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ABSTRACT

Compreesor rotor strain gage data from an onglne test
conducted with 8n {nlet sereen distortlon were reduced nnd
annlyzed. These data are compared to data obtalned from
the snme enging without inlet pressure distortion to deter-
mine the not effcct of the distortion on the vibratory re-
sponse of the compressor blades, The results obtained are
prescnted,

INTRODUCTION

Inlet distortion, besides seriously affecting [an and
compressor siall margin and performance, can also gener-
ate blade and vane vibrations that can significantly allect
the structural integrity of the blades and vanes. Although
this has been known to fan and compressor designers for a
number of years, It has only been recently comprehensively
treated {Refs, 1 and 2),

NASA hns becen notively involved with engine research
relative to inlet distortion (or a number of years, This in-
volvament was primarily concerned with the effects of inlet
distortion on engine performance and stall margin, It has
been only recently that fhe structural dynamlie aspects of
the problem have been considered, The Impetus for this
inierest has been generated by the aeremechanical pro-
grama within the NASA/USAT Full Scale Engine Research
(FSER) Program, Extensive straln goge monltoring and
other dynamic data acquisition and reduction systems have

been incorporated Into existing engine test facilitles used

In the FSER programs to support the aeromeithanieal pro-
grams, Thase syslems are now avallable and are being
used In support of research related to inlet distortion,
They were flrst used for this purpose recently to monitor a
serles of Inlet pressure distortion tests being conducted on
an englne, 'This particular engine had been previously used
In an aeromechanical program and still had a number of
menningful straip gages operationnl, Data from these were
monitored and recorded to observe the effects ofinlet pres-
sure distortion on the structural response ¢ ¢ compres-
sor hlades, During the test no serious problems were ch-
served and all stress levels stayed well within limits, It

" was only after doing a Fourier Analysis of the recorded

data was the data found to be significant, In particular,
when comparing data with and swithout Inlet distortion the
data revenled the elements necessary for serious compres-
sor biade vibrations to develop with Inlet distortion,

The purpose of thig paper, then, 18 to describe the test
conditions, the methods used In obtalning and reducing
these datn, and to discuss the significance of it,

NOMENCLATURE

E engine order

f [requency

I Impulge function

P pressure

r eylindrienl coordinate

k3



t time

% displacement amplitude
¢ oylinerldal coordinnio
¢  phase angle
Subacripts:

n Infoger

T total

2 statlon 2, engino inlet
APPARATUS AND TEST CONDITIONS

The test vehlele used was & stralght turbojet englno
with a nine-stage compressor (Fig, 1), the fivat two of
which have part span shrouds, The first three siotor sta-
pes nre varinble, These were rigged in the nominal opern-
tlonal configuration for the distortion tests, 'This conllgu-
ratlon was found to be sife from any sovere resonances or
neroelnstic {nstabllity within the Might envelope of this en-
glne during the noromechanical test phase, Tho distortion
tests wore conducted in the Propulslon Systam Laboratory
Altitude Fneility at the NASA Lowls Research Centor, A
variety of Inlet distortion soreens were nsed, nll of which
produced n onc-engine order {1E) simulug but of difforent
intensities and distribution,

As a rule the majority of engine Inl¢ Jistortion testing
conducted at Lewls Is dona with an [nlet pressure of 0.6 at-
mospheres and Inlet temperatures around 16,6° € (60° I,
These altitude conditions are considered snfe relative to
structural conslderations, At these conditlons resonance
responses are normally mild, seroslisile fnstabilities ara
rura and blade loading ts moderato, The latter is deslrable
{f @ number of compressor stalls ape to be Induced which is
usunlly the ease in distortion testing, The availabllity of
operational strain gages presented the opportunity to obtain
data at more severe oporating conditions to evaluate the
structural dynamic aspocts of Inlet pressure distortions,
The inlet pressure distertion daty to be dlscussed horein
was obtained at an inlel pressure of 138 kPa {20 psia) and
at an inlet tamperature of 16,6° C (60° F). Thesa were
the most severc conditions used and are representative of a
high-spead flight condition at a low altitude on a cold day,
These flight conditions produce heavy blade leading with
dense air, A data run consisted of an intermittent slow
accelersilon of the engine from 80 to 104.5% rated physical
speed, All speeds discussed hercin shall be rated engine
physical speads, The acceleration was halted saveral
times to toke steady-state nerodynamic data, Strain gages
were monitored and recorded durlng the entire period,

The Inlet seraen used is shown In Fig, 2, This sereen
imposes a cixeuinferentlal pressure distortion aver a full
4&0" seotor of the engine inlet with an aggravated radial
distortion centered within that sector at the outside diam-
eter, The pressure distortion pattern pgenerated by this
sereen produces a 1E stimulus which is representative of 8
maneuvering distortion, Inlet total pressure distribution

patterns obtalned from nerodynamlc dats nra shown in Figs,
d and 4, The datn In Flg, 3 was obtained ad 95% speed
while tho data In Flg, 4 was at 104% speed, At 95% .tho
minimum AP/P was -0,080 and at 104% - 0,120, AP/B
I8 a distortlon index defined ns;

Doy (r,0) = Py (AVERAGE) /Py, (AVERAGE)

where Py {r,0) Is tho station 2 total pressure at n point,
and P, (AVERAGE) (8 the statlon 2 average lotal pros-
sure,

For comparative clean inlet strain gage datn, transient
data from a previous neromechanionl data polrt was re-
duced, This data polni was obtained with inlet contditions
of 200 kPa (20 psia) and 15,6° C (60° T), This data point
was selected because It hod the same varinble geometry
rigglng, was free of aeroclastie instabllities and wns the
best match of the conditions available with a clean inlet,
The data in this transient was obtainad while doing a slow
acceleration [rom 97 to 104, 5% rated physlen! speed,

DYNAMIC DATA ACQUISITION

Struetural dynamie data pertinent to the blades and
vanes [n an engine under test I8 gathered from three
sourecos [n tho Propulalon Systomns Linboratory Faellity at
Lewls, These are:

(1) Strain gage systems, rotating and stationary,

(2) Thoto-electric seanning (PES) system,

{(3) High response pressure transducers,

Strain gages mounted on blades and vanes are the primary
gource of structursl dynamie data, The other two sysiems
were not used fn this analysis but are described in Rels, 3
and 4. The straln gages are monltored on line, In real
time during a test, in both the time domain and in the fre-
quency domain, Each strain gege slgnal {s displayed on a
small osellloscope lor contlnuous monitoring in the time
domain, Up to 112 signals can be handied simultaneously
using thls approach. In additton, these signals can be
quickly patched into large oscilloscopes for 8 more com=-
prohensive analysis In the time domain, These signals can
also be qulckly and selectively patched into other equipment
for monttoring and analysis in the frequency domain, This
equipment includes:

{1} A softwaro based Fast Fourier Tranasform (FFT)
Digital Slgnal Anulyzer which can handle two channels sim-
ultancously,

{2) Several analog spectral analyzers,

(3) A miero-processor based multi-channel vibration
and flutter monitor (Ref. 5) which can handle up to 16 chan-
nels simultancously, . '
All strain gage data {s recorded for post run analysis,
With!n the test facility up to 40 channels are avallable on a
local recording system, Straln gage data is also trans-
mlitted via underground linegs to a Central Analog System
which has 180 channels available for data reeording,
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During the Inlet prossure distortion tests tho principle
source of structural dynamic datn ware the atrain gages
since the engina had more then ndequote strain gage cover-
age on all pertinent zompressor rotors except one, The
fourth singe rotor had lost all of iis gages, therefore, the
PES systom was used lo meonitor this stage for safety pur-
poges,

DYNAMIC DATA REDUCTION

Tho majority of the dynamie data obinined 1o date hos
been recorded in annlog lorm, Data reduction thus Is done
both in tho time domaln and in the frequency domaln by uge
of the Fourler Transform, Time domnin dota reduction
ylelds wave form Informaiion and the overall magnitude of
the signal, Frequency domain dota reduction {5 useful In
mode indentification, In determining multiple mode re-
Bponsces, In determining engine order content and {n deter-
minlng the amplltudes of all the contributing harmonics,
Time domaln data reduction is primarily done using con-
ventional cathede ray osclllographse to determine wave form
and amplitude, Frequency domaln data reduction [g done
by using several FIT systems and by digltizing nnalog data
and using an FFT algorithm routine avatlable on a main
frame computer. In the frequency domain the dnta are
processed to obtain powor spectral density, linenr spectrs,
tronsfer function, and cross-correlation function, The
latter lwo yleld Loih magnitude and phase as functions of
frequency. Time averaging Is uged frequently and when
this I8 done the coherence function Is nlso computed, Data
output {5 In the form of computer printouts and plots, As a
practice [requency resolution Is usually of the order of
1 Hz, Phase angle data obtained I8 accurate well within 1°,

The datr discussed herein were reduced from local
tapes in the test [acliity, All the dota were observed in the
time domain and In the [requency domain to detormine
which data were of significance, The data of significance
were then processed through the FFT Digital Signal Ann-
lyzer.

RESULTS AND DISCUSSION

Basged on preliminary data reduction and ansalysis a
nwmber of atrain gages [rom the first three compressor ro-
tor stages wera selected for detailed analysis, Straln gage
locittions on the compressor blades are shown in Fig, 5,
Rotors 1 and 2 were selected because the strain gages on
those showed the Inrgest Increase In vibratory response
compared to clean inlet dotn, With a clean inlet both of
these stages had a very low vibratory response, With the
pressure distortion the vibratory response of the compres-
gor bladés increased but stayed well within allowable stress
limits, At 94% speed and 138 kPa (20 psis) inlet pressure
the first rotor was showing sbout 421 MPa (£ ksl) in the
time domain. The only sizeable activity usually obscrved
on the second rotor with a clean Inlet.occurred in above the
shroud [lrst torsion at 7E around 95% speed, At clevated

inlet temporntures the overall vibratery response wos
higher, usunlly of the order of about +28 MPa (&4 ksl) In
the tima doemain, Other than this tha Bocond rotor was woll
behaved, With tha dietortien the ovorall response of tho
second rotor incrensid wy about n factor of 2, Rotor 3 wns
selected because /¢ has tho most netlve resonance response
with o elean (nlel, At spoeds [n excass of 100% rated phys-
{en! flrat bonding vould come In at 2E with ovornl! stress
levols of 34,6 MPa (5 ksi), Wlth a distorted Inlet the
overall third rolor response waos only slightly higher, The
remaining stages showed no perceptible ineroase in straln
goge response with n distorted inlet when compared to eloan
inlet data,

The data proecased through the FFT Digital Eignal
Procossor was time averaged, elght averages, over the
range from 0 (o 4096 z which encompassed all of the ac-
tlvity noted during the inltinl data reduction, A number of
datn points were taken, Some of the results are tabulated
in Tables I, II, and III, The smplitudes In these tables
were corrected to nocount for strain gage sensillvily,
Strain gngoe sensiiivity related the stress (strain) al the
goge locatlon o tho maxlmum stress in any vibratory modo,
thus the dats in the tables reficets the apparent maximum
vibratory stress in any mode, The uncorrected datn token
from the Digital Signal Processor is shown in Figs, G
through 18, Looking at this data for each of the firgt three
rotors proved to be enilghtening with respect to the effect of
an Inlet distortion on blade vibrations.

The first stage rotor datn was most significant, With-
out distortion the typleal frequency domain response of a
strain gage on rotor 1 I8 shown In Iig, 6, Inherent In all the
data analyzed were two standlng components of frequency,
One was around 160 Hz and the other slightly above 500 Hz,
These were In the playback system. Thus the only slgnifi-
cant data in Fig, 6 occurs around 800 Hz and is of a trivial
amplltude, Therefore, with a clean inlet votor 1 over the
speed range between 97 and 104, 5% was found to be very
well behaved. From monitoring ohservations this was
found to be true for all specds and conditions within the en-
glne operating range, The only activity ever noted on rotor
1 occurred during the transient fram startup to tdie when
flyst bending would sppear for a short time, With distortion
the response in the frequency domeln {s shown (n Flg, 7,
94% speed, and In Fig, 8, 104% speed. Of significance here
ia the presence In the spectrum of almost all the engine or-
ders In the frequency range analyzed, At 94% speed this ef-
feet s moyre pronounced, At this speed and condition sev-
eral modes are being excited. Without distortion only a
slight excitation of first bending wns observed, while with
digtortion both the first and second system modes gare re-
spondlng as well as first bending, first torslon, and third
bending, Also present Is the 1E component which is to be
cxpected due to the nature of the induced distortion, As en-
gine specd was inereased sbove 94% the overall amplitude
of the strain gages on rotor 1 decreased, This (s reflected
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{n the spectrim taken ot 104% (Fig, 8}, Still present are
Indigations that almost evary engine order is affocting (he
binda but at this specd colncidence betwaen the englne oi=
ders and a blade or system resonance does not extst, The
1E component is still present and at sbout the same magnl-
tudo as wos scen at D4% speed cven though the distortion
Index s conslderably imnore severc,

Appnront from {(his dota is the fact that Lhis stagoe is
well damped at the Inlet conditions set, Also apparent is
the fnet that the distortion being ereated by tho 1E sercon
has the qualities of n complex harmonic wave, square wave,
which is ereating the numorous engine order excitations,
This wavo will have a perlod of 60/RPM {1/E) and in cs-
gence is composed of a number (N) sinusolds of varlous
amplitude (An} and phascs (c,on or ¢}, Inthe time domain
this wave is deflned by:

N
_ n(RPM
Xy = Z A, cos(erl + @) L, = J_BFJ
n=1

In the [requency domaln this wave transforms lo (Ref. 0)

N
P -l
XM nZ%An[I({- rn)aj "I+ 1o "]

n=1

which when plotied for sequentinl values of N ylelds a
spectrum plot similar fo those being observed in the distor-
tlon data, Thus the data revenls tho nature of the excitation
that can be expected with an inlot pressure distortion, The
rolor hlado will sce the pressure distortion as a perlodie
complex wave contalning n numbor of multiptes of the rotn-
tlonal frequency. Engine specd determines the period of
the complex wave and the sproing of the successive har-
monies In the frequeney domatn, Whenever any of the har-
monios contained In the pressure distortion eoincldes with
& blade or system resonance a response will occur, The
magnitude of the response will be a funetlon of the strength
ol distortlon and the damping presont {n the acrodynamie
maode, Of particulor importance is the acrodynamic damp-
ing, Tho distortlons induced during this test weve severe,
yet the firat rotor response, while digcernible, was not
sevare,

Rolor Zdata Is shown inTable Mand Figs. § through 12,
Without pressure distortion at speeds under 95% the only
notable response observed, on line, was 4 slight resonance
affecting {irat torsion at TE, Above 95% speed the rotor 2
response was slight and a typleal spectrum is shown in
Tig, 9, Present here I8 a slight response in first bending
at 3E with a trace of the flrst two system modes, Also pre-
sent 18 evidence of a slight internal distortion probably re-
gulting from the Interaction of the Becond rotor and first
stator. WIth inlet pressure distortion the 1E response in-
croased, as seen in Figs, 10 through 12, as did the second
syatem mode, The 10E response could not he assoclated

with & particular hlade nlone mode boing between first tor-
alon and second bending go it 18 nssumed that the third sys-
tem was nlso oxelted, Thoe most netivity on this stago oc-
curred at 98% speed, Flg, 9, where coincldence between
soveral modes nnd exeitatlon sources occurred much liko
that observed on rotor 1 nt 94% speed, The rotor 2 re-
sponse to first torsion arvound 94% speed at 7E was not un-
ugual since it commonly geeurred there without distortion
and did not appear {o be aggravated by the distortion,

Rotor 3 datn is shown in Tablo III and fn Fige, 11
through 16 for two dilferent strain gages, Straln gage No, 9
was locaied pear the voot at midchord and was primearily
responsive to the hending modes, Strain goge No, 14 was
located ot thetrailing edge and was responsive to bothband-
Ing and torslonal modes. This roior had the most active
regonant response without distortion. Above 100% spead
first bending would respond at 2E with amplitudes between
21 and 228 MPa (£3 and 24 ksi), Of interest on this rotor
was whoether or not on inlet distortion would aggravate this
response and It did not, The maximum nmplltude of this
response occurred usually about 104% speed and on examli-
nation of the datn In Toble IIT and the [{pures indieate that if
anything, the regponse may have been attenuated, This
may ke due to n density eifect sinece the inlet pressures did
differ, However, an increase ln the 1E component was
noted o8 well 05 some activity in [irst torsion with the dis-
torted Inlet, Absent {n the third rotor dota was a well-
defined resonance colincidence as acen on rotors 1 and 2.

It may be that none existed over the speed range invesiiga-
ted or that the effects of the higher harmonics were starting
to bo attenuated,

The remaining stages hod no Interesting datn, Rotor 4
did not have a valid strain gage so It was monifored using
the PES gystem. The only aciivity noted on this rotor oo~
curred at 104% speed and conslsted of a low amplitude,
#0,06 mm (2 mils}, non-Integral blade response which
may have been buffeting as a result of the distortion, This
amplitude is equivalent to a stress of about £1,4 MPa (0,2
ksl), Rotors & and 6 showed only a slight 1E response and
otherwisc did not differ from the clean inlet response. It
appears that the ellect of the inlet pressure distortion was
atteanated In the back stages of the compressor,

The prominent feature of the inletl distortion stimulus
is the complex nature of the pressure wave developed which
must be agsumed to contaln excitatlon sources at almost all
engine orders, Thus, any mode If not properly damped,
could be excited including some of the usually quiet higher
modes, Of additional Interest was tha fact that the first two
stnges were sensitive to system mdde exclitations. Both of
these stages are shrouded thus all the blades on each stage
‘Ire mechanically coupled, This could lead to the possibil- S i
ity of ancountering a system mode Instabllity such as the
type discussed by Carta (Ref, 7) if the aerodynamic condi-
tiona were advorse.



SUMMARY OF RESULTS -

Compressor retor straln gege dnta from on engine un~
dergoing an Inlet pressure distortion was reduced and ann-
lyzed, Tho rosults wore compared to similnr dota obtalned
from the same ongine with a cloan [nlot to detorminoe the ef-
foct of the distortion on the vibratory response of the com-
preasor bluding, The distortion was prinelpally a 1E clr-
cumlerentlal type.

The eficct of the digtortion was found to bo most prom-
fnent in the first three compressgor stages, An increase in
Ilade vibratory response was noted due to hoth a 1L stimu~
lug and also hecause ol the complex nature of the pressure
front ereated by tho flow around and through the scresn, It
wag found that the rotating blndes see tho preesure distri-
bution as a pericdic complex harmonle wavo composed of
almost all engine ovder exclintions, Rotor speecd estab-
lishes the period of the complex wave nnd thus the frequon-
cles of all the higher engine order excitations,

At cortain speeds It was found that the complex pres-
stire wave had the [requency content to exelte o number of
modes slmultancously, However, the overall magnltudes
were small nnd well within allowable stress Hmits,
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TABLE I, - FIRST ROTOR VIBRATCRY RESPONSE IN THE FREQUENCY DOMAIN

Engine Mode Without inlet With inlet
order pressure pressura
distortlon distortion
104% 94% 104%
speed apeed speed
1E -—- e |2 2,1MPa | £ 1,7 MPa
* 0.3ksl) |(£ 0.25ksl)
2E 1st system (570 - 740 Hz) | ~=—===—-ceune + 6.9MPa | % 4.1 MPa
(+ 1,0ksl) |{ 0,6ksl)
3E 1st bending (750 ~ 950 Hz) + 3,4 MPa + 4,3 MPsa Trace
(= 0,5 ksl) ( 0,6 ksi)
5E 2nd system (1080 - 1330 Hz) Trace 4 B,27TMPa|  —meee-
(= 1.2ksl)
8E 15t torsion (1960 - 2100 Hz) e ———— + 165.2 MPa | —eeee-
(= 2.2ksl)
15E 3rd bending (3660 ~ 4180 Hz) | ==e==caaane= £ 9,0 MPa ———
. (+ 1.3ksl)




TABLE 11, - BECOND ROTOR VIBRATORY RESPONSE IN THE FREQUENCY DOMAIN

!

Englno Modo Without inlot With Inlet
prossure Pressure
distortlon distortion
104% 94% 98% 104%
spaod spoed speed speed
1E —_— Trace + 4,1 MPa + 2,8 MPa & 4,1 MPa
(# 0.6 ksl) (£ 0.4 ksl) (= 0.0kst
2K 1st aystom (G8O ~ B850 Hz) Traee x 2,1 MPa + 2,1 MPa + 8,1 MPa
(= 0,3 ksi) (+ 0.3 ksl (= 0,45 ksil)
35 18t bonding (750 - 950 Hz) & 16,6 MPa + 0,3 MPa + 15,5 MPa % 20,7 MPa
(= 2.20ksi) | (& 1.35kei) | (¢ 2.25kel} | (£ 3,0 ksl)
6E 2nd system (1370 - 1630 Hz) Trace e ————— + 4,8 MPa + B,5 MPn
(x 0.7 ksl) (£ 0,8 ksl}
GE-TE 1at torsfon (1700 ~ 2000 Hz) | =;=cmeccen-- + 24,0 MPa 2 21,0 MPot | =====- e ———
(= 3,8 kai) (= 3.0 ksl)
@7E @GE
TABLE HI, - THIRD ROTOR VIBRATORY RESPONSE IN THE FREQUENCY DOMAIN
Engina Mode Without inlet With Inlet
order pressure pregsure
distortion * distortion
104% 94% 104%
speed speed speed
Strain Gapge No, 9
1 S e ——— Trace + 4,8 MPa + 7,6 MPa
(+ 0.7 kai) (= 1.1kal)
2E 1st bending (500 - 600 Hz) * 24,8 MPa + 10,3 MPa + 20,7 MPa
(= 3.6 ksl) (= 1,5ksl) ( 3,0 kaf)
4E 2nd bending (1100 - 1300 Hz) £ 4,8 MPa = (,2 MPa + 4,8 MPa
& 0.7ksl) | (= 0.9 ksl) = 0,7 kal)
8E 1et terslon (2150 - 2260 Hz) ——in e e e AT T 1 ' o W S ——
(£ 1.5ksl)
*Uncorrected
Straln Gage No, 14
1E Trace = 6.6 MPn £ 4,1 MPa
(+ 0,85ksl) | (& 0.6 ksi
2B 1st bending (500 ~ 600 Hz) 12,4 MPa + 8,3 MPa % 4,8 MPa
(¢ 1,8ksl) | (+ 1.2ksl) (= 0.7 ksi)
BE 18t torsion (2150 - 2260 Hz) + 2,8 MPa + 12,4 MPa & 11.0 MPa
(& 0.4 ksi) (£ 1,8 ksl) (£ 1,6 ksi)
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Figure 2, = Inlet distortion screen,



PAVERAGE
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Figure 3, - Inlet total pressure distortion pattern at 95 percent physical
speed,
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Figure 4, - Inlet total pressure distortion pattern at 104 percent physical
speed,
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Figure 6. - Rotor 1 strain gage wlo screen,
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Figure 7. - Roter 1 strain gage with distortion screen in-
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Figure 8, - Rotor 1 strain gage with distortion screen in-
stalled,
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Figure 9. - Rotor 2 strain gage wlo screen,
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Figure 10, - Rotor 2 strain gage with distortion screen in-
stalled,
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Figure 11, - Rotor Z strain gage with distortion screen
installed,
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Figure 12. - [totor 2 strain gage with distortion screen
installed,
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Figure 13, - Rotor 3, strain gage no, 9, without screen,
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Figure 14, - Rotor 3, strain gage no. 9, with distortion
screen,
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Figure 15, = Rotor 3, strain gage no. 9, with distortion

screen,
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Figure 16, - Rotor 3, strain gage no. 14, without screen,
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Figure 17. - Rotor 3, strain gage no. 14, with distortion
screen,
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Figure 18, - Rotor 3, strain gage no. 14, with distortion
screen,
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