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ABSTRACT

f The overall objective of this experimental program was to

quantif y the effects of rotor-stator axial spac i ng on the

( fundamenta l  time-v ariant aerodynamics relevant to forced

response in turbomach i nery. This was accomp lished in a large-

A scale , lc~ti-speed , sing le-stag e research compressor wh i ch per-

F mitted two rotor-stator axial spac i ng ratios representative

of those found in advanced desi gn compressors to be i nvesti-

gated.

At each value of the axial spac i ng ratio , the aerodynamical l y

i nduced fluctuating surface pressure distributions on the

dc*.~nstream vane rc~i, with the primary sou rce of excitat i on

F be i ng the upstream rotor wakes, were measured over a wide

range of compressor operating conditions. The ve l ocity

fluctuations created by the passage of the rotor blades were

measured In the non-rotat i ng coordinate system . Data ob-

tam ed described the variation of the rotor wake with both

r 
l oad i ng and axial distance from the rotor as parameters .

This data also served as a reference in the anal ys i s of the

1’- resulting time -variant pressure si gnals on the vane surfaces .

The individual vane surface data were i nvesti gated to
- 

determine the effect of rotor-stator axial spac i ng on the

- I ~~~~~—-
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P r
overall unsteady pressu re magnitude as well as to determine

the dynamic pressure coefficient and aerodynamic phase Jag

I. for the unsteady pressure di f ferent ial  ac ros s the vane .

These unsteady pressure d i f ferent ia l data , wi th  Incidence

ang les rang ing from + ‘~~~~~ to -l2~° and reduced frequency from

6.795 to 20.20, were correlated with predictions from a

- 
s tate-of-the-art f lat  plate cascade transverse gust anal ysis.
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NOMENCLATURE

b Airfoi l semi -chord

C Ai rfoi 1 chord

C~ Dynamic pressure coefficient

1’ 1 Length

R Radius

-
~~ 

R
~ 

Compressor pressure ratio

V Abs olute ve loc it y
2 W Corrected mass flow

S Vane spac i ng

- 
I Blade pass period

I X Distance from rotor trailing edge

k Reduced frequency (k = w b / V)

u Long i tud i nal perturbat i on velocity

v Transve rse perturbation velocity

/3 I nlet ang le

Phase lag

F P Inlet air density

w Blade pass i n g  angu l ar f requency

F
It Subscripts

1 First harmonic

2 Second harmon ic

ABS Abso lute

R Rotor
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I

INTRODUCT I ON

f The failure of rotor and stator airfoils as a result of aero-

dynamic excitations has been and yet remains a seriou s des i gn

1. consideration throughout the gas turbine i ndustry . The discovery

of a forced response prob l em, and the subsequent need to affect

a viable solution , results in increased unit cost , delays in

I delivery schedules , and decreased fli ght readiness. As earl y

2 as 1955 the need to deve l op a fundamental understand i ng of

these “forced response” prob l ems was recognized and noted in

the open literature by Whitmore , Lull , and Adams~~~. In the

ensuing time period si gnificant advancements have been made in

solution techniques , aerodynamic theory, and computing capabilit y.

However, today forced response still ranks as a si gnificant

I prob lem area for gas tu rb i ne eng i nes .

- 

The ability to accuratel y predict a priori the structural

resonances of turbine eng ine  b l adi ng has been great l y enhanced

through the deve l opment and application of finite element

techni ques . Thus , pri or to ri g or eng ine operation , the

des i gner is now provided detailed information regard i ng the

location of the critical resonant response reg i ons of operat i on

- 
for a g iven blade row. However, the severity of these resonant

Ii response reg i ons to the various upstream or downstream excita-

1: tions is not known until complete eng ine enve l ope conditions

have been tested .

8
F 1
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The identification of a hi ghl y stressed resonance of an air-

foi l during testing necessitates modifications to reduce the

stress. For a component test , the stress can be reduced by

s i m p l y avoiding the resonance. For an eng ine in the deve l op-

ment phase , schemes such as increased axial spac i ng , re-

des i gned blading , and changes in the excitation are used .

Similar prrcedures are used for problems identified in fli ght
1 

eng ines as l onger operat i onal time s are established .

One method wh i ch has been successfull y used to alleviate

aerodynamic all y forced response prob l ems involves increas i ng

the axial spac i ng between the excitat i on source and the respond-

I ing airfoil. This method has generall y been applied when an

upstream airfoi l row is the excitation source. In this case

$ the wakes can be the mechanism wh i ch create the time -variant

pressures along the chord of the downstream airfoi l row,

thereby driving the airfoi l response. An increase in the

axial spac i ng is then regarded as a reduction in the wake

ve locity deficit and , correspond i ng l y, as a decreased leve l

I of unstead y pressure l oad i ng on the respond i ng airfoil.

I To identif y the type of anal ysis needed for forced response

problems and , consequent l y, the type of data necessary to

I assess that anal ys is , the fo l lowing examp le is presented .

Following the performance evaluat i on of an advanced des i gn

compressor, the routine teardown inspection of the unit

I
2



revealed crac ked blades and vanes . In fou r rows of blades and

two rows of stators , tip c rac ks were identif ied . A frequency-

speed diagram for one of the rotor blades in wh ich a crac k was

noted is presented in Fi gure 1. Along the excitat i on frequency

line (created by the upstream vane row) the blade resonance at

wh i ch maximu m stress was noted is identified . Fi gu re 2 presents

the calculated mode shape for the particular resonance .

Thus , from this example of a typical forced response problem ,

it can be seen that an appropriate ana lys is  and , consequent ly

the data to assess that anal ysis , must reflect the chordwise

variat i on in the unstead y pressure . Without thi s chordw i se

variation , the excitat i on of the complex mode shape illustrated

in Fi gure 2 could not be determined .

The time -variant aerodynamic response on an airfoi l surface

Is comprised of two parts. One is due to the upstream d stur-

bance be i ng swept past the non-respond i ng fixed airfoils. The

second arises when the airfoi l responds to this disturbance .

The unsteady pressure distribution on the airfoi l surfaces , i.e.

the driving force for the airfoi l response, is the sum of these

two effects . Anal y t i ca l ly these effects are mode led by means

- - El of two anal yses . A gust anal ysis is used to predict the time -

variant aerodynamics of the fixed , non -respond i ng airfoils to

[I each harmonic of the disturbance . An anal ysis whe rein the

airfoi l cascade is assumed to be harmonicall y osci llat ing is

Fl
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$ then used to predict the additiona l aerodynamic effect due to

the blades respond i ng . Superposit ion i ng of these two effects

can be performed onl y w i t h  knowledge of the amp litude of

response of the blad i ng because the magnitude of the pressure

field resulting from the mot i on of the respond i ng airfoi l is

- dependent on the amplitude of the mot i on . Thus , an iterative

solution containing the gust ana l ysis , the oscillat i ng airfoi l

anal ysis , and the airfoi l structural dynamics anal ysis as key

elements is necessary to predict the total  response of an air-

foi l subjected to an upstream generated periodic disturbance.

The aerodynamic gust anal ysis , as well as the case of harmonic

air fo i l osc i l la t ions , are areas of fundamental research inter-

est. Li nearized unstead y aerodynamic small perturbation gust

anal yses for isolated and cascaded a i r fo i l s  are appearing in

the open literature with regularit y. For a sing le , zero thick-

nes s, flat plate airfoi l , Sears~
2
~ predicted the fluctuating

forces due to a sinusoidal transverse gust. Horloc k~
3
~ treated

the generalized gust by considering a long itudina l gust and

J combining his results w i th  those of Sears . Naumann and Yeh~
1+
~

cons i dered the effects of camber by partiall y account i ng for

1 some of the coupling between the ang le of attack of the air foi l

and the unstead y flow. Goldstein and Atass i~
5
~ deve l oped a

F-
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I

second order anal ysis wh i ch accounts for all of the coupling

effects . These anal yses are current l y of limited value to

turbomach i nery desi gn in that onl y isolated airfoils are con-

sidered . Of more direct applicat i on are the unsteady aero-

dynamic ana l yses for cascaded airfoils. Whitehead~
6
~ con-

sidered a cascade of flat plate airfoils moving through a

transverse gust in an incompressible flow field as well as the

case of harmonic airfoi l oscillations in a uniform flow field.

This anal ysis was extended to include the effects of compressi-

bility by Fleeter~~~ and Smith~
8’. It should be noted that

1. the above anal yses by Whitehead , Smith and Fleeter , also con-

sider the case of harmonic airfoi l oscillat i ons in a uniform

I flow field.

I In the transonic flow reg ime , emphasis has been p l aced upon

the case of harmon i call y oscillating flat plate airfoils , al-

I though it should be noted that these flat plate anal yses can

I be modifie d relat i ve l y easil y to include the case of a trans-

verse gust , as per Reference 9. Recent l y a numbe r of solu-

I tion s to the basic invisc id , sma l l  perturbat i on, flat plate

I 
model i nvolving various mathematical techni ques have been

deve l oped , as noted and discussed by Chadw i ck , Be l l  and

Platzer~~
0
~ .

5
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I
1 There are many mathematical and ph ysical assumptions i nherent

j in these models , yet onl y a limited quantity of appropriate

fundamental experimental data exists with which to assess the

range of validity of the models or to indicate ref i nements

necessary to deve lop a valid predictive desi gn model.

For the case of gusts , Coninerford and Carta~~~ simulated an

I unsteady inlet flow direction on a sing le airfoi l by generating

a Karman vortex street from an upstream transverse cy linder.

The flow field created by the cy linder has a vertical velocity

component wh i ch varied in both direct i ons . This is a serious

drawbac k for extension to airfoi l cascades as t would result

I in the velocity direct i on vary ing from bl ade to blade.

Ostdiek~~
2
~ deve l oped a subsonic cascade wind tunne l capable

I of generat i ng variable inlet flow direction . The wind tunne l

I i n l e t , wh ich Included gu i de vanes , was osc i l l ated by a motor

driven crank. This system is current ly limited to very low

f frequencies of oscfllation and , hence, very low reduced

frequency values . Bruce and Henderson~~~~ d i rec t l y measured

the unsteady norma l force and pitching moment on a chordw i se

element of a subs on i c rot or blade , rather than the detailed

distribution of the unsteady pressure difference across the

bl ades , due to a circumfe rentia l Inlet flow distortion in a

low speed axial compressor . Fleeter , Jay and Ben.nettV1+)

_ _ _  

_  _  
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determined the incompressible aerodyn amic a l l y i nduced fluc-

tuat i ng pressure distr ibut ion in a stat ionary vane row of

realistic geometry, with the primary source of excitation be i ng

the wakes from the upstream rotor blades . In the supersonic

flow reg ime , Fleeter , Nov ic k and R i ffe l~
9
~ , measured the

fluctuating pressure distribution on an airfoil cascade result-

ing from an unstead y inlet flow generated by an oscillating

upstream wedge.

For the case of harmonicall y oscillating airfoils in a uniform

2 
- inlet flow field , ~arta~~~~ tested a cascade of tors i onall y

oscillating airfoils at low frequencies and low speeds .

Fleeter has been extens i ve l y i nvolved in obtainin g time-variant

aerodynamic measurements in harmonicall y oscillating rectilinear

• cascades . References 16 through 18 describe the time-variant

aerodynamic data and correlation with the anal ysis of Reference

19 obtained from tors i on mode oscillat i ons of a sing le airfoi l ,

a classical airfoi l cascade, and a multiple circular arc (MCA)

I airfoi l cascade in a supersonic inlet flow field , respective l y.

I The overall objective of the experimental research program

described herein is to obtain fundamental unstead y forced

1 1: response aerodynamic data necessary to quantif y the effect of

rotor-stator axial  spac ing. This is accomplished by measuring

the aerodynamicall y induced fluctuating pressure distr ibut ion

in a downstream vane row of realistic geometry, wi th the primary

_ _ _ _  - 
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I

~ I sou rce of excitat ion be ing the wakes from the upstream rotor

biading . Two rotor-stator axial spac i ng ratios , representa-

j tive of those found in advanced desi gn compressors , are in-

vesti gated over a wide range of reduced frequency values and

compressor stead y-state operat ing conditions . This research

effort fu rnishes data not onl y for the desi gner , but also for

the anal yst whose requ irements Include a detai led breakdown

of the unstead y pressures on bot h the suction and pressure

su rfaces of the vane . This individual vane surface data is

necessary to val idate the assumptions and the adequacy of

ex is t ing anal yses , and to direct the deve l opment of advanced
- anal yses .

I .
F-
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I
SING LE-STAGE RESEARCH COMPRESSOR

I
The wakes from the upstream rotor blades are the source of

I the aerodynamical l y induced t ime-var iant  vane surface pres-

I 
sures , i.e., the rotor wakes define the forc i ng function to

the downstream stator vanes . Hence, it is desirable to ex-

I per iment all y model the si gnific ant features which def i ne this

forc i ng function . These include the variat i on of incidence ,

I the wave form, the velocity (pressure) variation , and the

I 
reduced frequency. To meaningfu l l y i nvesti gate rotor-stator

axial spac i ng effects , it is also necessary to have representa-

I tive values for the rotor -stator asia! spac i ng to upstream

axial chord ratio. These features can all be simulated in the

I Detroit Diesel Allison (DDA ) large-scale , low-speed , sing le-

stage research compressor facility. A schematic of the overall

I f a c i l i t y  is presented in Fi gure 3 and a view of the assemb led

I test ri g in Fi gure 4.

I 
This research compressor featu res blad i ng (42 rotor blades and

40 stator vanes , NACA 65 SerIes ) that is aerodynamicall y l oaded

to levels that are typical of advanced multi-st age compressors

and is also ph ysicall y large enough to provide for substantial

quantities of Instrumentat i on. Table I presents the airfoi l 
2

mean section properties as well as the compressor des i gn point

I conditions . As Is indicated , the ai rfoi ls are relat ive ly

I
1
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large ; the rotor and stator chords are equal to 4.589 and 5.089

inches (11.66 and 12.93 cm), respective l y.

The rotor blades 1 shown in Fi gure 5, are des i gned to have

I aerodynamic l oad i ng l evels representative of aft stages of

modern multi-stage compressors . At the desi gn point , approx i-

- matel y 27° of turn i ng is accomplished near the blade hub ,

diminishing to about 13 ° near the tip. The geometric char-

acteristics of the rotor blades include hi gh camber , with

I fairl y large dev i at i on ang le near the hub reg ion , and a maxi-

mum thickness-to-chord ratio wh i ch varies from nearl y 7% at

I the hub to 4% at the tip. The rotor solidit y varies from

I about 1 .6 at the hub to 1 .3 at the tip.

The 40 vane stator row, Fi gure 6, results in an axial exit

flow direction . Again , the airfoi l loss and aerodynamic l oad-

I ing l evels are typical of those of aft stages of modern multi -

stage compressors . The vane features a large camber ang le

I variat i on in the hub reg ion , a radiall y constant maximum

I 
thickness-chord distribution , and desi gn point incidence that

varies from about zero to mi nus one deg ree. Vane solidity

varies from 1 .68 at the hub to 1.35 at the tip.

Table Ii presents a descript i on of four advanced des i gn corn-

pressors in which excitations created by an upstream blade row

if

- _____________________________ - 
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I

caused ser ious concern for the l i fe  of a par t icu lar  a i r fo i l .

For each c ompressor , the rat io  of the rotor-stator ax ia l

spac ing to the upstream axia l  chord has been determ ined and

averaged w i th  respect to the number of stages . As indicated ,

1 the range of interest for this ax ia l  spac ing ra t io  is on the

order of 0. 1 5 to 0.49. A l so  included in Table II are the

nominal and the decreased value for th is rat io investi gated

I in the above described research comp ressor. As indicated ,

these two values span the range of interest of advanced corn-

pressor des ign experience .

Fi gure 7 shows a view of the rotor and stator spac ing in

the nomina l posi t ion . Fi gure 8 indicates the modi f icat ions

I necessary to achieve the decreased rotor-stator ax ia l  spac ing .

A cas i ng spacer was used to move the stator row forward such

that the rotor-stator spac ing was reduced to the desired

value. A thin spac i ng shim was then used to precisel y locate

the rotor re lat ive to the stator.  A forward spacer was used

to minimize leakage along the forward face of the rotat ing

d isk .

i’ It should be noted that the above described research com-

E- pressor and blad i ng were previousl y used in the experimental

program described in Reference 14. The ri g conf i gurat ion

for the cu r rent program features a stat i onary i nne r endwall

whe reas the previous investi gation had a rotat ing inne r endwall.

11 11 
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•~1
I INSTRUMENTATION

I The research compressor stead y-s ta te  instrumentat ion, ind i-

cated schematicall y in Fi gure 9 , pe rmits the inlet and

I exit f l o w  f ie lds  to be defined and the compressor map

I 
determined . The inlet tempe rature is measured by means of

fou r thermocouples equall y spaced circumferential l y in the

I large stagnat ion chamber. The rotor inlet ve loc i t y  prof i le

is determined from the pressure measurements obtained from

I three equall y c i rcumferent ia l l y spaced eleven-element total

pressure rakes and the average of four hub and four t ip

sta t ic  pressure taps . The exit f l ow  f ie ld  downstream of

I the stator row is determined from six total pressure rakes ,

uniform l y spaced across an equ i valent vane passage , together

I with hub and tip static pressure taps . The exit temperature

I 
is measured with an eleven element rake located circum-

ferent i-all y at the center of the vane passage. The overall

I compressor aerodynamic performance is evaluated by examin-

ing the stagnat i on tank and stator exit temperature and

I pressure measurements , with the flow rate computed from the

stagnation tank static pressure and total temperature and

I pressure measurements .

I The time -variant quantities of fundamental i nterest in this

I 
experimental investi gat i on include the fluctuat i ng aero-

dynamic forc i ng function — the rotor wakes , and the

I
12 
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‘ I
I resul t ing chordw ise d is t r ibut ions of the complex time -

variant pressure distribution on the downstream stator

vane pressure and suction surfaces .

The blade surface dynami c pressure measurements are

accomp lished by means of a pa ir of the NACA Series 65

[ stator vanes instrumented with flush mounted Ku lite thin-

line desi gn dynamic pressure transducers . These vanes are

located in the stator row such that one flow passage is

instrumented . Table II I  presents a tabulation of the vane

coord i nates describing the airfoi l shape along the stream-

I ‘ m e  which was instrumented . Fi gu re 10 shows a view of the

airfoil surfaces with the embedded transducers clearl y

L visible. The suction and pressure su rface transducers are

I mounted at identical pe rcent vane chord locations , identi-

fied in Table IV .

I
The time -variant wake measurements are obtained by means

• F 
of a cross-w i re probe wh i ch is calibrated and linearized to

200 feet per second and ± 25° angular variation . The

I mean absolute exit flow ang le from the rotor is determined

by rotat i ng the cross-wire probe until a zero voltage

difference is obtained between the two linearized hot -wire

si gnals . This mean ang le Is then used as a reference for

J 1
Ie

Ii
13
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I calcu l at i ng the instantaneou s absolute and relative flow
- 

ang les . The output from each channe l is corrected for

tangential cooling effects and the individual fluctuat i ng

velocity components parallel and norma l to the mean flow

ang le calcu l ated from the corrected quantities.

{ As schematicall y depicted in Fi gure 1 1 , the cross-w i re

• 

~~

- probe is l ocated axiall y i mmed i atel y upstream of the lead i ng
L edge of the stator row at mid -stator circumferential spac i ng

in a passage adjacent to the one instrumented with dynamic

pressure transducers . The probe holders for the cross-

- I wi re  probe and also for a dynamic total pressure probe are

shown in Fi gure 12. The machine d pads mounted on the casing

exterior surface provide for angular references for the

( measurement of air ang les and also for radial and axial

location of the probes. Figure 13 is a view l ooking aft

- I and shows the re lat ive locat ions of the cross-w ire probe

and the instrumented vane suction surface . The cross -wire

L probe and the instrumented vane suction surface with the

( rotor instal led are seen in Fi gure 14.

I

F
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I
I DATA ACQUISITION AND ANA LYSIS

I In this investi gat i on, both steady-state and time -variant

data are acqu i red . The steady-state data define the points

I of compressor operation , in te rms of over all pressure ratio
and corrected mass flow rate , at wh i ch the unstead y velocity

I and surface pressure measurements are obtained . Both the

I steady and time-variant data acquisition are controlled by

an on-line di g ital computer. The rotor speed is manuall y

I controlled by vary ing the power to the DC drive motor; a

I 
di g ita l readout of the rotor speed is provided via a tacho-

meter generated si gnal.

I Fi gure 15 presents a schematic of the steady-state and time -

I 
variant instrumentat i on modules as related to the on-line

di g ita l computer. Onl y one mode of data acquisition opera-

I tion can be performed at a time . The steady-state corrected

data is output on the teletype at the ri g site as well as

I on a line printer. The time-variant data acquisition Is

I 
control l ed through the CRT termi nal. On -line monitoring of

this time-variant data is accomp lished by means of a dual

I beam storage oscilloscope synchron i zed to the speed of the

rotor by an opt ica lly generated square wave pulse , while the

— I unsteady data is presented on a hi gh speed line printer.

15
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I

The steady-state data acquisition follows the standard corn-

I pressor evaluation procedure . At a selected corrected

I speed , the compressor is stabilized for approx imatel y 5
minutes . Following this period , the on-line computer is

I used to initiate the acquisition of the tempe ratu res and

pressures necessary to generate the corrected mass flow

I rate, overall pressure ratio , and corrected speed . A

I 
scanning of the reduced data is then made to assure data

uniformity and to ascertain the operat i ng point.

The time-variant data acquisition and anal ysis techni que

I used is based on a data averag ing or si gnal enhancement

concept . The key to such a technique is the abilit y to

I samp le data at a preset time . For this i nvesti gation the

s i gnal of interest is generated at the blade passing frequency.

I Hence , the logical choice for a time or data initiat i on

i reference is the rotor shaft . An optical encoder wh i ch

delivers a square wave voltage si gnal hav i ng a duration of

I 1.5 microsecond s was mounted on the rotor shaft for this

purpose. The computer anal og-to-d i g ital converter is

1 t r i ggered from the posi t ive voltage at the lead ing edge of

I the pulse , the reby initiat i ng the acquisition of the time

unsteady data at a rate of up to 100,000 points per second.

I The data is samp led for N blade passages and ove r M rotor

I

16
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I

revolutions . These rotor revolutions are not consecutive
1 because a finite time is requ i red to operate on the N blade

I passage data before the computer returns to the pulse

acceptance mode which ini t iated the gathering of the data.

I For this experimental program , 80 to 100 di g itized data

points are obtained for each of three blade passages aver-

I aged over 400 rotor revolutions (N = 3, M = 400).

I The basic concept of this time-variant data averag ing techni-

que is used in an on-line analog mode throughout the test.

A dual beam storage oscilloscope Is tri ggered by the encoder

I pulse and the time unstead y si gnals of i nterest preserved

on the scope. For each rotor revolution one series of wave

I forms are added to the wave forms alread y existing on the

face of the scope from previous revolutions , thereby y ield-

ing a time consistent overlay of the unsteady si gnals.

I Fi gure 16 presents an example of such an overlay . The

upper and lower si gnals correspond to the lead i ng edge

I pressure and suction surface dynamic pressure transducer

si gnals respective l y.

At each steady operat i ng point an averaged time-variant data

set , consisting of the two hot -wi re and the 22 Kulite si gna l s ,

are obtained . Photographs of these si gnals are made on-

line as previousl y descr i bed . Each of these si gnals is

di g itized and Fourier decomposed Into its harmonics .

F •
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I In this investi gat ion onl y the f i rs t  two harmonics of the

data are examined through the ent i rety of the data anal ysis

process. The reduced frequencies of these data are in the

range of turbomach i nery experience with forced response

prob lems .

I
From the Fourier anal yses performed on the data both the

I magnitude and phase ang les referenced to the data initia-

tion pulse are obtained . To then re l ate the wake generated

I velocity profiles with the surface dynamic pressures on the

I instrumented vanes , the rotor exit velocity triang les are

examined . Fi gu re 17 shows the change in the rotor relative

I exit velocity which occurs as a result of the presence of

the blade . A deficit in the velocity in this relat i ve frame

I creates a change in the absolute ve loc i ty  vector as m di-

I cated . This ve loc i ty  change is measu red via the crossed

hot -wires. From this instantaneous absolute ang le and veloc-

I i ty, the rotor exit relat ive ang le and veloc it y as well  as

the magnitude and phase of the perturbat i on quantities are

I determined . —

I As noted previousl y, the hot -wire probe is positioned irnmedi-

I 
atel y upstream of the lead ing edge of the stator row. To

relate the time based events as measured by this hot -w ire

I probe to the pressures on the vane su rfaces , the assumpt ions

are made that : (1) the wakes are Identical at the hot -w ire

18Ii
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and the stator lead ing edge planes ; (2) the wakes are

I fixed In the re l at i ve frame . Fi gure 18 presents a sche-

i matic of the rotor wakes , the instrumented vanes , and the
I hot -wi re probe . The rotor blad e spac i ng, the vane spac i ng ,

I the length of the probe , and the axia l spac ing between the

vane lead i ng edge p l ane and the probe holder centerline

are known quantities . At a steady operating point the hot -

wire data is anal yzed to determi ne the absolute flow ang le

and the rotor exit re l at i ve flow ang le. Using the two

[ assumpt i ons noted , the wake is located re l at i ve to the hot -

wi res and the l ead i ng edges of the instrumented vane suction

J and pressure surfaces . From this , the times at wh i ch the

wake is present at variou s locat i ons is determined . The

I incremented times between occurrences at the hot -w ire and

- [ the vane lead ing edge plane are then re l ated to phase

differences between the perturbation ve loc i t i es  and the

vane surface.

J To simp lif y the experiment-theory corre l at i on process , the

- 
data is adjusted In phase such that the t ransverse perturba-

- I t ion is at zero deg rees at the vane suction surface lead ing

edge. From the geometry indicated in Fi gure 18, the time

at wh ich this would occur is calcu lated and transposed into

a phase difference. This difference is then used to adjust

the pressure data from the suction surface . A similar opera-

I tion is pe rformed on the pressure surface data so that the

I .
19
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I
I surfaces of the vanes are time re lated ; i.e., time relating

i the data results in data equ i valent to that for a sing le

instrumented vane .

Fol lowing th is  procedure the pressure differences across

I an equ ivalert sing le vane at each transducer locat ion is

calculated . These data , along with the individual surface

pressure data , are normalized wi th  respect to the inlet

flow parameter: (p . V2 • ~- )  where p is the inlet air

I density, V is the stator inlet absolute ve locity, and v is

I the transverse pertu rbation velocity measured by the cross-

wire probe .

Any potential phase lag errors created by the above described

I time adjustment procedure would be constant for each trans-

- 
ducer, i.e., the difference in phase between any two surface

I pressure transducers is unaffected by a potential error.

I The onl y area of concern would be the correlat ion of the

reduced data with appropriate ana lyt ical predictions for the

I phase difference between the transverse gust and the measured

response of a part icular transducer. This experiment-prediction

I corre l at i on of the chordw i se variatio n of the phase ang le

could be compared by ali gning the phase ang le for the lead-

ing edge (2. 47% chord ) transducers wi th the phase ang le

~ I 
predicted by the prediction to eliminate the effect of any



I
I’l l

potential measurement i naccu racies , a lthough it should be

I c lear l y noted that this was not done herein.

Several potential sources of error can be identified with

I regard to the above outlined data anal ysis and reduction

I procedure . Table V presents the most like l y potential

sources of error together with the correspond i ng possible

I resulting errors in the aerodynamic phase lag data. As m di-

cated , the most critical parameters with regard to accurate

phase lag measurements are the axial and circumfere ntial loca-

I tions of the cross-w i re probe together with the probe length .

The data presented herein are subjected to the forementioned

reduction and anal ys is  procedure . Var iat ions in the lead ing

edge phase ang le adjustment of up to ± 25 ° are fel t  to be

within experimental accu racy . Table VI presents repeated

I data for 100% l oaded and unloaded conditions . For the un-

II l oaded conditions , the pressure magnitude and phase data are

compared for the first four transducer locat i ons on each

F surface . For the l oaded condition , various transducer magni-

tude and phase ang les are compared . The data presented In

I this table have not been adjusted for time as previousl y

described . As can be noted from the data , close ag reement in
I phase ang le is obtained , although some scatter is present .

I-
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It is felt that with reasonable care taken to establish a

particular aerodynamic condition , phase variat i ons of 
~ 

15 0

I would adequatel y represent the scatter band at a particular

i 
measuring location.

I
I
I
I
I
I
I
I
I.
I
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RESULTS

Two studies were undertake n in the course of this experi-

mental program: (1) a qualitative stud y of the rotor wake

velocity pr ofile as a funct i on of both compressor l oad i ng

and downstream axial distance ; (2) a quantitative i nvesti ga-

tion of the resulting time-v ariant su rface pressures i nduced

on the stator vanes by these upstream generated rotor wakes

as they are convected downstream . The objective of the

qualitati ve wake study was to obtain a physical understand-

ing of the vari ations of this aerodynamic forc i ng function

and thereby aid in the anal ysis of the resulting measured

vane surface unstead y pressure distributions . The individual

unsteady vane surface pressure data were used to determi ne

the unstead y pressure difference across a sing le vane and

this difference data then correlated with appropriate predic-

tions from a state-of-the-art cascade transverse gust

anal ys I S .

Wake I nvestigation

The velocity is the fundamental quantity used to def i ne the

wake and was measured with the cross-wi re probe as previousl y

described . This measurement , made in the absolute or non-

rotat i ng reference frame , together with the absolute flow
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I ang le and rotor speed were used to calculate the ve l ocities

in the relative or rotating frame of reference.

Fi gures 19 and 20 show the variat i ons in the profile and

I the centerline velocity of the rotor wake, respective l y, as

I 
a function of axial distance as measured from the rotor

trailing edge for two values of l oad i ng (compression ratio)

( along the 100% speed line . At a constant axial distance

from the rotor , an inc rease in the pressure ratio (a decrease

I in the mass flow rate) can be seen to result in an increase

I 
in both the width and velocity deficit of the wake . As the

axial distance from the rotor is inc reased , the wake decays

I and the diffe rence between the wake centerline velocity, Uc~
(the m inimum velocity) and the freestream velocity, Ue~I decreases . At the hi gh l eve l of l oad i ng this trend is very

1 
pronounced , but is much less si gnific ant at the lower leve l

of l oad i ng .

f The effect of l oad i ng on the wake velocity profile is more

completel y demonstrated in Fi gure 21 . The increase in both
- the width and the velocity deficit of the wake is vividl y

illustrated therein. The rhift seen in the position of the

minimum wake velocity is felt to be due to the angular

I change of the absolute ve locity vector and to a change in

r location of the wake separation point on the surfaces of

i the generating rotor blades .
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I In this qual i ta t ive wake study, a d ynamic (t ime-based ) data

acquis i t ion system was used to acqu i re data generall y

re legated to a steady-state system. Rather than i ndex i ng

- a probe over a sing le passage width , the passages were

I rotated past the probe in thi s app licat ion . Dependent upon

I computer storage , any numbe r of rotor blades could be

assessed for averaged quantities in wake definition .

- Unsteady Su rface Pressures

- - The primary goa l of this experimental investi gation was to

I. obtain the time -variant pressures on the downstream stator

vane surfaces due to the aerodynamic excitat i on created by

the wakes from the upstream rotor blades for two rotor-

stator axial spac i ngs over a range of steady-state com-

pressor operating conditions . To accomplish thi s goa l

I dynamic data were obtained at each of sixteen steady-state

operat i ng points: ei ght at each of the two rotor-stator

axial spac i ngs. The ei ght points for each spac i ng include

[ four along both the 100% and the 70% compressor corrected

speed lines. On-stand monitoring was used to assure that

[ the data points obtained at the second axial spac i ng were

at similar flow and pressure ratio conditions as those ob-

tam ed at the first axial spac i ng . Fi gure 22 presents the

I
I
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locations of the sixteen stead y-state operat ing points

I along the 70% and 100% corrected s peed l ines in terms of

I overall pressure rat io and corrected mass f l ow rate f or

both axia l  spac ings . Data points 1 through 8 we re obtained

I at an ax ia l  spac ing measured at mid-span equal to 0.719

i nches (1.826 centimeters ) and data points 9 through 16

I we re obtained w i th  an axial spac ing of 1.304 inches (3 .3 12

I centermeters). In terms of the rat io of the rotor-stator

axial  spac ing to the upstream axial  chord , these become

1 0.2374 and 0.4305 respective ly, as noted in Table I I

I The time -variant pressure data acqu i red in this program are

presented for ease of discussion using three formats: (1)

the measured dimensiona l magnitude of the unstead y pressure

on each surface of the vane ; (2) the dimension l ess unstead y

1 pressure magnitude and phase re l at i on on the individual

I vane surfaces; (3)  the dimensionless unstead y pressure

di f ferent ia l  across the vane and i ts phase relat ion to a

transverse gust at the lead i ng edge. The dimensionle ss

pressu re data is presented in the form of a dynamic pressure

I coefficient and an aerodynamic phase lag . As previousl y

I noted , the dynamic pressure coefficient is normalized with

respect to inlet steady-state properties of the flow and

I the magnitude of the transverse gust: ~~ — p/p . V2 . .

I
I
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I

The aerodynamic phase lag is referenced to a transverse gust

I at the lead ing edge of the instrumented vane .

I Individual Vane Surface Iinsteady Pressu res

The magnitudes of the measured unstead y pressures on the

I individual vane surfaces obtained along the 100% corrected

speed line of the compressor for both values of axial spac i ng

1 ratio at equivalent l oad i ngs are presented in Fi gures 23
through 26. As indicated , the overall l eve l of the unstead y

pressu re magnitude on both surfaces of the vane inc rease

f with l oad i ng at approximatel y the same rate for each value of

the axial spac i ng ratio. This inc rease is particularl y pro-

I nounced for the small value of the rotor-stator axial spac i ng

ratio (0.2374), being less si gnific ant for the large spac i ng

ratio (0.4305). It is of i nterest to note that this differ-

1 ence in the rate of inc rease of the overall leve l of the su r-

face pressure magnitudes wi th axial  spac ing rat io is not

I ~~ manifested in the resulting differential pressure magnitude

data determined from these individual surface data. In

fact , the dimensionless d i f ferent ia l  pressure magnitude and( fj aerodynamic phase lag data show extreme l y good correlat i on

between the two sets of rotor-stator axial spac i ng data.

I l l
I-I
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‘ I
Along the 70% speed line , the overall levels of the un-

steady pressure magnitude on both surfaces also increase

I with l oad i ng at about the same rate, as seen in Fi gures 27

through 30. However no noticab le difference with l oad i ng

I is apparent between the data for the two rotor-stator

spac ings along this speed l ine .

The fundamental measured quantit ies are the individual

surface unstead y pressures , w ith the unstead y pressure

j  
di f ferent ia l  data ac ross the vane calcu lated from these

individual surface measurements. As state-of-the-art cas-

cade gust anal yses onl y predict th is unstead y pressure

dif ference , this difference data is presented and discussed

in depth. Howeve r , the f i rs t  and second harmon ics of the

J unsteady pressure on the vane pressure and suction surfaces

are presented in the Appendix in tabular form to serve as

I an experimental baseline which can be used in the deve l op-

. ment of advanced anal yses .

Unsteady Pressure Differential Data-Theory Correlation

Fi gu res 31 through 62 present the dynamic pressure coeff I -

cient and aerodynamic phase lag data for the f i rs t  and
1 second harmonics of the unstead y pressure difference across

[ the vane as a function of percent vane chord . Also included

in these f i gures are the incompressible predictions obtained

-1 ~
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from the state-of- the-art  cascade transverse gust ana lys is  of

Reference 7 f or the f l ow  conditions as specif ied i n Tabl e V I I .

I The key parameters included in this ana lysis  are the reduced

T frequency, the interb i ade phase ang le , the Mach number, and

the cascade solidity and stagger ang le.

This cascade anal ysis considers the two-dimens i onal , un-

steady f low past a rect i l inear f la t  plate cascade. The

basic assumpt ions are : the f lu id is a perfect gas ; the f low

f ie ld  is irrotat ional; and the thin air foi l approx imations

are appropriate. The f low model assumes a basic uniform

compressible f low f ie ld  past an airfoi l cascade , with small

unsteady norma l velocity f luctuations superimposed . The

source of the fluctuations is located upstream with the

oscillat i ons in the velocity norma l to the airfoi l surfaces

convected downstream with the uniform flow.

The thin airfoi l assumpt i ons taken together with the approxi-

mat i on of small unsteady, harmonic , compressible perturba-
- 

i tions on the basic uniform flow leads to the linearized un-

- steady potential equation . The airfoi l surface boundary

( conditions are determined from the upstream velocity flu ctua-

tions which are mathematicall y equ i valent to prescribin g

ii norma l re l at i ve ve l ocities (or upwash) on each of the air-

I. foils In the cascade . Three possible norma l velocity per-

tu rbations are considered : ( 1)  an imposed sinusoidal

F
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‘ I
transverse gust velocity i mbedded in the f reestream , appro-

priate for the experiment described herein; (2) trans l at i on

t of the airfoils ; (3) tors i on about an axis of the airfoi l .

f The chordwise dependence of the unsteady perturbation pressure

across the a i r fo i l is determ ined in integral form by obtain-

ing the solution to the linearized unstead y potential equation

with appropriate boundary condition s by means of comp l ex

Fourier transform theory . The unstead y pressure differen-

1 tial is then calcu l ated by means of a strai ghtforward inve r-

sion of the resulting i ntegral equation in matrix form, with

- I the lead i ng edge singularity accounted for anal yticall y.

F The effects on the time-variant pressure distributions asso-

ciated with the changes in the rotor-stator axial spac i ng

I ratio were discussed in s ome detai l in the presentat i on of

the individua l vane surface data. As the objective of this

• subsection is to present and discuss the correlation of the

unstead y pressure differential data with the prediction s

f rom the transverse gust and anal y s i s , the difference data

have been nondimens i onalized by the parameter P V2

I evaluated at the stator inlet. The differences associated

with the changes in the rotor-stator axial spac ing rat io are

f thus inherent in this nond imensionalizing parameter. Hence ,
- I L

I
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the dimens ionless t ime-variant pressure d i f ferent ia l  data

for the two ax ia l  spac ing rat ios sh ou l d , and i ndeed do,

superimpose upon one another. It should be noted that

si gnificant variat i ons with axial spac i ng in the nondimen-

sionalizing parameter beg in to become si gnific ant onl y at

the hi ghest pressure rat i os attainable in the research com-

pressor , as ind i cated in Table V II .

- The first and second harmonic dimensionless pressure difference

I data together with the appropriate predictions are arranged

and presented in terms of the va’ue of the incidence ang le

I on the vane . The relat i ve l y lOw incidence unstead y pres-

sure different ial results on the compressor 100 % corrected

speed line are presented in Fi gures 31 throu gh 34 , and

those on the 70% speed line in Fi gu res 35 through 46. The

intermed i ate negat i ve inc i dence ang le results on the 100%

- F and 70% speed lines are presented in Fi gu res 47 through 52

and Fi gu res 53 and 54, respective l y. The large negat i ve

incidence ang le results are found in Fi gures 55 through 58

on the 100% corrected speed line and in Fi gu res 59 through

62 on the 70% speed line . The axial reduced frequency for

It these unsteady data based on the first and secord harmonic

frequencies range from 6.795 to 20.20.

F
1! 
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The re l at i vel y low incidence ang le dynamic pressure coeffi-

cient data general l y exhibit very good corre lation wi th

the predictions ove r the ent i re vane chord , as seen i-n

Fi gures 3 1 through 46.

The low inc i dence first harmonic (reduced frequencies from

1 8.885 to 10.100) dynamic pressure coefficient data and theory

decrease in the chordwise direct i on , although the data

attains a finite , albeit non-zero, value at the vane trail-

ing edge transducer location (97.0% of the chord). Also ,

at the 10% vane chord , this firs t harmonic data generall y

appears to be too low , to vary ing deg rees , with respect

to its nei ghboring data and also the prediction .

- The second harmonic (reduced frequencies from 17.77 to 20.20)

I dynamic pressure coefficient data and prediction also de-

- 
crease along the vane chord , but both attain a value very

) nearl y equal to zero at the trailin g edge transducer location .

The value of the dynamic pressure coeff icient at the 10%

vane chord for this second harmonic data appears to be in

-good agreement with both its nei ghb or i n g data and the predic-

tion . This would tend to preclude the possibility of a

I measurement error at this chordwise location in the f i rs t

harmonic data discussed above . It should be noted that the

j ~ finiteness of this trailing edge dynamic pressure coefficient

data and also its value reflect upon the validit y and the

32
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j  
application of the Kutta condition for unsteady flows to these

high reduced frequency values . It should be emphas i zed that

this data was normalized with respect to a vane inlet velocity

and density parameter . Hence , an increase or decrease in ~~
implies a correspond ing change in the magnitude of the measured

unsteady pressure .

The aerodynamic phase lag data for the relative l y low incidence

ang les generall y corre l ates with the prediction , although the

I data appears to be offset in l eve l on the order of 60° as

compared to the pred i ct i on . The first harmonic phase lag data

I is smooth ove r the front half of the vane , correlat ing wi th

the predictions , but almost always demOnstrates a si gnificant

1 negative jump in value at the 50% vane chord transducer loca-

I tion . Aft of this locat i on, this first harmonic data some-

times increases to the general l eve l attained over the front

half of the vane , for example Fi gure 33, and other times

t remains at the decreased l eve l , as in Fi gure 39. Exami nat i on

of the individual vane surface data presented in the Appendix

reveals that the first harmonic differential data is gener-

all y dominated by the pressu re surface over the front 40%

[ of the vane , and by eithe r the pressure surface or the 4
suction surface data over the aft port i on of the vane . At

the 50% chord locat ion, where the negat ive jump in phase of 
- 

-
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the d i f ferent ia l  pressure is noted , the pressure and suction

surface fluctuat i ng pressures are often equal . Whether the

phase jump is maintained over the aft port i on of the vane ap-

pears to correlate with the cases when the suction surface

data is dominant. Similarl y, the cases where the phase lag

I jump inc reases over the aft portion of the vane corre l ates

wi th  the pressure surface data being dominant . It should

be noted that the variation along the chord of the individual

pressure and suction surface data is smooth.

I The second harmonic aerodynamic phase lag generall y corre l ates

well with the prediction s , althoug h offset in l eve l on the

I order of 60°, as prev i ousl y noted . The jump in phase noted

for the first harmonic data is not exhibited in this second

harmonic data.

The intermed i ate negat i ve incidence ang le data results are

presented in Fi gures 47 through 54. Dev i at i on between the

prediction and the dynamic pressu re coefficient and aero-

P 3 dynami c phase lag data herein beg in to become very apparent .

I The first harmonic dynamic pressure coefficient data-theory

corre l at i on is good over the front 60% of the vane surface,

with both decreasing in value in the chordw l se direction .

Over the aft 40% of the vane chord , the prediction cont i nues

to decrease whereas the data generall y beg ins to inc rease

34



in value. Anal ogous to the relative l y low incidence ang le

results previousl y discussed , the 10% chord data appears to

be somewhat decreased in value when compared to the nei ghbor-

ing data and to the prediction . However, the magnitude of

this apparent decrease is much smaller than for the low

incidence ang le results. The second harmonic data-theory

I correlat i on is quite good over the entire vane , wi th both

decreas ing in value along the chord . As per the low incidence

ang le results previousl y discussed , the value of the trailing

edge dynamic pressure coefficient data is finite , approaching

a zero value for the second harmonic (reduced frequencies

rang ing from 14.536 to 15 .114) and a non-zero value for the

f i r s t  harmonic ( reduced f requencies f rom 7.268 to 7 .557 ) .

For these intermed i ate negative incidence ang les , this aero-

dynamic phase lag generall y corre lates wi th the predictions

ove r the front 50% of the vane , although offset in leve l on

the order of 75°. Over the aft portion of the vane , and

sometimes over some of the front portion as well , this phase

lag data (par t icu lar l y the f i rs t  harmonic resu l ts)  m di-

cates that a wave re l ated phenomena is becomir~g si gnificant .

This is evidenced by the fact that over these portion s of

the vane , the aerodynamic phase lag data is seen to increase

in a linear fashion as, for example , seen in Fi gure 47.

Such a linearl y inc reas i ng phase lag means that an event

occurring at one location on the vane occurs at a later time

I
L
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I 

at a downstream locat i on . Relatin g this time and distance

results in an apparent wake corivected speed , as is discussed

I at some length in Reference 14.

1 The re l at i ve l y large negat ive incidence ang le results are

presented in Fi gures 55 through 62. The dynamic pressure

I coefficient data-prediction for these points is similar to

that for the intermediate negat i ve incidence ang le points .

I The f i r s t  harmonic data and prediction generall y dec rease in

I value ove r the front half of the vane, wi th  the prediction

continu ing to dec rease to the vane t ra i l ing edge. The data ,

I however , increases in value ove r the rear half of the chord .

The second harmonic data-theory corre l at i on is generall y

I quite good ove r the ent i re vane chord , wi th both decreas ing

w i th  inc reasing chord . Again , the value of the trailing

edge d ynamic pressure coeff ic ient data (97.0% chord ) is non-

I zero but f in i te  for the f i rs t  harmonic data ( reduced frequency

values from 6.795 to 9.86) and approaches zero for the second

I harmonic data (reduces frequenc i es from 13.59 to 19.72).

I Also , the value of the 10% chord dynamic pressure coefficient

data is substant ial l y reduced in value as compared to bot h

I the nei ghboring data points and the prediction not onl y fo r

the f i rs t  harmonic data as was p reviously noted for the low

I incidence data , but also for the second harmonic data for the

f i r s t  time .
I
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The aerodynamic phase lag data at the vane lead ing edge

transducer location (2. 94% chord ) correlates extreme ly we l l
I wi th  the prediction for both the first and second harmonic

I data . Howeve r , a wave related phenomena , as evidenced by

the linear inc rease in phase along the chord as seen in

I Fi gure 55 , for examp le , is now general l y present ove r the

ent ire vane chord for these large negat ive incidence ang les .
1 This is contrasted to the appearance of a wave phenomena over

I the aft portion of the vane for the intermediate negat i ve

incidence ang le , and no evidence of a wave phenomena for the

I low incidence ang l e results.

I I
I
I
I
I
I
I
I
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SUMMARY AND CONC LUSION S

- 
The fundamental time-variant aerodynamics relevant to forced

response of a downstream vane of realistic geometry, with

- 
the primary source of exc i ta t ion being the wakes from up-

- stream rotor blades , were experimentall y determ i ned for two

representative values of the rotor-stator axial spac i ng

ratio. The vane incidence ang le ranged from + ~~
° to - l2~-

and the reduced f requenc y from 6 .795 to 20.20. The dynamic

data provided qualitat i ve informat i 3n describing the rotor

wake ve l ocity as a funct i on of both compressor l oad i ng and

• downstream axial distance as well as a quantitat i ve descrip-

- 
t ion of the result ing t ime-var iant  pressures induced by

these wakes on the surfaces of the d~~nstream stator vanes .

This vane pressure and suction surface unstead y data was

used to determine the unstead y pressure difference across a

sing le vane and this difference data corre lated wi th  appropriate

predictions f rom a s tate-of- the-ar t  cascade transverse gust

anal y s i s .

The rotor wake data demonstrated that at a constant axial

distance from the rotor blades , the wake width and ve loci ty
Li deficit Inc rease with loading . As the axia l  distance f rom

I the rotor increases , the wake decays much more rapidl y for

hi gh values of compressor l oad i ng than for low values .

J
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The overal l  levels of the t ime-variant pressure on the vane

pressure and suct ion surfaces were found to increase w i th

l oad i ng at approx i matel y the same rate for each value of

the rotor-stator ax ia l  spac ing rat io.  On the 100% speed

line , this inc rease in overall l eve l was part i cularl y pro-

nounced for the small value of the spac ing rat io. No overall

differences with spac i ng ratio were apparent on the 70%

speed line . Thu s, from this data it would appear that in-

creas i ng the rotor-stator axi al spac i ng is not a universal

method to be used to alleviate forced response prob l ems , a

result in ag reement with experience.

The correlat ion of the dynamic data describing the unstead y

pressure di f ference acros s the vane w i th  the f la t  plate cas-

cade transverse gust anal ysis was generall y good for low

inc i dence ang les , becoming less acceptable as the incidence

became increasing l y negative . This decreased corre l at i on

• was seen to be due to the appearance of a wave related

phenomena coming into existence on the vane as the incidence

1 -’ ang le was decreased .

The low incidence ang le aerodynamic phase lag data always

corre l ated with the prediction ove r the front 1+0% of the

vane . Howeve r, at 50% of the chord , a si gnif icant negat ive

jump in phase was generall y noted . Over the rear half of

the vane , the phase lag data s ometime s rema ined at this leve l

I F
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‘ I
j  and other times increased to the leve l found ove r the front

of the vane . Examination of the individual surface un-

I steady data revealed that these results corre l ated with the

I dominat ion of the unstead y pressure d i f ferent ia l  by either

the pressure or suction surface data. This type of correla-

t ion c lear l y demonstrates the necessity for acquiring individual

surface unstead y data and then calculating the pressure

1 difference as opposed to measuring this pressure d i f ferent ia l

direct l y.
L

The first and second harmonic dynamic pressure coeffici ent

data generall y decreases in the chordwise direction and is

finite at the trailing edge transducer locat i on (97.0% chord).

The value of this t ra i l ing  edge coeff ic ient for the f i rs t

I harmonic data ( reduced frequenc ies from 6.79 5 to 10.1) was

non-zero whereas the second harmonic value (reduced frequencies

f rom 13.59 to 20.20) approached zero. The fact that th is

I trailing edge value is finite , as well as its value , ref lects

upon the v a l i d i t y  and the applicat ion of the Kutta condition

I for unsteady f lows at these hi gh reduced f requency values .

I
I

$ 1



I
I

R E F E R E N C E S

1. Whitmore , J. M., L u l l , W. R. , and Ad ams , M. 0., “How

I Sound Affects Vibra t ion  in Modern A i rc ra f t  Eng ines ”,

I General Motors Eng ineering Journal, November-Decembe r, 1955.

2. Sears , W. R., “Some Aspects of Non-Stat ionary A i r fo i l

Theory and Its Practical App licat i on”, Journal of the

Aeronautical Sciences , Vo l. 8, No. 3, 191+1 .

f 3. Horloc k , J. H., “Fluctuat ing Lif t  Forces on Airfoils

Mov ing Through Transverse and Chordwise Gusts~ , Transac-

J t ions of the ASME , Journal of Basic Eng ineering, Vol . 90 ,

Series D, No. 4, December 1968.

1+ .  Nauman n , H. and Yeb , 4., “li ft and Pressure Fluctuations

of a Cambered Airfoi l Under Periodic Gusts and App lica —

tions in Tu rbornach i nery ”, L~~
nsact i ons of the ASME ,

Journal of Eng i neering for Power, Vol . 95, Series A ,

No. 1 , January 1973, pp. 1-10.

5. Goldstein , M. E. and Atas si , H., “A Complete Second - Order

Theory for the Unsteady Fl~~ About an Airfoi l Due to a

• I Periodic Gust” , Journal of Fluid Mechanics , Vol . 71+, 1976 .

1 6. Whitehead , 0. S., “Force and Moment Coefficients for

Vibrat ing Air fo i ls in Cascade ”, Aeronautical Research

I Council R and M 3254 , February 1960 .

- F 

~~~~~~~~-• ---~~~~~~~ --- - -~~~~~-~~~~~~~~~~~
_ _ _



I

1.
7. Fleeter , S., “Fluctuat i ng Lift and Moment Coefficients

for Cascaded Airfoils in a Nonuniform Compress ible Flow”,

- A I A A  Journal of A i rcra f t ,  Vol .  10 , No. 2 , February 1973 .

8. Smith , S. N., “Discrete Frequency Sound Generation in

1. Axial Flow Tu rbomachines ”, University of Cambrid ge,

- - Department of Eng i neering Report CUED/A-Tu rbo/TR 29, 1971.

9. Fleeter , S., Novick , A.  S., and Ri f fel , R. E., “The

Unstead y Aerodynamic Respon~e of an Airfoi l Cascade to

-F 
a Time -Variant Supersonic Inlet Flow Field” , AGARD -CP- l77,

I Unstea~~jhencrnena in Tu rbomachinery, 1975.

10. Chadwick , W. R., Bell , J. K., and Platze r, M. F., “On

the Ana l ysis of Supersonic Flow Past Oscillat i ng Cascades”,

AGARD -CP-l7 7, Unstead y Phenomena in Turbomachinery, 1975.

- 

11. Commerford , G. L. and Carta , F. 0., “Unstead y Aerodynamic

I Response of a Two-Dimens iona l Ai r fo i l at Hi gh Reduced

- Frequency, ” AI A A Journa l, Vol.  12 , No. 1 , 1974 .

12. Ostdiek , F. R., “A Cascade in Unstead y Flow ”, Ph.D.
- Ii Thesis , The Ohio State Universi ty,  1975.

I f~ 13 . Bruce , E. P. and Henderson , R. E., “Axial  Flow Rotor

Unsteady Response to Circumferential Inflow Distort i ons”,

Ii Project SQUID Technical Report PSU-l3-P, September 1975.

I
42



L I

14. Meeter , S., Jay, R. L. and Bennett , W. A . ,  “Compressor

j 
Stator Time -Variant Aerodynamic Response to Compressor

Rotor Wake s ”, DDA EDR 9005, Air Force Office of Scientific

I Research Report TF-77-0066, November 1976.

I 15. Carta , F. 0. and St.  H i la i re , A. 0., “Experimentall y

Determined S tab i l i t y  Parameters of a Subsonic Cascade

1 Osc i l la t ing Near S tal l” , ASME Pape r No. 77-GT -47, 1977.

1 16. Novick , A. S.,  Jay, R. L., Sinnet , G. T. ,  and Fleeter , S.,

I 
“An Experimental I nvesti gat i on of Unstead y Airfoi l Mot i on

in a Supersonic Stream”, Unstead y Aerodynamics , Vol .  I &

I I I , Edited by R. B. Ki nney, Proceedings of a Symposium

held at the Universit y of Arizona , March 1975.

1 7. Fleeter , S., Novick , A. S.,  and Riffe l, R. E., “An

Experimental Investi gat ion of the Unstead y Aerodynamics

in a Contro lled Osci l la t ing Cascade ”, ASME Journal of

I Eng ineering for Power, V ol .  99, No. 1 , January 1977.

f 18. Fleeter , S., and Riffe l, R. E., “An Experimental I nvesti-

gat i on of the Unsteady A rod ynamics of a Controlled

I Osci l lat ing MCA Airfoi l Cascade ”, Off ice of Nava l

Research Technical Report, DDA EDR 9028, Decembe r 1976 .

II
43

_________________________________________ —



ACKNOWLEDGMENT

I This research was sponsored , in part , by the Air Force Office

of Sc ien t i f i c  Research ( AFSC) ,  United States A i r  Fo rce , u n d e r

I Cont ract F4962O-77-C-0O21+ to Detroit Diesel Allison Division

F of Genera l Motors Corporation. The Unites States Government

- 
is authorized to reproduce and distribute reprints for govern-

[ mental purposes notwithstand i ng any copyri ght notation thereon.

I

I
I
I

I 
i i
I

I 
I I

ii 44

_ _ _ _ _  •_____ -~
_

_ _ _ _ _ _ _ _

• - -~~~~~~~ - • •——-~~~~~~~~ - -- - - •~~~~~~~ -~~~~- ~~~~~~~~ •. -~~-~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



I ROTOR STATOR

I Type of Ai rfoi l 65 Series 65 Series

Number 42 1+0

I Chord , C-i n. (Cm.) 4.589(11.66) 5.089(12.93)

Sol id i ty ,  a = C/S 1.435 1.5 16

I Camber, ~ - Deg . 20.42 118.57

I Aspect Ratio , AR S/C 1.046 0.943

Lead i ng Edge Radius/C 0.0044 0.0049

Trailing Edge Radius/C 0.0028 0.0030

Inlet Ang le , 
~ l 

- Deg . 59.38 37.84

I Exit Ang le , 
~2 

- Deg . 42.4 1 0.00

I Los s Coefficient 0.01+3 0.056

Dif fusion Factor 0.449 0.410

I Rotor-Stator Axi al Spac i ng-in.(Cm.) 1 .485(3.772)

1 
Flow Rate 31.02 lb/sec . (14.07 Kg/Sec)

I Tip Speed 183.5 ft /sec . (5593 .1 Cm/Sec)

Rotational Speed 876.3 rpm

Stage Pressure Ratio 1.012 5

f Inlet Tip Diameter 48.01 in. (12 1.95 Cm)

Hub/Tip Radiu s Ratio 0.80

~ 
I Stage EfficIency, Percent 88.1

E r

I TABLE I . AIRFOIL MEAN SECTION CHARACTERISTICS AND
COMPRESSOR DESIGN POINT CONDITION S

I
F
- —-- - -- - -~~~ -~- ~--- -------



,1.

I
j NUMBER OF AVERAGE ROTOR-STATOR AXIAL SPAC I NG*
L. COMPRESSOR STAGES ROT OR AXIAL  CHORD

A 11 0.1+909

f B 6 0.4619

C 10 0.33 18

J D 5 0.1534
Research Build #1 1 0.2374

Research Build #2 1 0.1+305

I
I
I *1.jeasured at mid-span.

I
I
I
I
r TABLE II. DESCR IPTION OF FOUR ADVANCED DESIGN

COMPRESSORS AND RESEARCH COMPRESSOR
ROTOR-STATOR AXIAL SPACING RATIOS

F
1+61~

- ~~~~~~— —~ -•-



I
PRESSURE SURFACE SUCTION SURFACE

X/C* y/c*

I - 45.01+ 8.102 55.01 8.184
- 44.08 8.550 54.82 7.895

I - 42.30 8.182 53.68 7.324
- 40.45 7.70) 1+7.96 4.655

I
- 38.01 7.029 43.1+1 2.749
- 35.95 6.465 37.76 0.656

- 33.77 5.889 33.28 - 0.784
I - 30.90 5.166 28.85 - 2.018

- 28.48 4.594 23.40 - 3.272

1 - 25.91+ 4.038 19.12 - 4.052

- 22.60 3.368 14.91 - 4.64 1
- i9.8i 2.863 9.79 - 5. 125
- 16.15 2.271+ 5.81 - 5.317

I
- 13.10 1 .847 .98 - 5.341

- 9.93 1 .460 - 2.75 - 5.197
- 5.61 1 .045 - 6.35 - 4.926

I - 2.37 0.778 - 10.67 - 4.417
1.17 0.576 - 13.98 - 3.893

I 5.77 0.432 - 17.16 - 3.278
9.58 0.1+13 - 20.93 - 2.401

I 14.50 0.525 - 23 .79 - 1.631

18.57 0.739 - 27.18 - 0.595

U 22.75 1.077 - 29,74 0.273

28.12 1 .698 - 32.16 1.171

32.53 2.376 - 34.99 2.3231 37.04 3.232 - 37.11 3.258
42.80 4.591+ - 39.10 4.205
47.47 5.940 - 41 .39 5.402

53.39 7.984 - 43.06 6.382
54 .58 8.1.1+6 - 44.57 7.1+42

*Expressed in percent

Ii
II

TABLE III. STATOR MEAN PROF ILE COORDINATES
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‘
F

I
[ 

PRESSURE SURF ACE AND SUCTION SURFACE

1~

PERCENT VANE CHORD

2.94

1 10.0

20.0

1 30.0

1 140.0
1 50.0

1 60.0

70.0

( 80.0

90.0

970

I
t 1~
~ J r TABLE I V .  CHOR O WISE LOCAT I ON OF D Y N A M I C

PRESSURE TRANSDUCERS

F
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I
I
I
I NOMINAL QUANTITIES :

V ABS 
= 122 feet/second (37.18 meters/second )

I DABS = 37.5°

I 
R = 21.6 in. (54.9 cm.)

RPM = 876

I ~REL = 43 .20°

LPROBE = 0.3 17 in. (0.805 cm.)

1
RESULTING PHASE

I PERTURBAT I ON LAG ERROR

+ 0 . 1  in. ( .25 cm.) Radial + 10

I +2° $ABS 
00

I +5% V485 
+ 2 0

± 10% LPR OBE -± 4.5°

I +0.1 in. ( .25 cm.) Axial  + 100

+ 0.1 in. (.25 cm.) Circumferential + 1 1 0

I 
— —

I
I

TABLE ‘1. POTENTIAL SOU RCES OF ERROR

I
I

1+9



I
I UNLOADED CONDITION

FIRST HARMONIC PHAS E(DEGREES ) SECOND HARMONIC PHASE(OEGREES )

% CHORD RUN I RUN 2 RUN 1 RUN 2

I 2.9’. P - 210 - 2 1 1  - 94 - 105
10.0 P - 17 - 25 - 2 - 10

I 20.0 P - 176 - 175 - 213 - 2 18

30 .0 p - 269 - 272 - 63 - 65

I 2 .914 S 33 27 - 176 - 181+
10.0 S 25 8 - 121+ - 135
20.0 S - 21+2 - 244 - 159 - 170

1 30.0 S - 27 1 - 278 - 23 - 23

I
LOADED CONDITION

I
2.94 P - 2 23  - 224 - 84 - 86
20.0 P - 228 - 229 - 99 - 98
40.0 P - 224 - 225 - 157 - 159

( 60.0 P - 230 - 231 - 182 - 188

80.0 P - 231  - 233 - 201+ - 200

1 97.0 P - 233 - 233 - 186 - 2 1 1
1 2.91. S - 10 - 8 - 265 - 268

20.0 S - 260 - 259 38 51
1.0.0 S - 225 - 229 - 125 - 31 6

- 
60.0 S - 236 - 237 - 176 - 175

1’ 80.0 S - 234 - 235 - 193 - 189

97.0 S 62 55 - 181. - 192

I

TABLE V I . AERODYNAMIC PHASE LAG DATA REPEATABILIT Y FOR
LOADED AND UNLOADED CONDITIONS ON THE
100% SPEED LINE

__________ - - - _ _ _
~~~~~~~~~,~~~~~_~~ _ _
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DATA POI NT I — SECOND HARMONIC
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50.00 0.0~ 5 —58D. U.U66 — ‘+20.
bU .UU 0.1,5 —414. 0,055 — ‘+20.

70.0” 0.117 —55b . U.052 —486.

80.00 0,083 — ‘+65. 0,065 —502 .

0.092 —540. 0,085 —557.

97.00 0.069 —+7J . 0.082 —551.

I .

I -

A -2



I
DATA PO INT 2 — FIRST HARMONIC

AX IA L LU%..AUON SUCT1UN SUi*ACL PNLSSUKE SUNI-ACE.
p
~ KLE1~i 1 OF CHORU 

A~IPL1T UIJE PHASI AMPLITUUE PHA S L
- 

2.~~’4 1..%86 —155, ~.88U —423.

- 10.00 0.4~ 5 -461. 0.888 -420.

20 . 00  1,050 —440. 0~ 640 —419,

50.00 0,85’. — 4 5U , 0.606 —416.

40.00 0.5’.4 —456. 0,52/ —427,

50.00 0.558 —43/. 0.508 — ‘55.

bO,00 0.554 —406. 0,295

70.0U 0,525 — ‘+28. 0,302 —426,

80.00 0.556 —135. U.lbb

90.00 0.594 — 188, U.122 —518.

97.00 0.299 -155, 0,065 -429,

1’

A-3

C ___________ 
__________________________ —•  __________ 

_________________________________



I
I DATA POi NT 2 — SECOND HARMONIC

1.
I
I

$~~ ‘. L  ~t L.~~J L ”  I ~~~f - . 6 6 1  I J U , .I~~ J ; )  i~ 1E- I - t i  - - , I I ~~~ -,I ~k ,t.I I

I P L C C L t ’ I ‘9 ‘ l I  -
~~~

j  .4 I’’I’LI IU~~ I I’ u II, ’.& , ‘ •~~. I 1 i I~~
,

1• uU.- — I~~~~i ) 1  I ’ t (

1 CJ . U J  I • ’Ibb — ‘~~ ‘-~~~ I , .t .ç~~~(J

.214

I 50,00 U,1’+0 ~~L4~~5. (i . j l  — 5 5 7 .

1 4 0 . 0 0  0 , 5 1 8  — 4 3 ~~ , 0,1/2

- 5 0. 00  0 ,05 5  — 585 ,  U ,~~~0,  — 3 50 .

~,o.Uu 0.284 — ‘+05, 0,123 —356.

?o.Ou 0.013 — 5 6 1.  0.149 —522.

I oU,00 0,155 —430, U ,0U2 —285,

90,00 0,095 —367. 0,187 — 2 8 0 .

1 9/.00 u ,1~~7 — 447 , 0,149 — 2 5 2 .

I

F

1~
1.

%
A-’.

- 
Ii

_ _ _ _ _  -- - _ _



DATA PO INT 3 — FIRST HARMONIC

AXIAL LUCMTION SUCTION SUKFACL PI4LSSUN ( SURFACI

PLKLEN1 OF CHOHU UMPLITUuE PHASL AMPL ITUL,L PHASt.

- 

2.94 0.856 —415. 1.950 —381.

10.00 0,848 —41/. 1.175 —3/8,

20,00 1.1/5 —425, 1,144 —582.

- 50 .0 0  0.942 —422. 0,895 -388.

40.00 0,855 —409. 0.856 —381.

50.00 0.786 —588. 0.765 —581.

1 60.00 0,855 —596. 0,625 —384,

70.00 0,555 —409. U,53b —377,

80.00 0,310 —596, 0,584 —3/8,

90.00 0.269 -428. 0,281 -376.
- I 97,00 0.357 —115. 0.101 —584,

1 -

1 A-5 -

- —— - --- -
-
-- - ~~

,
~~~~ y~-;~_ _ -



-
~~ 

DA TA POi NT 3 — SECOND HARMON IC

AXIAL LUCA T1Oi~ SUCIIUN SU~ FAC t. PNL SSUHE SURF ACL
P E HCE : Nf  of CHoa~U AMPLITULJE PaIASL AV~PLITUIJ~ PrIASL

2.94 1.110 —486. U ,812 —514.

- 1U.UU 0.1db —489. 0.404 —516.

20.00 0.220 —500. 0,288 -
~~~~58.

30.00 0.101 — .57b. 0,242 —566.

40.00 0,lSs —454, 0.191 — 5 65 .

- 50.00 0.185 —412. 0,201 —385.

6 60.00 0.257 —43/. 0,259 —598.

70.00 0.208 —‘.56. U ,1d~ -399,

80,01) 0.254 —445. 0,179 — ‘+16,

90.00 0,2’+6 —456. 0.175 —429.

97.00 0.254 —458. 0.147 —443,

i t

1 1~

A-6

I 
_ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _____________________ ______________________ - 

-a



DATA PO INT 1+ — FIRST HARMONIC

h A  L ‘ft L UC  ‘CI  I ij ’  ‘uc r ION sIJt.u.: A L L  ~‘i~ t ~SI ik~ SL .~I- A L L

I I>L P”- *.I-. I-~ 01 t l ( . I - -  ii Mt 1-’L II 01k. I-~ IiA L .~ C i I ’ L  I tIit I-’ l-$AS L

‘~~~. ~‘4 ?.j41 — j ~42 .  ~~~, / “ C

I iU.U0 I) .92t~ — 599.  1,1,,

20.00 1 .112 —432 . 1 ,041

0 ,6(0 ~~~ U~~~79U —581.

I - 4 U . I J U 0 ,84 5 —3 9 1 , 0 . 785 —3 (8 ,

0,785 —595. u ,687 -383,

I bU .UU 0,obb —408. 0,632 -384,

70.00 0,4b7 —594. 0,583 -318 .

1 80.00 0,445 —406. U .4L+ U -585,

“0.00 0,264 —455, u •38b —5/7.

I 97.00 0.252 —110. 0,272 —387,

I
I
I
I
I L

I f
A-7

- 
~~ ~
j.



~1
DATA PO INT 1+ — SECOND HARMONIC

I
I
I

AXIA L LUCAII O Fv SUCTiON SUHI ACL PHISSUKE SUNI ACL

I ~~~~~~~ CHORU AMPL ITUUE PHASI AMPLITUUL

2.94 2.000 —530, 0.796 —513.

I L0.Uu 0 ,611 —420. U ,5~~1 —515.

~~0 .U0 0, 221 -22 1, 0 ,202 —328.

50.00 0,080 —502. 0,168 —362.

40.00 0,044 -390. 0,168 — 58 6.

50.00 0.121 —459, 0,202 —406.
bO. O U 0,251) —441. 0,286 —411,

70.00 0,216 —460. 0,252 —454.( 80,00 0,268 —.458, 0,271

90.00 0,299 —451. 0,258 -429,

f 97.0.i 0.2.45 —449. 0,255 —415,

‘ I

~1

A-8 

- -~~~~~~~~~~~~ _-~~~~~~~~~~~~~~~~ -~~~ ,- --i



f DATA PO I NT 5 — FIRST HARMONIC

1~
I

A XIAL LOCAT ION SUCTiON SUHFMCL PKLSSLIKE SUR~ ACL

1’ PLKCEl-~T Of CHORU MMPLITULI~ PHASE AMPLiTUDE PHASL.

2.94 1.754 -195. 6,446 —598.

10.00 0,629 —211. 0,936 —251,

- - 
20,00 0,295 —15’.. 0.762 — 5 54 ,

1 50.00 0,460 —171, 0,085 —416,
I- I. 4 0 ,0 0  0,556 —211. 0.280 —245.

~~U.0U 0.251 —256. 0,265 -297.

bO, IJ U 0,556 501, 0,158 —311.

- 
70.00 0.325 —364, 0,146 —251,

I bO.0U 0.158 —465. 0,224 -288 ,
9u.Ou 0,295 —254, 0,118 —292,

I 91 ,Uu 0,402 —327. 0,052 —364,

~ 
I

- (‘I

1 11
I

;Fl
11
El

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

_______________________
- 

~~~ ~~~~~~~ — —



I
DATA PO INT 5 — SECOND HARMON IC

I
I

AX IA L LULMIION SUCTiON SUKI-ACL PKLSSUFC L SUR~ *CL

I PLKLL IjI OF CHORD UMPLITUOC PHASE. AMPLITUOL . PHASL

2.94 0.815 —520 . 2,689 —405 .

1 10.00 0.241 485. 0,776 — 5 07 .

20.00 0.259 512. 0,152 —510.

5 0 .0 0  0.051 —366. 0,282 —5/1,

0,250 —455. 0,052 —401.

I
. 

50.00 0.110 —60’., 0.155 —590,

60.00 0.312 412. 0,105 —579,

10.00 0.062 —608, 0,110 —579,

1 60.00 0.201 —42 4 . 0,108 —380.

90.00 0.091 —356, 0,097 —588,

1 97.00 0.194 —411, u,077 —595,

I
- 1

— - ‘ I  

_ _ _ _ _ _ _ _ _  
_ _ _  _ _ _  _ _ _ _ _

A-1O

Ij -
~~~~~~~~~~~~~~~ 

.
~~~~~~~~~~~~~~~~~

-- - -- 
~~~~~~~~~~~~~~~~~~~~~~~~~

-
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I
DATA PO I NT 6 — FiRST HARMONIC

I 
-

I
AX IA L LOLM1I,H SUCTiON SUKI-ACL . PNLSSUHE SURfACE.

f PLKLE t~~I U$ LII(I i~Li U~~~ L j 1 UU L  i~HASL AMI’~L IUUI PHASE.

2.94 1.605 — 181. 2.425 — 5 8 7,
ltJ.O U 0.481 —186, U,8f~b — 5 4 0 ,

0,528 — ‘ iS , U,79b —526 .

3U.UU 0,207 —15 .4. 0,621 —5 2 4 ,

L 40.00 0.120 — 26~~, 0,352 —329,

sO.Uu 0,266 —306, 0,578 —515,

60.00 0,1/6 — 52 2 , U ,555

(0.00 0,661 —360, 0.2147 —348,

8 0 , 0 0  0,229 — 5 7 9 , 0,210 —849,

90.00 0,559 —510 , U ,176 —403,

97.00 0,959 —535. 0,261 -‘.05.

I
Ii
I

1 11
F-
‘I

‘7 ~II A - Il 

~~~~~~~~~~~~~~~~



I
j DATA POINT 6 — SECOND HARMON IC

I
I

AA 1~~L LULUtIO”~ SUCTLUN SUKF/’CL I’KL.SSUKE. SURF ACE.

j PLr(LL -J T UI CH (1RU MI”~PLITUUE PHASE. AMPLITUDE. PHASE.

0.655 -524. 0,616 —3(1,,

1 10.00 0,166 —1490, 0 ,345 —296,

20.00 0,224 —52b. 0,124 -281.

50.00 0.145 —264. 0,120

4 0 , 00  0.121 —466, 0,06/ —264.

5 0 . 0 0  u ,214 — 2 8 / . 0,1(16 — 54 5 ,

~~t J,U U  0.187 —429. 0,014 — 5 32 .

10. 0 0  0.101 — S i b. 0,079 —553,

I t 0 , 0 0  0 ,ib (  —~+ 67 , 0.096 — 1400 ,

90. 00 0,15/ —421. U ,100 —413.

1 91,00 0,220 —452, 0,095 —479,

I
I
I
I
I

[ A -12

________________



I
DATA PO I NT 7 —FIRST HARMONIC

I
I

AX IAL LOCMTIo~g SUCTION SUNFACI. PKLSSUKE SURFACE.
PEKCE JT OF CHORD AMPLITUDE PHASE AMPL TUUE PHASE.

- 
~~.94 0.951 —2 .45. 1,9.46 —559.

• 10.00 0.512 —212. 1.298 —527.
- 20.00 0,198 — 5 70 .  1,173 — 52 5.

• 5u.Uu 0.1US — 301. 0,756 —316.
40.00 0,384 —504, 0,736 —308.

C 

- ~~~.. 0.685 —50/. 0,709 —816.
bO.UU 0,985 —835, 0.675 —315,
70.00 0,562 — 336, 0,489 —300.
80.00 0,702 —514. 0,455 —297,
90.00 0,851 —838, 0,237 —285,
97.00 0,899 —8414. 0,135 —286.

El
A-13

- 
- -

~~~~~ ~~~~~~~~~~ 
- -



• I
DATA PO I NT 7 — SECO ND HAR MON IC

AXIAL LOCATION SUCTION SURFACE. PRLSSUKE. SUR!ACL

PEKCENT OF CHORD AMPLITUOC PHASE AMPLITUDE PHASE.

2.94 0.715 —450. 0.585 —507 .

10.00 0,197 —‘.7’.. 0.244 —296.

20.00 0.2/5 —1499. 0,174 —219.

50.OU 0.061 —246. 0.052 —288.

40.0 0 0,094 —495. 0 ,117 —291 .
50.00 0,076 —294. 0,065 —289 ,
60.0~’ 0.019 —258. 0,097 —510.

70.00 0,056 —582, 0,076 —808.

80.00 0,057 —435, 0,035 —569,

90.00 0.061 —1429, 0,094 —531,

97,00 0,082 —1410. 0,095 —337.

Li A-Ik



I

- DATA PO INT 8 — FIRST HARMONIC

AXI AL LOCATION SUCTION SURFACE. PI(E.SSUKE SURFACE.

PERCENT OF CHORD AMPLITUDE PHASE AMPLITUDE PHASE.

2.94 2.580 — 196. 1.985 -350.
10.00 0.419 —359, 1,355

20.00 0,508 -1426, 1,099

0.0*8 —399. 0 ,852 —3141.
C 4 0 . 0 0  0 ,54 0 — 539. 0,71* — 340 ,

I 
50.00 0,720 —356, 0,702 —5 1 4 4 ,

• 60,00 0,764 —560 , 0,731 — 542 ,

- 70.00 0.698 —550. 0,589 —3142.
80.00 0.842 —357. 0~ 559 —3145,

90.00 0,760 —357. 0,434 —342.

97.00 0,924 —355, U,577 3141e,

I-

I
I-
I
1 -

A-15



I
~ DATA POINT 8 SECOND HARMONIC

AXIAL LOCATION SUCTION SURFACE. PRLSSURL SURFACE

1 PERCENT OF CHORD AMPLITUDE PHASE AMPLITUDE PHASE.

- 2.94 2.124 —528. 0.685 —517.

10.00 0.1*5 — 1454 . 0 28* —309.
2U,0U 0,248 —218. 0,165 —502.

1 50.00 0.106 —491. 0.152 —504.

40.00 0.086 —297. 0,122 —507.

50.00 0.029 —2144. 0,105 —515.

60.00 0.095 —565. 0,11/ —526.

- 70.00 0.050 -340. 0.102 —355.

80.00 0,090 -414. 0,107 —557.

90.00 0,096 -‘+07, 0,130 —351,

97.00 0,095 —4114, 0,145 —354,

- 1~

I :  A-16 

~~~- - - ‘ ~~~ -‘~~~~~~~~~~~
- 

~~~~~~—



I
1 DATA PO IN T 9 — F4 RS T HARMON IC

I
I
I

AXIAL LOCATiON SUCTION SURFACE. PRE.SSURE SURFACE

1. PERCENT OF CHORD AMPLITUDE PHASE. AMPLITUDE PHASE

2.94 1.156 —175. 6.45/ -586.

1 j O . 0 0  0,166 —1914. 0.9114 —216.
20.00 0,1443 —1435, 0.844 -5140.

[ 50.00  0,312 —120. 0.288 —407.
140.00 0,126 —228. 0.102 —306.

50.00 0.185 —515. 0.174 —566.

60.00 0,188 —530. 0,091 —399.

/0.00 0,226 —1401. 0,121 —539.
1 80.00 0,345 —138. 0,075 —344.

90.00 0.1417 —189, 0,161 —3145.
97.00 0,252 .195. 0.130 —352.

tI

____________________________________ ____________________________________________

~ I A -1 7

•~~~ ?I2. - •~ ~~~~~~~~~~~~~~~~~~~~~~~ 1~-



I
DATA POI NT 9 —

. SECOND HARMON IC

I
I
I

A XIAL LOCATION SUCTiON SURFACt. PRL SURE SURFACE.

1 PERCENT OF CHORD AMPLITUDE PHASE. AMPLITUDE PHASE.

2.914 0.722 —528, 2,181 -1412.

1 10.00 0.155 -461. 0,898 —514.
20.00 0,152 —516. 0,021 —178.

1 30.00 0,108 565, 0,210 —370.
140,00 0.179 .458, 0.079 —5140.

50.00 0,095 —275. 0.051 —1409.

60.00 0,158 —1413, 0,019 —1406.

70.00 0,0/3 —552. 0,05 0 —~85.

80.00 0,115 —1475, 0.050 —503.

90.00 0,058 —527, 0,080 —523,

97.00 0.151 —1468, 0,096 —188,

1 1 -
I
I

A-18



I
DATA PO INT 10 — F IRST HA RMON IC

1.
I
I.

AX IAL LOCATION SUCTION SURFACE. PRLSSURE. SURFACE
PERCENT OF CHORD AMPLITUDE PHASE. AMPLITUDE PHASE.

• 2.94 0.894 —176, 1.951 —597,

1 10.00 0.015 —532. 0.580 —558.
20.00 0.515 —1415, U,549 —343,

1 50.00 0.248 -422. 0.489 —3144,

40.00 0,165 —353. 0 372 —352.
50.00 0.299 —538. 0,312 —336.

- 60.00 0,426 -5142, 0,365 —589,

- 70.00 0.306 —585. 0.269 -552.
80.00 0,195 —158. 0.152 —524,

90.00 0,261 —219. 0,285 —328,

1 97 .00 0.182 —158, 0.157 —179.

- 

11

Ii

I-i

I
A-19

TTTJ11



I
L

F DATA PO I NT 10 — SECOND HARMONIC

j
~

1.
I

AX IAL LOCATION SUCTION SURFACE. PRIsSUKE SURFACE
PERCENT OF CHORD AMPLITUDE PHASE. AMPLITUDE. PHASE.

2,94 0.816 —525. u ,45( -362,

I 10.00 0.251 —1494. 0.587 —352.

1 20.00 0.249 -505. 0,808 -656,

1 60.00 0.098 —586. 0,311 —373.
40.00 0.285 —433. 0.259 —363.
50.00 0.151 —372, 0,278 —563,

• 60.00 0,300 —412. 0,192 —361.

70.00 0,121 —586. 0,180 —562,

80,00 0.169 — ‘+50, 0,085 -368,

90.00 0,128 —1451, U,0~e9 —3146,

97.00 0,252 —1478, 0,016 —214,

-~ Ii

~ 11
~ r

It

Ii
— — 

-
~~~~~~~~~4~~ _~~~ _~_ _I _’ -



-I
DATA POFNT II — FIRST HARMONIC

I.

AXIAL LOCATION SUCTION SURFACE. PRLSSUHE SURFACE
PERCEN 1 OF CHORD AMPLITUUE PHASE. AMPLITUDE PHASE.

2.94 0,526 -164. 1.122 -368.

1 10.00 0.080 —96. 0,760 —551.

20.Uu 0,1482 —75. 0,649 -564.

1 50.00 0,296 —714, 0,415 —354.

40.00 0,191 —565. 0,468 —347,

b0.OU 0.394 —356, 0,378 —356,

60.00 0,393 —381, 0,541 —5147,

70.00 0.150 —371. 0,336 —3147.

1 80.00 0.112 —3614, 0,250 —562.

90.00 0,107 —81, 0,258 —5141,

97,00 0,177 —131. 0,184 —528.

I

1’
1

F

• I *21

• _ _ _ _ _  - --- ~~-- — 
- —- •- •—



I

1. DATA POINT 11 — SECOND HARMONIC

; I
I

1~ AXIAL LOCATiON SUCTiON SURFACE. PHISSURE SURFACE

PERCENT OF CHORD APIPLITUDE PHASE. AMPLITUDE PHASE.

- 
2 .94  0. 787 —161. 0.641 —545.

!- 1. 10.00 0.261 —161. 0.1412 —851.

20.00 0,242 —161. 0.302 —357,

t ) so.uu 0,095 —425. U ,302 —566.
C 40.00 0,1/0 —436. 0.301 —371.

1 50.00 0.256 — 1415. 0,330 —580.
1 60.00 0.267 — ‘+114. 0,302 —379.

• 70.00 0.217 —418. 0,256 —882.

• 80.00 0.215 —422. 0.200 —387.

• 90.00 0,115 —1440, 0,155 —392,

97.00 0,1147 —1457. 0.131 —399,

I-



I

I DATA POI NT 12 — FIRST HARMONIC

1.

I
AXIA L LOCATION SUCTION SURFACE. PHLSSURL SURFACE.

PERCENT OF CHORD AMPLITUDE PHASE. AMPLITUDE PHASE

2,6514 —189. 1,041 —356.

1 10.00 0.521 —579. U 800 —3145,

20.00 0.’+lb —80, 0,511 —5b1.
• 50.00 0.148 —399. 0.444 —536,

40,00 0,2,0 _3447, 0,449 357,

50.00 0,314 —348, 0,358 —335.
- 60.00 0,302 —356, 0,357 —381.

• 70.00 0.173 —346, 0.312 —333.

1 80.00 0,152 —354. 0,228 —356.

90.00 0,010 —‘47. 0,256 —3514.

1 97.00 0,099 —102, 0,175 —350.

I

I
I

~

F

Ii 
•

I.

A-23
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[ I

~ I. DATA POI NT 12 — SECOND HARMONIC

I..

AX IAL LOCATION SUCTION SURFACE. PHE.SSURE SURFACE

PERCENT OF CHORD AMPLITUDE PHASE. AMPLITUDE PHASE.

2.914 1.416 —207. 
- 

0.611 —3414.

10.00 0,505 —149. U.594 —352.

20,00 0.168 —1149. 0,302 —3514,

50.00 0,088 —100. 0,289 —8614.

I - 40.00 0.112 —1427. 0,292 —368.

I ‘ 50.00 0.251 —409. 0.288 —316.

~ 60.00 0,264 —1411. 0.286 —377.

- 70.00 0.253 —1413. 0.2146 —584.

1 80.00 0.2214 — ‘+23. 0,202 —392,

90.00 0,157 —1426, 0,183 -385.

1 97.00 0,105 —41414. 0,083 —1418.

1~
I

I

II
t -I

~ 
Li

A-V .

--__ _ _ _ _ _ _ _ _ _ _

- ~~~~~~~~~~~~~~~~~~~~ —



I
I- DATA PO INT 13 — F I R S T  HARMONIC

I
I

AXIAL LOCATION SUCTION SURFACE. PKLSSURE SURFACE.

t PERCENT OF CHORD AMPLITUDE PHASE AMPL I TUDE PMASE.

2.94 1.542 —179. 6,767 —570.

1 10.00 0.677 —196. 1,2141 —2144.

20,00 0.162 —132, 1,232 —313.

j 80.OU 0,301 —158. 0,597 —526.
- 

140.00 0.2914 —250, 0,394 —280,

1 50,00 0,366 —290. 0,1476 —299.
1 60,00 0,579 —501, 0,385 —509,

70.00 0,607 335, 0,508 —287.

1 80.00 0,179 —361. 0,352 —300.

90.00 0,1476 —272. 0,238 —310.

I 97.00 0,821 —507. 0,220

Ii

1- I

~ F
I_ I

_ _ _ _ _ _ _ _ _ _ _ _ _ _  • - 
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I
I DATA PO I NT 13 — SECOND HARMONIC

I
I
I

AX LAL LUCaJI~~ SUCTI UJ~ SUKFACL PRESSURE SURFACE

P1(LE\I OF LHoR~~ U~iPLITUUL PHASE. AMPLI1UUL PHASE

- ~~~~~~ 0.8lsö 51b. 2,119

1 10.00 0.115 —501. 0 .158 —281’

20.00 0.229 —516, 0,199 —516.

s0.ou u ,Qlu —281. 0,155 — 5 4 2 .

40.uu 0.161 —466. 0,055 —211.

50.uu 0,2UU — 2 5b , U ,0db —377.

bU .Uu ‘J ,227 — 4 0 1 . 0,019 —52b.

70.Uu 0 ,115 —238. 0,019 —587.

iSU .Ou 0.150 —1439. 0,021 —349,

90,Ou 0,096 —528, 0,017 —387.

t 97.00 0,1/9 —411, 0,019 —382.

I
I
1

I
I ‘

A-26
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4
I

~ 1 DATA POI NT 11+ — FIRST HARMONIC

I
I
I

A XIAL LOCATION SUCTION SURFACE. PRE.SSURE SURFACE

I PEKCEr~T OF CHORD AMPLITUUE PHASE AMPLITUDE PHASE.

2,914 1,452 —191. 1,892 -563.

I 10.00 0.500 —201. 1,0814 —516.

1 20.00 0.086 —592, 1,105 —508.

~ I 
30.OU 0,128 —206, 0,861 —313.

40,00 0,306 —305. 0.586 —310.
50,00 0,14144 —512, 0,659 -294.
60,00 0.969 —324. 0,7145 —309.

70.00 0.808 —352. U,’I25 —305,

1 80.00 0,376 —305, 0,395 —309.

90.00 0.982 ~3i0. 0,276 —293,

I 97,Ou 1.156 —332. 0.175 —360.
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• I
I DATA PO I NT 14 — SECOND HARMON i C

I
I
I

A XiAL LOCATION SUCTION SURFACE. PRISSUKE. SURFACE.

1 PERCENT OF CHORD AMPLITUDE PHASE. AMPLITUDE PHASE.

2.94 0.758 — 876 . 0.324 —214.

10.00 0,144 .347, 0,321 —142,
- 

20.00 0.193 .379. 0,106 —151.

1 80.00 0,155 —1 15. u,16b —155.

‘40,00 0,112 —305, 0,096 —125.
- 50.00 0,250 137, 0,066 —153,

- 60.00 0,155 —281, 0,091 —134,

- 70.00 0,173 —177. 0,075 —1147.

1 80.00 0,057 —327. 0,062 —157,

- 90,00 0,159 —247 , 0,060 —157.

1 97.00 0,151 .310. 0,061 —168,
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I
1. DATA PO INT 15— FIRST HARMONIC

I:
I-
1~ AXIA L LOCATION SUCTION SURFACE. PRE.SSUKC SURP ACI.

1 PERCENT O~ CHORO AMPLITUDE PHASE AMPLITUDE PHASE.

2.94 1.096 —240. 1.522 —5147.

I 10.OU 0,510 236, 1,197 —351,
20.OU 0.055 335, 0.981 -553.

I 50,00 0,086 —2141, 0,665 —325,

9 40.00 0,394 —301. 0,657 —321.

• I b0,Qu 0,641 —522, 0,579 —523,

60,00 0,711 .340. 0,610 —315.

u 70.00 0,~+b9 528. 0,449 313,

I 80.00 0,688 —351, 0,408 —515,

90,00 0,564 —351, 0,171 —317.
97.00 0,657 —3144. 0,125 —315,
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-- 1
I DATA PO I NT 15 — SECOND HARMONIC

1~
I.
I.

AXIAL LOCATION SUCTION SURFACE. PRESSURE. SURFACE.

j PE.RLEt~IT OF CHORD AMPLITUDE PHASE AMPLITUDE PHASE.

0.548 — 520 .  0,538 —354.

j 10.00 0 . 1/2  — 52 8.  0 . 251  — 555,

~0.0U 0,205 —186, 0,158 —5142.

1 50.00 0,027 —516 . 0.085 — 3 1 4 3 .

40.00 0.044 199. 0.086 —8146.

50.00 0.041 —568. 0.070

60,00 0,0~ b .51+9, U ,0b9 -3144,

I 
7U.UU 0,016 —465. 0,045 — 5 7 w .
80.00 0,051 —459, 0,058

90.00 0,022 —458, 0,069 —406,

L 97.00 0,051 — ‘4814. 0,065 — 5 9 7 .
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I
I DATA PO I NT 16 — FIRST HARMONIC

I
I

AAAfl L LUCl~IA (,N SUCTiON SURFACE. P$L-~SUkE SUHI MCE
pL €’i ~ OF CHORD MMPLITUUE PHASE. AMPLITUDE. PHASE.

2 ,156 — 215. 1,246 —326.
• 

1 
10.00 0,515 —265, 1,025

20.00 0,541 —224. 0,825 —306.

( so.uu 0,14/8 —255. 0,697 —296.

40,00 0,59/ —262. 0,817 —293,

5U.0U 0,574 —501, 0,557 —295.

80.00 0,6514 —307, 0,586

70.00 0,515 —307, 0,456 —290,

I d0.OU 0,556 —312, 0,579 —294,

90.00 0,505 —322. 0,258 -283.

1 97.00 0,561 —525, 0,221 —291.
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- I
I DATA PO t NT 16 — SECOND HARMONIC

I
I
I

A’~L A L  LUCAIIO ,J SUCTiON SUR FACE. PRESSURE. S U R F A C E .

I PLtft.F~~1 UI- Chc,RI) MhPLITUUE. PHASE. AMPLITUDE PHASE.

1.514 —220. 0.39/ —568,

I tU .Uu 0,500 161. 0,161 — 566 ,

i.I,127 —187. 0,061 —563.

I iO.UU 0.0/7 —206. 0.055 —~ 51.

140,00 U ,U?o —181. 0,026 —568,

I 50.00 0,040 —310. 0,057 —5142.

bO.OU 0,025 —172. 0,040 —570.

70.00 0.014 —395, 0,0146 —367,

I ~0.U0 0.010 —472. 0 .031

90.00 0,010 .1466, 0,071 .517,

1 97.0) 0,055 —181. 0,068 —385,

SLu) I~~:55;44
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