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FOREWORD

This thesis represents an investigétion of the effectg of fa-
tigue crack propagation on the natural frequency and damping charac-
teristics of jet engine compressor blades. Findings and suggested
applications to nondestructive testing of compressor blades which
are presented in this thesis represent a portion ef the duties of
the guthor while assigned to the Non Destructive Testing Preject as
a graduate research assistant.

The Non Destructive Testing ProJject was conducted for the Dir-
ectorate Materiel Maintenance of the Oklahoms City Air Materiel

Command under contract number AF 34(601)-987¢.
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CHAPTER I
INTRODUCTION

The purpose of this investigation was to devise g simple experi-
mental test which would establish general trends relating dynamic
properties with fatigue crack propagation in J-57 jet engine com-
pressor blades. Interpretation of this relationship could then be
used to determine the presence of fatigue cracks in a given compres-
sor blade. A vibratory nondestrucfive test such as this has several
advantages over existing methods in that no preparation of the blade
surface is necessary and little operator skill is required.

Dynamic properties selected for observation were the first canti-
lever natural frequency and dampiﬁg.charactéristics. Natural fre-
quencies were measured directly, and damping properties were evalu-
ated by analyzing transient vibratery responsé records of the blades.
A crack or flaw in a blade i1s & physical discontinuity which was ex-
pected to affect the dyﬁamic properties measured. The natural fre-
guencles of vibration of blades are dependent on the distribution of
mess, stiffness, damping factor, and end conditions. Major contri-
butions to the damping of the free vibrations of a blade are condi-
tion of the material, state of the ihternal stress, interface shear
damping, and air coupling. A crack or flaw in a blade can result in
a local decrease in stiffness of the blade and an increase in inter-
face shear damping at the crack due to friction caused by the edges

of the crack rubbing together.



The analytic determination of natural frequency for compressor
blades is very difficult. 1In the case of damping caused by internal
friction, the analytical meané are few and limited in aﬁplications.
The effect on dynamic properties of a small discontinuity such as a
fatigue crack or flaw has not been determined analytically. The meag-
urement of these dynamic properties was obtainable with specially con-
structed apparatus and existing equipment in the mechanical engineer-
ing laboratory. Due to these considerations, measurements were made
experimentally; and in order teo reduce the effect of experimental un-
certainties, all results recorded are relative changes of the para-
meters.

From the interpretation of these measured trends, it was dis~
covered that g simple vibratory nondestructive test ceould be perform-
ed on the compressor blades using compérison of the damping character-
igtics for cracked and uncracked blades. The expected dependence of
natural frequency on crack propagatlien applicable to a nondestructive

test was not definitely established.



CHAPTER II
PREVIOUS INVESTIGATIONS

A considerable amount of work has been done, concerning the vi-
bration of cantilever beams and plates, applicable te the vibration
of cowpressor blades. Due to the physical geometry of the blade
which may be thought of as s nonsymmetrical beam of variable cross
section with twist frem root to tip, thebequation of motion of the
blade is nonlinear snd must be seolved by approximate methods. Mich
is involved in obtaining accurate numerical results. The problem of
blade vibratlon has been of considerable lnterest since the advent
of the steam turbine and is of increased importance concerning the
Jjet engine because of weight considerations, safety factors, and high
rotative speeds.

A. Mendelson and S. Glender (1.)! investigated analytically the
coupled bending-torsion vibrations of cantilever beams. The same in-
vestigators (2.) evaluated the effect of twist on vibrations of canti-
lever beams and verified the results experimentally. D. Rosard (3-)
investigated experimentally the effect of twist on the natural fre-
guencies of cantilever beams by a unique transient method and veri-
filed the results analytically.

It i1s interesting to point out that the qualitative appli-

catlion of damping phenomena for testing purposes has long been an

1Parentheses refer to Selected Bibliegraphy.
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accepted feature of everyday life. The duration of the ring of a wine
glass, or a train axle, or of a coln when suitably excited is c¢ommonly
used to ascertain the soundness of these various objects. R. Canfield
(4.} was one of the first to prbpose measurement of internal friction
gs a nondestructive test and pointed out that the internal friction in
the metal is a property which is very sensitive to physical changes
not always easily detectable by other means. A. Graves (5.) menmtions
the application of vibratory energy to flaw detection in writing on

Applications of Vibratory Energy, Apparatus for Determining Elastic

Moduli. Recently, W. Stephens {6.), writing on the application of
damping capacity for investigating the structure of solids in Progress

in Nendestructive Testing, pointed out the difficulties and insctura-

cies involved in considering the applicatien of démping measurements
to nendestructive testing.

Investigations into the general nature of the actual vibrations
of compressor blades were undertsken by J. Schnittger (7.). Qualita-
tive results of the changes in internal damping of ges turbine méteria
als due to continuous vibratien were obtained by G. Wilkes (8.). As
yet there has been no direct applicétion of thé vibratory response of

compressor blades to nondestructive tests.



CHAPTER III
EXPERIMENTAL APPARATUS AND EQUIPMENT

Apparatus constructed for use in the investigations will be de-
scribed in this chapter. Additional equipment existing in the Mechani-

cal Engineering laboratery used in the tests will be described.
Fatigue Crack Productien

Fatigue cracks were produced in the blades by a controlled vibra-
tory displacement mechanism. An electredynamic vibration excitater
previously mounted in a large table constructed especizlly for vibra-

v tion work was used to control the blade displacement and intreduce the
desired fatigue bending stresses. The changes in the natural frequency
of thé vibrating system, which were used as the criterion for detecting
fatigue failure, were monitored by the changes in current required to
drive the blade at a constant vibratery frequency and amplitude. The
nunber of stress cycles was recorded by a digital electronic counter.

A fine degree of control was pessible which allowed rapid production

of fatigue cracks to any desired magnitude. The arrangement of equip-
ment is gshown schematicslly in Figure 1 with the actual system pictured

in Plates I and II.
Natural Frequency Measursments

Two rotatable vises were mounted on a 3' x 4' kirksite table ac-

guired for use in the experiment. An electromagnet constructed for
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the experiments was clamped in one vise. A compressor blade and the
clamping blocks were placed in the jaws of the other vise. A quartz
accelerometer was attached to this vise in a position suitable for the
tests. The electromagnet was used to excite the blades at their first
cantilever natural frequency. An oscillator signal was amplified and
applied to the electromagnet. Oscillator tuning to the natural fre-
quency was controlled by the maximum response of the blade as measured
by an amplified voltage reading from the quartz accelerometer. Accu-
rate measurement of the cycles per second was obtained by applying the
oscillator signal to a digital electronic counter. Schematic represen-
tation is shown in Figure 2, and the actual system is pictured in Plate
III. The clamping of the blade was controlled for each blade test by
aligning the clamping blocks with the edge of the vise as shown in
Plate IV.

Damping Measurements

The same table and the vise with the quartz accelerometer used
in natural frequency measurements were utilized in obtaining damping
measurements. Previous investigations by others (9.) show that re-
producibility of the end condition of the blade will have a large
effect on the reproducibility of the response. This problem was
solved by clamping the blade with a simple machine steel wedge block
as pictured in Plate VI. The blade was excited by displacing it a
measured amount and releasing it, as in plucking a guitar string. The
magnitude of displacement was controlled by an optical measuring de-
vice shown in élate VI, which measured relative displacement from
equilibrium. The transient response of the blade was picked up by

the quartz accelerometer, amplified, and displayed on an oscilloscope
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screen. Time exposures of the response were taken with an oscillo-
scope camera for a permanent record to be used in analysis. The sys-
tem arrangement is shown schematically in Figure 3 with the actual

apparatus pictured in Plate V.

13
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CHAPTER IV
EXPERIMENTAL PROCEDURE

Compresser blades to be tested were selected from stages six,
seven, elight, and nine becauze of difficulty in obtaining fessible
crack propagation in other stages with existing apparatus. Because
they were availablé in large amounts and less difficult to crack, a
larger number of blades from stage nine were selected for testing.
This selection made possible & check on randem variation of blade
dynamic properties.

The natursl frequency and oscilloscope recordings of transient
response were obtained with the previously explained apparatus for
egch blade before any stresses were intreduced with the fatigue appa-
ratus. After a desired number of fatigue cycles or change in current
reguired to drive the vibrasting system on the shaker was obtsined, the
blade was again tested for natural frequency and the response was re=

corded. A schematic diagram of the experimental procedure is shown in

Figure k.
INITIAL
NATURAL  FREQUENCY - FATIGUE CRACK
AND DAMPING PROPAGATION APPARATUS
MEASURING APPARATUS | FINAL

FIGURE 4. SCHEMATIC OF EXPERIMENTAL PROCEDURE

17
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Propagation of fatigue cracks was moniteored in the follewing man-
ner. Blades to be fatigued were clamped firmly, and care was taken to
insure good contact at the shaker head. All vibratory fatigue tests
were conducted at a frequency slightly lower than the natural frequen-
cy of the system for this reason. At these frequencies a small change
in stiffness or internal dawping of the blade resulted in a large
change in the system impedance. Therefore, the presence of a fatigue
crack or flaw was made known by a noticeable change in driving current.

After reaching & certaln change in current required to drive the
system, the blades were examined closely during vibration to determine
the presence of fatigue cracks. Parameters recorded for use in accu-
rate contrel of fatligue crack propagation were: driving frequency,
amplitude of vibration, RMS acceleration of the shaker head, initial
and final readings of current required to drive the system, and num-
ber of vibratory cycles. Vibratbry stresses were maintained well
above the endurance limit of the blade material teo insure preduction
of fatigue cracks in a rzasonable length of time. Using a strain gage
instrumentated blade, peak dynamic strains were found to be gpproxi-
mately 4 to 5 milli inches per inch.

Apparstus described in the previous chapter was used to deter-
mine natursl freguencies as follows. Oscilloscope monitoring of the
amplifier output insursad proper_gain gsettings for sinusoidal wave
form. Osecillator tuning to the natural frequency was controlled by
neoting maximum voltage output of the accelerometer. Measurement eof
natural freguencies to one decimal place was made possible with the
electronic counter by noting the numbef of oscillater cycles in ten
seconds and dividing this number by ten. Blade natural frequencies

were found by multiplying the oscillator frequencies by two. This
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was done because the elsctromagnetic driving force frequency was twice
the freguency of the applied voltage.

Transient vibratory response records were obtained as follows.
Blade position was controlled by alignment of the clamping bleck with
the edge of the vise and adjustment of the blade in height to touch a
0.5" gage block on the flat surface between the vise Jaws. Practice
excltations of the blade were made untill results were satisfactorily
reproduced. Oscillescope pictures were made for each of two succesive
excitations of every blade to insure obtaining a valid record of re-
sponge. All oscilloscope records were made with the same settings of
the oscilleoscope and charge amplifier. All blades were excited by a
0.01" displacenent controlled by the optical measurement device, ex-
cept for thirteen blades tested from stage nine which were displaced

0.0125",



CHAPTER ¥
EXPERIMENTAL CONSIDERATIONS

Some error exists in all experimental Invegtigation. Cbservation
of the behavior of the test apparatus and eguipment throughout thé ine-
vestigation gave some idea of the type and magnitude of errors intro-
duced in these tests. This chapter will discuss certain relevant ex-
perimental cbesrvations.

The vise used for clawmping the blades in the fatigue crack pro-
Quction apparatus was tilted, as shown in Plate II to reduce the =ffect
of torsional coupling with lateral bending of the blade. In addition
tests in locating the approximate shear center of the blade were con-
ducted so that the shaker head could be attached near the shear cen-
ter, thereby reducing couplsd bending effects. It was observed that
galling of the contact polnts in the shaker head had an effect on the
current required to drive the system. This effect decrezsed the de-
grea of sccuracy of the crack menitoring process. Therefore, heat
treatment of the tips in the ghaker head was necessary to prevent
galling of the tip meterial and resulting movement of the shaker head
along the bhlade surface.

Several tests were conducted before selecting a location for the
accelerometer on the vise. Since it was desirable to test & lafge
number of bhlades, the accelerometer was mounted in a positien which
yielded maxinum responss bubt did net interfere with rapid changing of

blades.
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The elsctromegnet was clamped s=nd held in place using wooden
blocks. This methed was selected hecause of the high damping and
non-magnetic propartiss of wood. Experimentation with variable blade
pogition vertically in the blocks and &t distances varying from 0.125
to 0.25 inches from the electromagnet revealed little effect on natu-
ral freguencies measured. Tasis carried oubt using varying clamping
pressure ravealed that values of clamping torgue above 25 foot-pounds

would give repreduclible results. Natural freguency measurements at

w\

high and low resconant smplitudes were faqnd to be the same within the
margin of axperimental error.

Degeneration of the amplifier wave form from a purely sinusoidal
form produced electromagnstlic forces containing beats and complex
forcing functions. If a blade waa vibrated in this manner, complex
transmitted forces picked up hy the asccelerometer made oscillator
tuning to the natural fregusncy difficult due to fluctuatieons of the
voltmeter readings. Tharefore, an oscllloscope was connected to the
power amplifier oubput to insurs that amplitude contreols and impedance
metehing were such that a pure sinugoidal weve form of the applied
voltage sppearsd at the electrommgnet.

The natural frequenciss of badly cracked blades were difficult teo
obtain becguse blade stiffness was decresased to the extent that largs
amplitudes were encountered. During vibration at these amplitudes,
the electromsgnetic driving force (which is inversely proportienal to
amplitude) variss considersbly. Therefore, since the blade under

being vibrated with a nonlinear amplitude depend-

[
0

these conditions
ent force, matural freguencies obtained ars guestionable.
Experiments ware conducted using various methods of exciting the

btledes before the dis cemsut procsdure was chesen. It was felb
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that the displacement method was simpler and more easily controlled
with existing apparatus. The problem was to excite the blades at the
lowest mode with the least amount of higher freguency transients so
thét & larger portlon of the response could be used for damping anal-
ysis with good reprefucibility of results. In exciting the blades an
excessive amount of higher frequency transients were readily detect-
able by characteristic overtones of the natural freguency of vibration.
Practice with the apparatus made possible the release of the blade
from its deflected position with little scraping of the tip surface
and consequent little excitation of higher medes of vibration. De-
flection of the blade tip was controlled by the optical measuring de-
vice to plus or minus 0.0013 inches. Variations within these toler-
ances from the standard deflection set for each stage were not detect-
able in the recorded response.

Due to the extremely smell veoltage levels of response recorded
in damping measurements, sixty cycle amplifier noise (which was rated
at plus or minus one millivolt) was apparent in all eoscilloscope data.
{See Plate X). BExperiments were carried out in grounding all equipm
ment and shielding instrument leads witheout affecting the noise sig-
nal.

Different trigger level settings of the oscilloscope were made in
order to determine the effects on the respoﬁse obtained. These tests
indicated that the oscilloscope was triggered at the first zereo veloc-
ity position of the blade after relemse in every instance. The oscil-
loscope used was equipped with an automatic sweep leockout which enabled
photographing of ene sweep only. This feature eliminated the possi-

bility of photographing multiple sweesps of the transient response.



CHAPTER- VI
RESULTS

Qualitative and quasntitative results of this investigation show=
ing the effect of fatigue crack propagation on natural frequency and

damping of compressor blades are contained in this chapter.
Qualitetive Results

Tabulated results show natural frequencies of the blades before
gnd after crack intreoduction. Representative oscilloscope records of
the transient response of the blades are presented in Plate VII for
the before and after cracking conditions. The remainder of the dats
taken is on file because it is too bulky to include here. Results of
an experiment to determine accuracy in repreductien of blade response
are included in Appendix A.

Data recorded in Tables I and II tend to show that natural fre-
guency of the blade is affected by the presence of & fatigue crack.
The sensitivity of blade damping to crack propagation is evidenced by
the fact that recorded transient response data show dependence on the
number of fatigue cycles even without microsceopic detection of a fa-
tigue cﬁack'in the blade surf@ée;: Ré5ponse records were found to{
changé markedly with the intreduction of & fatigue crack in a blade.
lepregentative micr@ph@t@gfapbs ghowling the size of cracks detectable

by observing blade transient response are plctured in Appendix C.
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TABLE. I

E RECORDED NATURAL FREQUENCY DATA

. Blade Designation ' Number of ) Natural Frequency

_Stage- - . Number ' . Stress Cycles (eycles per second) " Cominent
6 1 0 26L .4
6 1 10,803 260, 0
6 L 0 265.3
) iy 22,088 22k, 0
) -5 0 266, 1
6 5 30,720 .. 262.0
6 6 0 ' 272.2 , .
6 6 14,988 269,8 ' No Visible Crack
6 6 18,48L T 2654 Small Crack
.6 9 0 268, 8
6 9 32,743 260,k -
7 17 0 265.3 :
e 1 19,568 ) 261,0 o Very Small Crack
T ok 0 . 263,40 o :
7 L 66,170 : 250.0 : No Visible Crack
7. 6. - 0 27,6 -
T 6 3L,867 L 248, 2 : No Visible Crack
7 6 Lk, 263 248.0 - »
7 7 0 - Y (L SR _ S
7 . 7. . 55,809 253.8 " © No Visible Crack
T T 58,612. 236,2 S .
8 2 ) . .- 271,6
8 2 59,514 : 267.0
8 L "0 ' 279.6
8 . 43,657 280.2
8 5 0 . 267.0
8 5 37,369 263.6
8 10 0 272.2
8 10 41,783 195.8 T Blade Nearly Broken
% -1 0 293. 4 . N
© 9% - 25,343 _ : 291,8
% Sa o .. 269, 1
o 2 19,440 : _ 253,6
%% 3 .0 ' 282.6 - S :
Ow 3 15,878 280.6 C No Visible Crack
O 3 T 20,481 270.0 : :
) 5 : 0 - 303.2 .
Oy 5 . 38,218 287.0 No Visible Crack
S 1 S0 ) 206.8 :
1 23,548 293.8
2 0 285.0
2 10,244 . 259.0
3 0 298.6
3 33,562 . - 293,



A

TABLE I (CONTINUED) -

- Blade Designation Number of Natural Frequency .
Stage. Number  Stress Cycles (cycles per second) Comment
" 9n 5 ) 288.6

5 10,897 279.6

6 0 288.2

6 23,055 274.8

7 0 283,8

7 12,785 194.6 Blade Nearly Broken

8 0 296.0

8 11,0k2 294 4 No Visible Crack

9 0 289, 2

9 11,368 277.4

12 0 286.2

12 35,461 279.0

14 ’ 0 295.2

14 - 37,431 285 4

15 0 280. 4

15 15,952 270.6

17 0 288.0

17 2h, 443 27%. 0

18 0 285. 4

18 33,185 278.6

19 0 283, 2

19 ' 21,714 264, 2

35 ' 0 292, 8

35 12,202 284.8

ko ) _ 28k.0

4o 23,253 278. 4

L3 ¢ v 286.2

43 52,710 278.6

46 g - 287.2

L6 L8, Thi 282. 4

48 ) 298.1

48 48,737 : 282.0

51 0 286.0

51 85,026 256,6

55 0 283.8

55 62,030 270.0

56 0 286, 4

56 25,665 283.2

58 0 _ 293,6

58 16,165 28%.8

62 0 281,2 » :

62 57,609 v 281, 4 No Visible Crack

72 0 : 285.0

72 30,824 282.0

KEY: 9, — Stage 9 Wide Base, 9% — Stage 9 Narrow Base



PLATE VII

REPRESENTATIVE RECORDED RESPONSE DATA

1. Blade 9w = 35 Zero Stress Cycles

2. Blade gw - 3, 33,421 Stress Cycles



PLATE VII (CONTINUED)

3. Blade 6-9, Zero Stress Cycles

L. Blade 6-9, 32,743 Stress Cycles

27



PLIATE VII (CONTINUED)

5. Blade 9: - 43, Zero Stress Cycles

6. Blade 9: - 43, 52,710 Stress Cycles
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Quantitative Results

The analytical analysis of the response curves presents a problem
because vibrations of the blades, especially cracked blades, are de-
cidedly nonlinear. Comparisens based on logarithmic decrement are
not pessible because of amplitude dependence. Since the enlargement
scale of different oscilloscope response pictures is not constant,
absolute values of response will not give a true representation of
the results.

These considerations led to an analysis based on a plot of log-
arithm of amplitude ratic of the response at a defined amplitude ver-
sus relative amplitude. Relative amplitudes are calculated by taking
the ratio of the nurber of amplitude units and the number of units per

screen division or,

; . A
Relative Amplitude =— units of amplitude 2 .
units per screen divisien k

The damping property used is defined as damping index or,

An»-l Dn~l

Damping Index = Loge —— = Loge ——
n n

where Dn=== Double Amplitude and n= 1, 2, 3, **°

Amplitudes on the response curve were measured starting two screen
divisions from the initial trigger point in order teo reduce the pos-
8ibility of transient reszsponse errors.

Successive amplitudes were measuréd at two screen division inter-
vals giving four amplitude and three damping index values per response
curve. Plots of damping index versus relative amplitude are presented

for each stage tested showing envelope of points for cracked and un-



TABLE 11

CALCULATED NATURAL FREQUENCY DATA AND RESULTS

Blade Designation Number of Change in Natural Frequency
Stage Number Stress Cycles (cycles per second) Comment

F
=

10,803
22,088
30,720
14,988
18,484
32,743
19,568
66,170 15,
34,867 -0.
Ll 263 -0.
55,809 - 3.
58,612 21,
59,51k .
43,657 : -0,
37,369
41,783
25,343
19, 4ko
15,878
20,481
38,218
23,548
10, 24k
33,562
10,897
23,055
12,785
11,042
. 11,368
12 35,461
1k 37,431
15 15,952
17 2,443
18 33,185
19 21,714
35 12,202
Lo 2%,25%
b3 52,710
ke LB, Tl
48 48,737
51 85,026
55 . 62,030
56 25,665
58 16,165
62 57,609
12 30,824 -

=
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No Visible Crack
Small Crack

No Visible Crack

No vVisible Crack
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Blade Nearly Broken
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No Visible Crack
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KEY: % — Stage 9 Wide Base, 9, — Stage 9 Narrow Base



"TABLE III

REFRESENTATIVE CALCULATED RESPONSE DATA AND RESULTS

‘RELATIVE AMPLITUDE : DAMPING INDEX
Blade Designation  Number of . ) . 5 » . b o b

Stage Number Stress Cycles 2k - Do Dy Do Ds {40)r {A1)¢ {Az)y ﬂf‘ D‘é ﬁ Ln 5;‘ La DJE‘ La n§
[ 1 0 86 200 139 110 Gl 2.325 1.617 1,280 1443 1. 262 1.172 0. 365 0.231 0.157
[ 1 10,803 78 200 117 70 pi's 2.562 1.500 0. 898 1,172 1,678 1.593 0.537 0.513 . 0.4
6 5 0 82 238 188 152 130 2.902 2.293 1,854 1,266 1.237 1,169 0.236 0.213 0.156
6 5 30,720 82 190 106 61 37 2.317 1.293 0. Tk 1. 792 1.738 1.649 0.583 0.553 0.500
6 9 0 8o 289 174 ‘110 T 3.613 2.175 1.375 1.661 1.582 1.486 0.507 0.459 0.39
6 9 22,743 80 170 61 26 20 2.125 0.763 0.325 2.787 - 2.346 1.300 1,026 -0.854 - - . 0,262 -
T 1 0 82 252 176 12g 101 3.073 2,146 1.573% 1,432 1,364 1,277 0.359 0.310 0. 265
7 1 19,568 Bl 271 157 95 61 3,206 1. 869 1.131 1.726 1.653 1.557 0.546 0.503 0. u4h3
7 i .0 82 257 170 130 111 3134 2.073 1.585 1,512 1.308 1.171 0.413 0.269 0.158
7 4 66,170 76 244 148 100 T4 3,211 1. 947 1.316 1.6hk9 1. 480 1.351 0.500 . 0.392 0.301
7 7 0 73 240 161 114 88 3,288 2.205 1,562 - -~-3z491- 1,412~ 1295 ——" 0.399 0. 345 0.259
7 7 55,809 84 193 113 71 50 2.298 1,345 0.8k5 1.708 1.592 1.420 - 0.535 0. 465 0.351
7 T 58,582 %€ 68 35 21 15 0. 89k 0.461 0.276 1.943 1,667 1.400 0. 664 0.511 0.337
8 4 0 88 . 128 93 80 71 1.455 1.507 0.909 1.376 1,163 1127 0.319 0.151 0.111
8 4 43 658 Bl w8 7100 o 70~ 56 1,762 1,150 0.833 1.480 1. k29 1.250 0.392 . ‘0.357 0.223
8 5 o] 8k 129 92 77 70 1,536 1.095 0.916 1.402 1.195 1.100 0.338 0.178 0.095
8 5 37,369 84 160 104 71 Sh 1.905 1,238 0.845 1.538 1.465 1.315 0.431 0.382 Cc.27h
8 10 0 8l 145 89 75 69 1. 726 1,060 0.893 1.629 1,187 - 1087 0.488 0.171 0.083
8 10 41,783 8L 56 23 12 11 0. 667 0.274 0. 143 2.435 1.917 1.091 0. 888 0.651 0.087
S 1 o 8k 169 96 62 50 2.012 1143 0.738 1,760 1.548 o 1.2ko 0.565 0. 437 0.215
% 1 25,343 &b 106 52 30 22 1.262 0.619 0.357 2.038 1.753 1,364 0.713 0.550 0.310
S 3 0 86 156 92 66 56 1,814 1.070 0.767 1.695 1.384 1.179 0.538 ©  0.332 0.165
% 3 15,878 8L 166 87 50 37 1.976 ©1.03%6 0.595 1.908 1.7h0 1.351 0. 646 0.55k4 0.301
- ) 20,481 78 152 81 L4 22 1.5ke 1.038 0.56k 1.877 1.841 1.375 0.630 0.610 0.319
9 5 o} 8L 180 102 66 ©52 2.143 1. 214 0. 786 1.765 1.545 1.269 0.568 0.435 0.238
Gy 5 38,218 8l LB 18 15 13 0.571 0.21k 0.179 2,667 1. 200 1,154 0.982 0.182 - 0.143
Sn L6 0 &k 121 76 61 53 1.4ko 0.904 0.630 1,592 1.2 = 1151 0. 465 0.220 0. 141
Sn L6 48, Tk 76 71 23 20 15 0. 934 0. 43k 0.263 2,152 1,650 1.333 0. 766 0.501 0,287
Sn 62 0 84 164 87 68 60 1,952 1.036 0.810 1.885 1.279 1,133 0.63L 0.2L6 0.125
9n 62 57,609 7% 92 52 42 36 1.211 0. 684 0.552 1.769 1.238 1.167 0.570 0.214 0. 154
9 15 0 76 177 120 86 63 2.328 1.578 1.131 1.475 1.395 1.365 0.389 0.333 0.311
9% 15 15,952 76 . Lo 25 17 15 8552 0.328 0.223 1,680 1471 1,133 0.519 0.386 0.125

KEY: 9y — Stage 9 Wide Base, 9 - Stage 9 Narrow Base, 9% — Stage 9 Narrow Base O. 0125' Relative Displacement, Dn = Double Amplitude, (An)r = gﬂ— v

b

Remainder. of data too bulky to include, will be kept on file.
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CHAPTER VII
ANALYSIS OF RESULTS

In general the nstural freguency of all blades tended to decrease
as high level fatligue stresses were intreoduced by the fatigue appara-
tus. This effect was probably due to & local decrease in stilffness
and increase in internal damping in the vicinity of fatigue cracks
propagated in the blaaeso\ However, the magnitude of this decreasse in
natural freguency was not sufficient teo distinguish freom the normal
variation of natural frequency for uncracked blades. One reason for
the small change in natural freguency can be attributed to the fact
that although local yilelding occurs in the viecinity of a fatigue crack,
strain hardening of adjacent areas may be of sufficient magnitude to
offset, this effect.

Response curves were observed to change markedly with fatigue
crack propagation. The increase of damping in highly stressed blades
may, in part, be attributed to high energy dissipation due to irre-
versibility of the plastic deformation within the material.

Plots of damping index versus relative amplitude revealed cen-
siderable scatter in the varisbles. This was probably due to experi-
mental errors coupled with errors encountered in the reSponse,curve
analysis. The methed of controlling excitation of the blades was
probably the largest source of experimental error. Charge amplifier
noise signal contributed to error because of difficulty in obtaining

true values of response amplitude for analysis. A large numerical

39



error was sncountered when taking the logarithm of the ratie of two
nearly equal amplitude values. (See Appendix B).

The best results were obtained using a 0.0125" displacement ex-
citation for stage nine blades. A large separation of the envelope
of points for cracked and uncracked blades was observed. These re-
sults indicate that the damping nmechanisms encountered in a cracked

blade are highly amplitude dependent.



CHAPTER VIII
CONCLUSIONS AND RECOMMENDATIONS

The purpose of this investigation was to détermine if crack preopa-
gation in selected J-57 Jjet engine compressor blades had any measurable
effect on the vibratory parameters of natural frequency and damping.
From a definite establishment of this relationship, nondestructive tests
could be performed on compressor blades by observing the deviation of
natural frequency and damping from a set standard for the blades.

Since a sufficient number of compressor blades containing fatigue
cracks incurred in actual service was not available for'testing, the
artificial means of producing and controlling fatigue cracks described
in previous chapters were used. Therefore, the experimental results
gbtained are directly applicable only to the extent that fatigue stress-
es introduced in the blades by the vibratory fatigue apparatus in these
tests approximate the actual fatigue stress life of blades in actual
service. The low frequency, high level fatigue stresses used in crack
propagation may have had adverse effects such as folleows on the pars-
meters measured: (a) Excessive strain hardening, {b) Excessive plastic
deformation, and (c) Excessive rate of crack propagation.

However, the results obtained using the previously described crack
propagation apparatus lead to the following conclusions:

1. The natural freguency of the blades was influenced by fatigus
crack propagation, but the dependability and degree of this relation-

ship was not definitely established.

b1



L2

2. The transient response records and related damping index of
the compressor blades were définitely affected by the number of fatigue
cycles experienced by the blades and the magnitude of the fatigue craék.
Therefore, the presence of faults or crécks near the base of the blades
tested was detectable without preparation of the blade surface by a
simple vibratory nondestructive test utilizing comparison ef transient

1

response records or damping index.

| It is recommended that gnvvstigations be carried out to determine
the effect of different fatigue crack propagation methods on the change
in natural frequency and damping of the compreésor blades. Specifically,
fatigue crack propagation using lower stress leveis and higher frequen-
cies with resultant increase in number of stress cycles should be inves-
tigated. The use of lowsr stregses in fatigue crack propagation would
result in less rapid strain Eardening which might give better results
. for the natursl frequency tests. |

Vibratory nondestructive tests of compresser blades can be per-
formed without preparation of the blade surface, without requiring
visual detection of a defect, and without special operator skill. Be-
cause of these advantages and because of trends established in this in-
vestigation, it is recommended that further natural freguency and damp-
ing research applied to the nondestructive testing of compressor blades
be carried out.

Due to the gensitivity possgible, more research in methods of appli-
cation of damping measurements to nondestructive testing in general
should be made5 Possibilities exist for application of damping compar-
isons to the nondestructive testing of any machine part made in large
quantities with clese manufacturing control of mass, composition, and

geometry. ReJection of a part could be based on the deviation of its



transient response from a set standard. One suggested area of research
is investigation of possible methods of reproducible. excitation of test

items applicable to mass production nondestructive testing.
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APPENDIX A

REPRODUCIBILITY OF BLADE RESPONSE
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PLATE VIII

REPRESENT ATIVE REFEODUCIBILITY DATA

My

| !|*|
T —'*—4+*4'4-r—l+i !
1

1. Blade 6-2, Zero Stress Cycles

2. Blade 6-2, 206,000 Stress Cycles
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TABLE IV

CALCOIATED RESPONSE REPRODUCIBILITY DATA AND RESULTS

RELATIVE AMPLITUDE DAMPING INDEX

Blade Designation Number of . De D, D; Do D D
Stage Number  Stress Cycles 2y Do By Dy Ba Lag), (Ar), (22), T = T e In 'D'zL Ln 1,31
6 25- ¢] 83 . . 153 112 86 7z 1,738 . 1.272 0.977 1.365 1. %02 1.188 0. 264 0. 172
6 2y 86 156 108 2 70 1.81% 1,256 0.954 1, 4k 1.317 1,171 0.275 0.158
6 2c 86 156 110 82 mn 1.814 1.280 0. 965 1.418 © 1.327 1.170 0.28% 0.157
€ 23 86 140 102 75 [543 1.73% 1.187 0.872 1. 460 1.360 1. 109 0.301 0. 174
6 2¢ 86 146 102 76 £l 1.698 1.187 0. 884 1.Lk22 1. 342 1.138 0. 294 0.172
6 - 2f 86 148 104 T £& 1,721 1.210 0. 88k 1421 1. 36% 1,226 0.51k 0.204
£ 2g 86 151 106 80 6B 1.759 1.232 0.951 1,422 1,325 1.178 0.281 0. 164
€ 2y 86 43 98 75 £5 1. 666 1, 140 ¢.872 1.458 1.307 1,152 0.267 0. 142
& e 2% 86 146 102 81 71 1.658 1.187 0.5kh2 1.432 1,25¢ 1,141 0. 228 0.132
6 = el ‘, gs 147 108 35 Th 1.709 1.256 0.989 1.362 1.270 1. 148 0.2%9 0.138
3 25 206,000 56 3l .22 2 19 0.395 0.256 0.233 . 545 1. 100 1.053 0. 435 0.095 0.052
[ 2 86 38 o2 20 19 0. 42 0.256 0.233 Wizl 1. 100 1.053 ¢. 546 0.095 0.052
[ 2¢ 8¢ 3 23 TR0 19 0.406 0. 267 0.233 522 1.150 1.053 0. 420 0. 140 0.052
[ 24 86 2 zl 18 A7 . 0.383 O. 24k 0.20% .571 1, 166 1.058 0. 452 0. 154 0.056
& 2e 86 78 2z 20 6 - Tokk2 0 0.256 0.233 .727 1. 100 1,053 0.546 0.095 0.052
[ 2f 86 ki 22 20 10 0.512°" ©.256_ 0.233 000 1. 100 1.055 C. 69 0.095 0.052
[ 2 86 51 26 21 20 0.593 0. 302 C. Sl .95l 1. 238 1,050 0.67h 0.214 0.04%

6 2 56 L7 e 22 2z . 0.546 0.279 0.256 T ~058 1.0% 1.000 0.672 0.087 - o
6 25 86 Lo 25 22 21 0.569 0.291 0.256 1560 T 1,136 1.047 0:67% 0. 128 0.046
6 25 86 Lé 2 21 19 0.53h 0.279 0. 2l . 91€ 1. 143 . 1,105 0. 650 0. 13k 0. 100

REY: a, b, ¢, ++v, j Represents Different Excitations, Dy = Double Amplitude, (An)r

;1;
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APPENDIX B
RUMERICAL ERBCORS IN RESPONSE ANALYSIS

The pressunce of a steady noise signal from the charge amplifier

5,

on &ll oscilloscope records leads to a lerge percentage of error in
amplitude messurements at low amplitudes. The damping index is de-
fined as the natural logarithm of the ratio of selected amplitudes;

and 1f the selescted amplitudes are nesrly equal, it is apparent that
an error in the measurement of either amplitude will result in a mag-
nified error in the damping index. Therefore 1in order to reduce the
pogsibilities of gross errors in the analysis, amplitude measurements
were made at two scrsen division inksrvals—where in general an appre-
ciable difference in amplitude was realized—and all calculations were
carried to three decimal places.

A response anslysis based on amplitude measurements at one scresn
division intervals for two diffesrent blades is presented in this Appen-
dix to show the effects of errors discussed above. It can be seen by
following the path of points plotted in Figure 12 that deviation from
a smooth curve causaed by errors is more pronounced at lower amplitudes.

Symbols used on Figure 12 are:

. . *
C) wwwwww --«=Zero high stress cycles for blade 9n - 18

. . *
<:>Anwm~~~w~u2ero high stress cycles for blade 9, - 46
[k wemw=m=wfnown nunber of high stress cycles with fatigue

erack in blade surface for blade 9§ - 18

[]emememe- -Enown number of high stress cycles with fatigue
crack in blade surface for blade 9, - 46

Lo



TABLE V
CALCULATED RESPONSE DATA AND RESULTS FOR AMPLITUDES MEASURED
AT ONE SCREEN DIVISION INTERVALS

) RELATIVE AMPLITUDE
Blade Designation Number of

Stage Number Stress Cycles 2p Dy Dy Dy Dy Dy Dy Dg 1?7 (Ao)r ] (Al)r (As)e (A:;)r (a,), (A5)z (4)r
9% 18 c 76 266 216 180 151 128 112 9% 84 3.500 2.8k2 2.368 1,990 1,685 1,472 1,261
'9; 18 33,185 76 58 25 29 25 21 19 19 17 0. 763 0.L461 . 0.381 0. 330 0.276 0.253 0.253
9, Le o] 8l 121 -} 76 66 61 58 53 50 1.k4o 1,073 0. 90k 0.870 0. 726 0.691 0.637
9 4€ 48 ThL 76 71 il 33 26 ' 20 19 15 13 0. 934 0.581 0. 43k 0.342 0. 263 0.252 °  0.198

n

TABIE V { CONTINUED)

DAMPING INDEX

‘M?iﬁgzmﬁ;ﬁl?“ - . -g?— - .;?l;. -Bg- ' _’,;g_ . ag¥  Impk s -}:,'52- In 4  Ia T Lo — Lo -3,6(-
9% 18 1.230 1,199 | _ 1.191 ° 1,181 ) 1,143 1,168 1. 143 0.207 0.182 0.175 . 0.166 0. 134 0.155 - 0. 134
9% 18 1.662 1.205 7 1,160 1.190 1.105 1.000 1.118 0.507 0.186 0.148 0.17h 0. 100 0 o112
% 46 1.341 1,192 1.152 1.080 1.051 1,095 1.061 ) 0.293 0. 174 0.140 0.077 0.049 0.91 0.058
%n L6 1.613 1,331 1,270 1. 300 1.051 1,272 1. 155 0.476 0.285 0.239 0.263 0.049 0.23% ‘ 0. 1kl

KEY: 9, — Stage 9 Narrow Base, J% — Stage 9 Narrow Base 0.0125" Relative Displacement, I}, = Double Amplitude, (Ap); = -g-ﬂ—
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APPENDIX C

REPRESENTATIVE MICROPHOTOGRAPHS OF FATIGUE CRACKS DETECTED
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PLATE IX

REPRESENTAT IVE MICROPHOTOGRAPHS OF FATIGUE CRACKS DETECTED

1. Blade 9: ~14, 37,431 Stress Cycles, 25K Black Object
is Fine Pencil Lead

2. Blade 9, - 48, 48737 Stress Cycles, 25X, Black Object
is Fine Pencil Lead
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APPENDIX D

PLATE X

TYPICAL OSCILLOSCOPE NOISE SIGNAL
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11.

12,

APPENDIX E
TEST INSTRUMENTS
Electrodynamic Vibration Exciter: Manufacturer, MB

Electronics; Model C-11D

Vibration Meter: Manufacturer, MB Electronics; Medel

M6

Digital Electronic Counter: Manufacturer, Beckman;
Model 7360

True Root-Mean-Square Voltmeter: Manufacturer, Ballan-
tine Iaboratories Inc.; Model No. 320

Dual Beam Oscilloscope: Manufacturer, Tektronix, Inc.;
Type 502

Oscilloscope Camers: Menufacturer, Allen B. Dumont
Laboratories, Inc.; Type 271-A

Audio Amplifier: Manufacturer, Bogen Presto Co.; Model
MO 100

Oscillator: Manufacturer, Hewlett-Packard; Model 200CD
Audioe

Electromagnet: Manufacturer, Oklahoms State Univers1ty
Mechanical Engineering Ilaboratory

Quartz Accelerometer: Manufacturer, Kistler Instrument
Corporation; Model 812

Charge Amplifier: Manufacturer, Kistler Instrument Cor-
poration; Model 568

Erect Image Filar Telescope: Manufacturer, Edmund Sei-
entific Co.; Serial Neo. 39088
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