determines directly the characteristics of a
structure using an acoustic signals as illustrated in
Figure 2. By this technique the radiated noise can be
predicted without the calculation of the noise radiation
cofficiency.

Moreover , the merits of this technique are,

1) It is not necessary to put the accelrometer
"~ -onto the siructure. )
2) Directly the mode which contributes much to the
radiated noise can be found. ‘
--3) . Et-is not necessary to calculate the noise
radiation cofficiency.

ACOUSTIC MODAL ANALYSIS

=
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THE THEORY OF SOUND CHAPTER 2 i
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2.1 THE RADIATION OF SOUND

In tkis paper the radiation by a plane piston will
be used as the acoustic model. But the details will not

“be discussed here if anyone wants to know the details ,

please refer to the references [1]1,[2],[3].

The radiation of a piston can be analysed by a
general method if the velocity potential and its normal
derivative are known on the bounding surface. _

The éﬁlocity potential of a point source with

strength G.dS , radiatlng into a solid angle 2L 1is
df=-~ m(gff ;fds. (1

If these point sources exist in the plate and
.outside. these sources.isoccupied by a rigid baffle ,.
the velocity potential at a point A (Figure 3) is
obtained by adding the potentials d of the individual
point sources over the area S,with the retarded phase
expressed by the factor exp( -jkR). that is

%=sx (’?)sikds (2)

Moreover , if the velocity of the piston surface is
v, V:-@%-,then the potential is expressed as (3).

kR
%=k V/Z%— 43 (3)
5

YY)
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The acoustic gressure is also expressed by jgfﬁ
then by formula (3) , the acoustic pressure is

Py= J"frl{[/ed¢5 (4)

Suppose that the structure surface is composed of
these piston sources y the acoustic pressure is

Z %-ngzmv./] (5)

. When a force is applied at a point i on the
structure , the velocity(Vy) of the piston can be
expressed as follows.

-V = JwhyF; = Ul u*ug Egg
: gr!e;qzt?gn raefs(bonge) function
Then formula (5) becomes ik

PA=-w fé:é:fb145 J/%%' ASa

--"'-i‘.fz:%m_m ﬂ;ﬁ”‘ ]f/ s,

ZLéiyhlﬁsdsé i “w/ d&%};: (8)'
2 h-l Qrljw=f3) d,.*(‘/""Ft)J «

Fig.3 RADIATION MODEL

e e e e et e e e e e o e e e S e o e e o

a4
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2.2 FREQUENCY RESPONSE FUNCTION

2.2.1 FAR FIELD MODEL

In the far field model , the following condition
can be assumed.
R>>d (9
Therefore, R=Rp=1l=cost.
exp(=-jkR)=exp(-jkl)exp(=-jkAaR) (10)
Where, Rzusin(8)cos(P)

Formula (8) becomes ¢/ akaR, ikl

i{@-(m//é“%uffm € 454E ¢ (11

 ap
Pp==V¥z

moG(fe=-FY OCe-R" 2

e e e - e s i Tt g o T St A S o e o

AL PAGE 18 ACOUSTIC MODAL ANALYSIS
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Putting kusine-z and krsinf= za,and using relations
from Bessel function theory,we get
exp(-JkusinGcos?)dst/ﬁ;u exp(-Jkusinacos¢)d¢
-ZE/LJ(z)du

7 af z0(2)dz’

s zafgg(a>
o '( (12)

By using formuliﬁ(li) formula (11) becomes
A F el TS
P, == (=3k1)-E/1 (13)
Z‘ deiju-R) a;’(/.,..P‘)J_(zp J / 3
where, $ = 22.‘
: L/
Py /F, ==wlexp(- kl) (LTl E) “(2'“"6'%' (14)
/5 =-iforn - LURERL
.Suppose that every diameter of pléZ?ns iizgﬂf same value
wlals)  U(edn)
Py /F, == —e (=jk1l)/.{ } (15)
A Vgexp(=d Z‘M»-E) NP

When the acoustic pressure is measured with shifted
the retarded time (1/¢) ,

Py /F == Y Ua (AHA 18-
* w’Z"{C oot a*@vf')} ‘

- Where ', . u;ﬂfu,
2&%
or e
Formula (16) is a frequency response function which

is the ratio of an input force to an acoustic pressure
with shifted a retarded time (1/c¢).
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2;2‘;; NEAR ¥IELD MODEL

In the near field model , the conditions (R>>d) as
in the far field model are not required , therefore this
modzl is more practical than the far field model.

Suppose that the piston surfaces are very small ,
formula (8) becomes

2> WU Ua Ul U )

P 2= = (17)
A/F‘ WL{ “'P} %@’{/W‘P’) 7

L

where , uAﬁép,MSnexp(-JkR)/R
]

u‘:éy#dsﬁexp(-JkR)/R

Formula (17) expresses a frequency response
function in the near field. Continuous systems have an
infinite number of degrees of freedom but , only a
finite number of modes can be used to describe the
dynamic characteristics of a system . The theoretical
number of degrees of freedom can be reduced by using a
finite frequency range of interest . Therefore, the
frequency response can be broken up into three parts
(0,fy:f,f2:f2,0), In this case Formula (17) can be

__expressed as follows..

PA/F -YA,_-JZ a‘f{/i"_‘m ai’(;'”_‘f‘}- ZAz (18)

. A examp1e of a frequancy response is illustrated in
Figure 5.

L'V}
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As a frequency response function in the near field
involves that in the far field ana is more practiecal ,
in this chapter a estimation technique of the modal
parameters will be developed for the near field model.

3.1 FREQUENCY/DAMPING ESTIMATION

In this ‘section some techniques for estimating
frequencues and dampings will be shown. But technique
(1) through (3) are applicable only for cases where the
system is lightly damped or the modes are well ’
separated.

(1) Suppose that the difference of the two frequencies
where the value of the magnitude of the frequ=ncy

L response beccmes t/a of the. peak is Ak .

"““”/20» 7 (19)
(2) Suppose that the-difference of the two frequencies

where thh value of the quadrature response becomes 1/a
of the peak is Aw ,

§;~’ Aw/Za)m/ﬂ -/ (20)

(3) The damping factor can he obtained by the variation
of the phase angle around the resonance,that is

3- %“’"‘f‘g)rf (21)

(4) The frequencies and dampings can be estimated as

global values by an unit .opulse response and 2 least
square sense ., Now the unit impulse response can be

obtained by a Fourier transform of Formula (17) as

(@)
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follows , @ LAS. “.% f" 'z?) LAS-/(:Y: .g?t-c'-?)
futrglam @ C, *hm e
ot R gt

DRI A &Rz C
-7 Bt rot (22)
Z';?{/L,C +/4t{-o"

Formula (22) is the same expression as the unit
impulse response of the vibration , so the same
procedure as that of the vibration can be used to
estimate the eigenvalues . For details see reference

(41,
3.2 MODAL VECTOR ESTIMATION

The frequencies and dampings can be obtained by the
technique discussed in the previous section . Therefore
, modal vectors estimation technique will be developed
using these parameters in this section . :

A frequency response function 1n the near field is

U; aj
P, /E =Y;-w /2. { }ai2Z, (18)
M Zcu./»-m age-gr M
This equation will be used to estimate the modal
vector ,but this is difficult to solve because the
numerators are not constant and it is supposed to be a
big matrix rroblem , so it is not practical to directly

. ... :use this equation.. ..Now:in order.to solve this.problem -
" a {teration procedure will be used (Figure 6) .

“* Pifst of all, the numerators are assumed to be
constant complex ,that.is

Pa/F, =Y, =W "Z\{A"’da' A JE*”} -2, (@3
moje-R e RX

Equation (23) will be used to solve the first
approximaion of modal vectors. That-is , A +jB is
estimated from Formula (23) ,then by the relation of
Formula (18) and (23), the following N equations can be
obtained .

u; {Z:u,,.S,, exp(=jkRe/Ra/ar -Arﬁja‘r (24) -

12
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Equations (24) can be solved as follows,

u /A = -)/‘.‘(A. Ba-exp(-jkRm) Sa/Re  (25)
i /3 =B+ §B;y 2, (An+ B - exp(-] B

Solutions (25) are the first approximation of
modal vectors.

(25) are instituted into u,//a uAAJF;(see (17) in
page 9) of equation (18) ,then from (1 ) u;/fapcan be
estimated again. Next , these solutions are instituted
into the same terms of (18) as the above again and u;/Ja,
are estimated again.

The above procedures are repeated until the change
of the solutions will be enough small .

In order to estimate the modal vectors from
equation (18) and (23) a least square method will be
used. Let G represent the experimentally dstermined
frequency response function , and H represent the
mathematical model of formula (18),(23)

(a 'G(f) f:fg ,fzyfs 5 ’f. (26)
( -H(f,X)-H(f,YY. Ta)  (2T)

-f‘ 152 9599 fm
where Y is modal vector

The error in the fit at frequency f, is
e e BT T ‘.,_'...-z; ._.:.-;._-;-:5 Ekfy) ﬁG’( fk)'-ﬂ'(fé ,7) oo R (28 ) .

By minimizing the error term Et the modal vector

- cam be determined. - That ig o o

E+-ZE,=()') E () Z.E N 29
LA ]
"Et x-:,w<fg,7)+rff""<f, ¥)1=0 (30)

the number of equations (30) is 2M+2 , so the 2M+2
unknowns(modal vector) can be solved from equations
(30). See Appendix A.

13

B "W 2



ORIGINAL PAGE | _ ACQUSTIC MODAL ANALYSIS

TrAL

OF POOR QUALTY

P « Air+jBir {Aij. }
T Ai+jBi
FI = jw—pPr 2 M
—7
ui _ Ai+jBi
Ja@  (a+jBlexp(-jkw) S/R
substitute L
4P S uGue-ikws/R)  del-ikws/R)
M . -F x 3
Fi%  a(w-Pr) &(iw—P7)

END

--——---—'q—--——---—-—-—-—- Ll B T = Ay I — -.—-+

Fig.6 MODAL VECTOR ESTIMATION FLOW
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3.3 MODAL VECTOR SCALING

By the iteration technique u / ar (i=1,N,r=1,M) can
be estimated The denominator of this is a scaling factor
of a modal vector.

Suppose that a scaling facor is R+jI ,

p=(R+J1) ' (31)
For the.  case of prooortional dampiﬂg ’

2y = J4%m, vy /f (32)
Therefore , 'T=|R‘Jll§2btukr (33)

Here a modal mass -~ ar be obtained.

15
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RESULT OF .NALYSIS AND EXPERIMENT

4 m————

- o o onanof

To ¢heck the effectiveness of this technique
developed in the previous chapter, two examples were
tested in the anechoic chamber. The first example
involves the turbine blade and the second example is
T-plate. The results will bte shown below.

n.1‘ TURBINE BLADE

The turbine blade structure is schematically shown
in Figure 7. The microphone was set at 10 centimeters
away from the structure and each point on the structure
was impacted by a small hammer. As this structure is
small, the characteristics wculd change under the
condition with an accelrometerr. But, to verify the
results the vibration and the acoustic test were
performed with the accelrometer.

Npae o E e LA - R ',‘~-~.- -
. .n,__.., T ,:_ R LI - A ".

The mode shapes of the both test are shown in
_ Figure 8 through Figure 14. The Table 1. shows
" Frequencies," Dampings and MAC value between the acoustic
.and vibration. . , ‘

16
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Fig. 7 TURBINE BLADE STRUCTURE
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Fig. 8 MODE SHAPE 1 (TURBINE BLADE)
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§ FREQUENCY(Hz)| DAMPING(%) " :
3| AcO. | viB. | AcO. | VIB.
1| 465.7| 466.5| 2.681 | 2.546| 0.878
2| 912.0| 911.9| 1.317 | 1.334| 0.964
3| 2274.6| 2274.7| 0.478 | 0.433 | 0.974 | |
4 || 2572.7| 2573.6| 0.648 | 0.634 | 0.942
Sl 3661.1| 3660.3| 0.489 | 0.450 | 0.915
6| 3952.0| 3952.4| 0.507 | 0.477 | 0.832
7| 4199.5| 4182.1| 1.698 | 1.434 | -

Tabie 1 FREQUENCY,DAMPING AND M.A.C.
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4,2 T-PLATE

The test configuration is illustrated in Figure 15,
Figare 16.

# It was tested at a microphone position 1 as in

Figure 15.

® The number of points is 96 as in Figure 16.

#* The nmicrophone used is B&K one inch microphone

and the analyser is HP-5423A .

®* The frequency range is 1706.25H3z to 3306.25Hz.
In order to compare the results it was also tested with
an accelrometer at a point 91.

8.2.1 CONTRIBUTION OF MODE TO NOISE

As mentioned earlier this technique has merits as
below.

(1) Modes which contribute much to the total noise
at a certain microphone position can be directly
found.

(2) It is not necessary to attach an accelrometer
onto the structure.

Item(1) is shown in Figure 17. These data are a
summation of frequency responsa functinos at all p01nts

. - .- OB the. sthueture. .. - SR

In case of the vibration test this klnd of data
much depends on a point which an accelrometer is

-attached.to.  In this case., mode 1 does not seem to be
"significant mode , but by the lower data mode 1 can be

recognized to be a mode which contributes much to the
total noise at this microphone position.

7o check the affect of the accelrometer load. the
tests were performed with and without the accelrometer.
The result is shown in Tablz 2. The significant changes
in frequency can be found. This changes could be '
remarkable for a small structure, so this technique is
also applicable for a small structure,

26
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MODE || FREQUENCY(HZ)| DAMPING(%)

# WITHOUT WITH WITHOUT WITH

1 | 2091.0| 2087.3| 0.260 | 0.321

2 || 2265.1| 2260.8 | 0.266 | 0.251

3 || 2336.5| 2336.2| 0.270 | 0.240

4+ | 2459.6| 2422.4| 0.214 | 0.254

5 || 2921.4| 2012.4| 0.202 | 0.234 |
s ‘30027 '29806 'o:.m1u7e | 0218| -
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Table 2 MODAL PARAMETERS WITH AND WITHOUT ACCELROMETER
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4.2.2

OF POOR QUALITY

FREQUENCY AND DAMPING

ACOUSTIC MODAL ANALYSIS

Using the least sguare complex exponetial algorithm
discussed in the previous chapter , frequencies and dampings

were estimated.

The resuits are shown in Table 3.

|

!

|

i

vooe || FREQUENCY(HZ)| DAMPING(%)
# ACOUSTIC | VIBRATION | ACOUSTIC |VIBRATION E

1 2086.3| 2086.0 | 0.199 | 0.193 !
'

2 2260.2| 2260.5| 0.184 | 0.184 §
3 | 2334.4| 2335.2| 0.193 | 0.178 |
SR | RN OIS I TR 1
4 |l 2420.4| 2418.7| 0.215 | 0.246 !
-5 " |f 2910.3| 2911.6| 0.206 | 0.187 !
6 2978.7| 2980.0 | 0.242 | 0.191 i
|

Table 3 FREQUENCIES AND DAMPINGS
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4.2.3 MODAL VECTOR

In this section, the results by the technique
discussed in the previous chapter -will be shown.
Figure 18 shc-s the curve fitted data. Figure 19 to
Figure 24 show the mode shape of T-plate. Table 4 shows
the modal assurance criterion between the results from
the acoustic and the vibration , and the modal mass.

Some modes have good correlation but some not. As
this reason the followings are cosidered,
(1) As some modes were very small , it was
difficult to correctly estimste so the results
have some errors. This would be able to be
refered to both of the acoustic and the vibration.
(2) For some modes , the acoustic radiation model
used in this paper may not be applicable.

For the purpose of checking the accuracy of the

results from the technique in this paper , the attempts
shown in the next section were tried.

4,2,4 ACCURACY VERIFICATION

First trial was that the frequency response were
-. predicted. at. the different micraphone position from that .

" where the results were esimated s DY using the modal

parameters. The results were shown in Figure 25 to 27 .

o iNekt, ' thé “structure was modified by adding the mass

."‘

to the peint 96. as shown in Figure 15. And the
frequency response were predicted at the microphone
position 1 by using the modal parameters obtained by
this technique. The rersults were shown in Table 5 and
Figure 28 to 30 .
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Fig.19 MODE SHAPE 1 (T-PLATE)
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Fig.20 MODE SHAPE 2 (T-PLATE)
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Fig.22 MODE SHAPE 4 (T-PLATE)
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- - - - T eecmcceecmcmemanee +
- |
vooe || MODAL MASS” (Kgm) e ]‘
# 1| ACOUSTIC | VIBRATION, "7
- . = = ,,
1! 0151 | 3.140 0.782 |
| | -
2 0.402 0.108 0.885 |
3 0.204 | 00206 | 0924
4 0.1176 | 0.102 | 0.948
i i’ e
5 || 0.151 0.111 | 0.941
6 || 0.176 0.153 | 0924

- D S D A WP S WD A G D D D G WP WP TP W D G S D D G D S WS S G e SR S T G G G DGR O G SN Gn G5 ED ED S S G5 G G Eh G N @b G G G S G

" SCALING METHOD; VECTOR LENGTH UNITY

Table 4 M.A.C. AND MODAL MASS
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Table 5 MODIFIED FREQUENCY

Ly

MODE [|ORIGINAL MODIFIED (H2)

L (H2) | EXPER. [rcoustic [VIBRATION
1 2086.3 | 2082.8 | 2086.0 | 2086.0

2260.2 | 2255.5 | 2259.9 | 2257.1

2334.4 | 2333.8 | 2334.0 | 2334.1

2420.4 | 2387.7 | 2387.3 | 2383.2

| 291 0.3 29_08.1 2909.6 | 2910.0

|| 20787 | 2957.4 | 2087.8 | 20859 |
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ACOUSTIC MODAL PROGRAM STRUCTURE

The acoustic modal program system is based on the RTE
modal program system of the University of Cincinnati ,
therefore it is almost the same as the modal system. But
some programs have the different functions and the project

file structure is differenu. The different programs and the.

project file structure will be shown below.
PROJECT FILE STRUCTURE

FIRST WORK TRACK

FIRST WORD LAST WORD DESCRIPTION
1 2047 COMMON
2048 2303 COMPONENT INFORMATION
2304 4351 COORDINATE INFORMATICN
4352 5119 DISPLAY SEQUENCE INFORMATION
5120 6144 FREQUENCY/DAMPING INFORMATION

SECOND WORK TRACK

R L EOCERNE L BRARE T, 1)) BERE ‘*f‘RESTbUAL‘MASS/FLEXIBILITY
3001 6000 MODAL VECTOR ONE

. le

~ 6001 o 6}#4 . AVAILABLE

THIRD WORK TRACK
1 3000 MODAL VECTOR TWO

3001 6000 MODAL VECTOR THREE
6001 6144 AVAILABLE

FOURTH WORK TRACK

1 ' 3000 MODAL VECTOR FOUR
3001 6000 MODAL VECTOR FIVE
6001 6144 AVAILABLE

B=1
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FIFTH WORK TRACK

1 3000
3001 6000
6001 6144

SIXTH WORK TRACK

1 3000
3001 6000
6001 6144

SEVENTH WORK TRACK

1 3000
3001 6144

EIHGTH WORK TRACK
1 4010
4011 6144
NINTH WORK TRACK

1 4010
4011 6144

e T

. TENTH WORK.TRACK . . ...

1 4010

so11 LB

" ELEVENTH WORK TRACK

1 4010
4011 6144

MODAL VECTOR SIX
MODAL VECTOR SEVEN
AVAILABLE

MODAL VECTOR EIGHT
MODAL VECTOR NINE
AVAILABLE

MODAL VECTOR TEN
AVAILABLE

ACOUSTIC MODEL ARRAYS
AVAILABLE

ACOUSTIC MODEL ARRAYS
AVAILABLE

ACOUSTIC MODEL ARRAYS

AVAILABLE

ACOUSTIC MODEL ARRAYS
AVAILABLE

ACOUSTIC MODAL ANALYSIS
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TWELVETH WORK TRACK

1
4609

4608 MEASUREMENT DIRECTORY

6144 AVAILABLE

THIRTEENTH WORK TRACK
3072 DISPLAY/BUFFER ARRAIS

1
3073

6144 AVAILABLE

ACOUSTIC MODAL STRUCTURE

MONITOR PROG.
ACSTC

INITIALIZATION
INITA

. ESTIMATION SYNTHESIS
| MPEA SYNTA

lN"UTA?UTPU“‘ M.A.C.

PREDICTION
PRDT1,2

ADF1A

ADF1B

VECTOR
ADF2A

ADF2B

[Vectorgen | 7

B-3

N

£\
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