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NOMENC LATURE

b Airf oil semi -chord

C A i r f o i l chord

C~ Dynamic pressure coefficient

Comp res sor p ressure  r a t i o

V Absolute vel ocity

WTh7~ Correc ted mass flow

T Bla de pass period

k Reduced frequency (k = Wb/V)

u Long i tudinal perturbation velocit y

v Transverse perturbation velocit y

t Time

Ph ase lag

P Inlet air densit y
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2 Secon d ha rmon ic
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I

I
L
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1
A BSTRACT

An ex pe r i m ent a l  i n v e s t i ga t i on was con duc ted to determ i ne

th e f l u c tuat i ng p ressure  d i s t r i b u t i o n  on a sta t i o n a r y  vane

row , wi th the primary sou rce of excitation be i ng the wakes

from the upstream rotor •blades. Thi s was accomplished in

a large scale , low speed , s i n g le stage research compressor .

Th e forc i ng f u n c t i on , the ve l oc i ty defect created by the

rotor wakes , was measured wi th a crossed hot -w i re probe .

The aerody namic  response on the vanes was measured b y mean s

of flush mounted hi gh res ponse d ynamic pressure transducers .

The dynamic data were ana l yzed to determ i ne the chordwise

d i s t r i b u t i on of the d ynamic pressure coefficient and aero-

dynamic phase lag as referenced to a transverse gust at the

vane lead i ng edge. Vane suc tion and pressure surface data

as well as the pressure difference acros s the vane were

ob ta ined  fo r  reduced f requency  va lues  rang ing fr om 3.65 to

16.80 and for an inc i dence ang le range of 35.5° . Th e p ressure

difference data were correla ted with a state-of-the-art

QProd yn amic cascade transverse gust ana l ysis. The correla-

tion was quite good for small values of Incidence . For the

more negative incidence ang le data po i n t s , i t was shown that

a convected wake phenomena not modeled In the ana l ysi s existed .

I
xi __

_
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‘I Both the f i r s t and second h a r m o n i c  un stead y p ressure  d i f f e r e n -

ti al magnitude data decrease in the chordwise direction .

I The second ha rm on i c  magni tude da ta a t t a i n s  a v a l u e  very n e a r l y

zero at the vane trailing edge transducer location , w h i l e

I the f i r s t ha rmon ic  da ta is  st i l l  f i n i t e , albeit small , at

this location . That the magnitude of the unstead y p ressure

I di fferential data approaches zero near to the trailin g edge ,

particularl y the second harmonic data which has reduced

frequency values to 16.8, i s  s i gnificant in that it reflects

I u pon the va l i d i ty of the Kut ta con d i t i o n  f or uns tead y f l o w s .

I
I .
I

I

I
x li



I NTRODUCT ION

Ae rodynamicall y induced vibrations of rotor and stator air-

foi is are one of the more con~non sou rces of hi gh cycle

fati gue failure in turbine eng ines . Destructive aerodynami-

call y induced vibrations can occur in fan , compressor , or

turb i ne blad i ng . These failure leve l vibratory responses

occur when a per iodic aerodynamic forc i ng function , with

frequency equal to a natura l blade resonant frequency, acts

on a blade row. The rotor speeds at which these aero-

dynamicall y i nduced vibrations are possible can be predicted

— using frequency-speed diag rams which disp lay the natura l

frequency of each blade mode versus rotor speed and , at the

same t~~~e , the forc i ng function frequency versus rotor speed .

Whereve r these curves cross, aerodynamic all y i nduced vibra-

tions are possible , but no measure is put on the amplitude

of the stress.

Because it is rare l y possible to eliminate all vibration ex-

c itation from the operat i ng range of turbomachine blade rows

and not possible to p red i ct the amp l i t u d e  of the stresses

w ith present day technology, the resonant s t resses are not

known un til  the first build-up test of eng ine components.

When excessive stresses or failures are discove red , the
¶ result can be an expensive redesi gn , a delay of the project,

I-- and an extensive and costl y re-test prog ram.

.
- .

. 
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L.
One of the primary excitat i on sources for this type of reson-

ant stress p rob l em is the spatiall y periodic varia t i ons in

pressure , velocity and flow direction in the exit field of

an upstream element , wh i ch appea r as temporall y vary ing in a

coord i nate system fixed to the downstream blade row. As a

result , individua l blades are subject to a time-dependent

forc i ng function which can induce hi gh vibratory stresses .

— 

Procedures current l y available to p redict the aerodynam i call y

i nduced vibratory behavior of a blade row require a defini tion

of the unstead y forc i ng function in terms of its harmonics.

— The time-variant aerodynamic response on the blade surfaces

to each harmonic of this forc i ng function is then assumed
— 

to be comprised of two parts. One is due to the disturbance

being swept past the non-respond i ng fixed blades . The second

arises when the b’ade responds to this disturbance . The un-

steady pressure distribution on the blade surface is the sum

of these two effects . Anal yticall y, these effects are modeled
— 

by means of two ana lyses. A gust ana l ysis is used to p redict

the time-variant aerodynamics of the fixed non-respond i ng

blades to each harmonic of the disturbance , A n ana l ysis

whe rein the blades are assumed to be harmon ic al l y oscillat i ng

is  then used to p redict t he additiona l aerod ynamic effect due

to the blades respond i ng. Superposition of these two effects
_
I

_
— 

can be performed on l y w ith know led ge of the amplitude of

_ _ _ _ _ _ _
-

~~~

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

field resulting f r o m  the b l a de ’s mot i on is dependent upon

the amplitude of the• mot i on . Thus an iterative solution

containing the gust ana l ysis , the oscillating blade ana l ysis ,

and the blade structura l dynamic anal ysis as key elements is

necessary to p redict the total response of a blade subjected

to an upstream gene rated spatiall y periodic disturbance .

The aerodynamic gust ana l ysis , as well as the case of harmonic

airfoi l oscillat i ons, is an area of fundamental research

interest. Linearized unstead y aerodynamic small perturba-

tion gust ana l yses for isolated and cascaded airfoils are
— appearing in the open literature with regularity. For a

sing le zero thickness , flat plate airfoi l , Sears(U pre-

dicted the fluctuat i ng forces due to a sinusoidal transve rse

gust. Horloc k~
2
~ treated the gene ralized gust by considering

a l ong itud i nal gust and combining his results with those of

Sears . Naumann and Yeh~
3
~ cons i dered the effects of camber

by partiall y account i ng for some of the coupling between the

ang le of attac k of the airfoi l and the unstead y flow. Gold-

stein and Atassi~
4
~ deve loped a second order ana1y~ is which

accounts for all of the coupling effects. These anal yses

are currentl y of limited value to turbomachinery des i gn in

that onl y isolated airfoils are considered . Of more direct

I—¶It. . • 

_____
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appl icat ion are the unsteady ae rodynamic ana lyses for cas-

caded airfoils. Whitehead~
5
~ considered a cascade of flat

I — plate airfoils mov i ng through a transverse gust in an in-

compressible flow field as well as the case of harmonic air-

P foil osci llations in a uniform flow field. This ana l ysis

was extended to inc l ude the effects of compressibility by
— 

Fleeter~
6
~ and Smith~

7
~. Henderson and Daneshya r~

8
~ con-

-- 
sidered a cascade of thin , sli ghtl y cambered airfoils movi ng

through a sinusoidal disturbance in an i ncompressible flow

a field.

— There are many mathematical and physical assumptions in-

herent in these models , yet onl y a limited quantity of ap-
— 

propriate fundamental experimental data exists with which to

— 

assess the range of validity of the models or to ind i cate re-

finements necessary to deve lop a valid p redictive des i gn model.

— Coninerford and Carta~
9
~ simulated an unsteady inlet flow

direction on a sing le a i rfo i l by ge nera ti ng a Ka rma n vortex

street from an upstream transverse cy lin der. The flow field

F created by the cy linder has a vert i cal ve l ocity component

wh i ch varied in both directions . This is a serious d rawback

for extension to air foi l cascades as it would result In the

veloc ity direction vary ing from blade to blade . Ostdlek~~
0
~

deve loped a cascade wind tunne l capable of gene rat ing variable

inlet flow direction . The wind tunne l inlet , which inc l uded

4

II 

-
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guide vanes , was osci llated by a motor-dr iven crank. This

system is current ly limited to low f requencies of osci l lat ion

and hence low reduced frequency values . Bruce and HendersonU
~~

direct ly measured the unstead y normal force and pitch ing moment

on a chordwlse element of a rotor blade , rather than the

detailed distribution of the unsteady pressure difference

across the blades , due to a circumferentia l inlet f low distort ion

— 
in a low speed axial  f low compressor. In the supers onic f low

reg ime , Flee ter , Nov ick and Riff e l~~
2
~ , measured the fluctuating

• pressure distribution on an airfoi l cascade resulting from an

unsteady Inlet f low gene rated by an oscillat i ng upstream wedge.

The objective of the experimental research prog ram described

herein is to determine the ae rodynamica lly I nduced f l u c tua ti ng

pressure distribution In a stationary vane row of real is t ic

geometry, with the primary sou rce of excitation bei ng the

— wakes from the upstream rotor blades . This research is of

• primary importance for blad i ng characterized by subso nic ax i al
— and relative Mach numbe rs, and modera te values for turn i ng

and solidity. The fundamental time-variant data obtained Is

correlated wi th the f lat p late cascade transve rse gust anal y s i s

— 
of Reference 6.

It
~ I,•••.• 

•
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. •

5



SI NGLE -STAGE RESEARCH COMPRESSOR FACILITY

The wakes from the upstream rotor blades are the source of

the aerodynamicall y i nduced fluctuating surface pressure

distributions on the stator vanes , i.e., the rotor wakes

define the forc i ng function to the downstream stator vanes .

Hence , it is necessary to experimentall y model all of the

si gnificant features which def i ne this forc i ng function .

These include the variation of incidence , the wave form ,

the velocity (pressure ) variat i on , and the reduced frequency

(k = WC/2V ax ja i ) wh i ch defines the order of magnitude of

the unstead i ness . (Forced vib ration prob l ems in turbo-

machines typicall y have first harmonic values of the

reduced frequency in the approx i mate range of 0.2 to 8.0.)

The above described features can be simulated in the Detroit

Diesel Allison (DDA ) large-scale low speed sing le stage

research compressor. A schematic of the overall facility

is shown in Fi gure 1 and a v iew of the assemb l ed test ri g

in Fi gu re 2.

[ This 48.01 inch inlet diameter research compressor features

blad i ng (42 rotor blades and 40 stator vanes , NACA 65

F Series) that is aerodynamicall y l oaded to levels that are

typical of advanced multi -stage compressors and is also

large enough to prov i de for large quantities of instru-

mentat lon . Table I presents the airfoi l mean 
section6



properties as well as the compressor des i gn point con-

ditions . As is ind i cated , the airfoils are relative l y

large; the rotor and stator chords are equal to 4.589 and

5.089 i nches (11.66 and 12.93 cm), respective l y. In this

facility the flow, the rotor speed and the pressure ratio

can be varied i ndependent l y. The capability to ram the

— comp ressor by means of a blower also exists and was used

in the prog ram described herein to vary the value of the
— 

reduced frequency, i .e., the rotor speed and hence the

blade passing frequency were varied i ndependent of the

axial velocity.

The rotor blades were des i gned to have aerodynamic l oad i ng

levels representative of aft stages of modern multi -stage

compressors . At the desi gn point , approx i mate l y 27° of

turning is accomplished near the blade hub , diminishing to

about 13 ° near the tip. The geometric characteristics of

the rotor blade inc l ude hi gh camber wi th fai r ly large devia-

t o n  ang le near the hub reg ion , and a max i mum thickness-

to-chord ratio which varies from nearl y 7% at the hub to

I — 4% at the tip. The rotor solidit y varies from about 1.6

at the hub to 1.3 at the tip .

The 40 vane stator row, shown in Fi gure 3, results In an

axial exit flow direct i on. Again , the airfoil loss and aero-

dynamic load i ng levels are typical of those of aft stages of

modern mult istage comp ressors . The vane features a large
I

—

7
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cambe r ang le varia tion in the hub reg ion , a radiall y constant

— 
maximum thickness-chord d stribution , and des i gn point in-

cidence that varies from about zero to minus one deg ree.

— Vane so li dity varies from 1.68 at the hub to 1.35 at the tip.

— INSTRUME NTATIO N

— The research compressor steady-state instrumentation , ind i-

cated schematicall y in Fi gu re 4, permits the inlet and exit

f l ow fields to be defined and the compressor map determ i ned .

The inlet tempe rature is measured by means of fou r thermo-

coup les equall y spaced circumf erentiall y in the large stagna-

tion chamber. The rotor inlet velocity profile is determ i ned

from the pressure measurements obtained from three , eleven-

element total pressure rakes equall y spaced circumferentiall y,

and the average of four hub and fou r tip static pressure taps .

The exit flow field downstream of the stator row is determ i ned

— f rom six total pressure rakes , uniform l y spaced ac ross an

equivalent vane passage together with hub and tip static

pressure taps . The exit temperature is measured with an

— 
eleven element rake located circumfer entia ll y at the center of

the vane passage. The overall compressor aerodynamic perfor-

J — mance is evaluated by examining the stagnat i on tank and stator

exit temperature and pressure measurements , with the flow rate

computed from the stagnation tank static pressure and total

— 

temperature and pressure measurements.

8
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The time-variant quantities of fundamental i nterest in this

experimental i nvesti gation include the fluctuating aero-

dynamic forc i ng function — the rotor wike , and the chordwise

distributions of the complex time -variant pressure distri-

bution on the downstream stator vane.

The blade surface dynamic pressure measurements were accom-
— 

p lished by instrumenting a pair of the NACA Series 65 stator

— 

vanes with flush mounted Ku lite thin -line des i gn dynamic pres-

sure transducers . These vanes were then located i n  the

stator row such that one flow passage was instrumented .

Table II presents a tabulation of the vane coord i nates de-
— 

scribing the airfoi l shape along the streamline wh i ch was

— 

instrumented . Fi gure  5 shows a view of the airfoi l surfaces

with the embedded transducers clearl y visible. The suction

— and pressure surface transducers are mounted at the same

percent vane locations , identified in Table I I I .

The time-variant wake measurements were obtained by means of

— a cross-w i re probe calibrated and linearized up to 200 feet

per second and + 25° angular variation . The probe was l ocated

at mid -stator circumferential spac i ng with axial location

correspond i ng to mid rotor-stator axial spac i ng in a passage

adjacent to the pressure instrumented one. The mean ab-

solute exit f l ow ang le from the rotor was determined by rotat-

ing the probe until a zero voltage difference was obtained between

9
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—

the two hot -w i re channels . This mean ang le was then used

as a reference for calculating the instantaneous absolute

— and relative flow ang les . The output from each channe l was

corrected for tangential cooling effects and the individual

fluctuating ve l ocity components parallel and norma l to the

mea n flow ang le calculated from the corrected quantities.

Fi gure 6 schematicall y indicates the lvcation of the dynamic

— 
instrumentation .

DATA A CQ UISIT I ON A ND A NALYS IS

— In this i nvesti gation , both stead y and time -variant data

were acquired . The steady state data def i ned the points of
— compressor operation , in terms of overall pressure ratio and

corrected mass flow rate , at wh i ch the unstead y ve l ocity and

surface pressure measurements were obtained . Both the

— stead y and time -variant data acquisition were cont rolled by

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

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

di g ital readout of the rotor speed was p rovided via a tacho-

meter generated si gnal.

Fi gure 7 presents a schematic of the steady state and t ime-

variant instrumentation modules as related to the on-line

di g ital computer. Onl y one mode of data acquisition operation

- could be performed at a time. The steady sta’e corrected

data was outpu t on the teletyDe at the ri g site as well as

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

controlled throug h the CR1 terminal . On-line monitoring of

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

beam storage oscilloscope synchronized to the speed of the

rotor by an opticall y genereted square wave pulse. The un-

— 
stead y data were presented on the line printer , and stored in

di g ita l form on a magnetic disk and/or punched paper tape

for off-line anal ysis.

The stead y state data acquisition followed the standard com-

pressor evaluation p rocedure . At a selected corrected speed ,
— 

the compressor was stabilized for approx i matel y 5 minutes .

Following this period , the on-line computer was used to

initiate the acquisition of the temperatures and pressures nec-

essary to gene rate the corrected mass flow rate , overall pres-

sure ratio , and corrected speed . A scanning of the reduced

data was then made to assure data uniformit y and to ascertain

the operating point.

The time-variant data acquisition and anal ysis techni que used

was based on a data averag ing or si gna l enhancement concept ,

— 
consistent with other i nvesti gators~ 

l3, l4 ,l5, ’6) The key to

such a techni que is the ability to samp le data at a preset

time .. For this i nvesti gat i on the si gna l of nterest was

gene rated at the blade passing frequency . Hence, the log ical

11
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1—

choice for a t ime  or data initiation reference was the rotor

sr,aft and an opt ical encoder was mounted on the rotor shaft

for this purpose . This encoder delive red a square wave volt-

age si gnal having a duration of 1 .5 mIcroseconds . The computer

ana l og-to-d i g ital converter was tricirered from the pos itive

voltage at the lead i ng edge of the pulse , thereb y initiat i ng

the acquisition of the t ime unstead y data at the rate of up to

100,000 points per second . The data was samp led for N blade

passages and over M rotor revolutions . These rotor revolu-

tions we re not consecutive because a finite t ime was requ i red

— to ope rate on the N blade passage data before the computer

returned to the pulse acceptance mode which in itiated the

gathering of the data .

• ror the experiments described herein , ei ghty to one hund red

di g iti zed data points were obtained for each of three blade
— 

passages averaged over two hund red rotor revolut i ons (N — 3,

— 

M = 200). These quantities were determined as follows .

Preliminary Fourier ana l ysis of the wake data at the blade

passage frequency indicated that the fifth harmonic had a

— 
content approx i mate ly 0.2 of that of the first harmonic (blade

passage frequency). in order to accuratel y preserve the

di g itized si gna l , the numbe r of points per cycle at the maxi-

mum rotor speed was set by ope rating the analog-to-d i g ital

converter on onl y two channels of data at Its maximum rate of

F —
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100,000 points per second . For a blade passage frequency of

625 Hertz , an AID conve rter rate set at 100,000 points per

— second , and two ch a n n e l s  of da ta , the resultin g number of

points per cycle acqu i red is 80.

A s l i gh t variation in wake profile existed from blade to blade ,

as determined by examining the averaged data for up to 12

blade passages . At the reduced frequencies of these experi-

nients , the vane surface was influenced primari l y by th ree

blade wakes . Hence data was acquired for three blade passages.

A l s o, i t was found tha t the un st ead y da ta was essen t i a l l y

— u ncha nged whe n average d fo r  100 , 200 , or 400 samp les . Based

on this , 200 ro tor samples were used fo r  the d ynamic  da ta

acqu i s I t i on.

The basic concept of this time-variant data averag i ng techn i-

que was used in an on -lin e analog mode throug hou t the test.

A dual beam storage oscilloscope was tri ggered by the encoder

pulse and the time unstead y si gnals of in terest preserved on

the scope . For each rotor revolu tion one series of wave forms

— wer e add ed to the wave forms a l r e a d y ex istin g on the face of

the scope from previou s revolut i ons , thereb y y ielding a time

consistent overlay of the unstead y si gnals. Fi gu re 8 presents

an example of such an overlay . The uppe r si g n a l  corres ponds

to one of the hot-wire voltage si gnals and the lower to a

— surface pressure transducer . The dis tance between the hot-

wire pul~ es represents a blade passage width .

13



A t each s tead y operating point an averaged time -variant

da ta se t , consisting of the two hot -w i re and the 22 Kulite

s i g n a l s , were obtained . Each of these si gnals were di g i-

t i zed , stored on a punched paper tape , and Fourier decom-

posed into its harmonics . Fi gu res 9 through 12 i l l u s t ra te

the Fourier ana l ys i s of the l e a d i n g and t r a i l i n g edge dy n a m i c

p re ssure  s i gn als on the pressure and suction surfaces .

Fiqu r e 9 presents the averaged si gn al for three blade pass-

ages f o r  the lead i ng ed ge pressure surface transducer.

The d i g i tized data po ints are also ind i cated . Fi gu r e  10

presents onl y the  cen ter passage of the three see n i n

Fi gure 9, presenting the d i g itized data and the first three

harmonics of the si gnal . Each of these harmonics has been

sumed with the zero term of the Four ier  series . As can be

seen , the addition of the first three harm nic s y ields a

good approx i mat i on to the si gna l , indicatinq that th is

si gna i is primaril y composed of the first three hd rrn nics

f f  blade passage f requency.

Fi gure 11 presents the average three passage si gna l for

the suction s~’ rface trai lin g edge t r ans duce r . As i n d icated ,

it has a hi ghe r ha rmon i c  con tent than  the p re ssu r e  sur-

face si gnal . Fi gu re 12 presents the fir st two passages

of this si gnal as well as the first two harmonics of the

Fourier decomposition . The addition of these two harmonics

14
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y ields the indica ted reconstructed si gnal. A comparison of

the ori g inal si gnal with its harmonic reconstruction indicates

tha t th i s  s i gna l is primaril y composed of onl y the first two

harmonics of blade passage frequency.

— 

I n th i s  i nves t i ga t ion onl y the first two harmonics of the data

— 
wer e exam i ned th r oug h the entirety of the data anal y s i s  p ro-

cess . The reduced frequencies of these data are in the range

— of turboniachinery experience with forced response p rob l ems .

From the Fourier anal yses performed on the data both the magni-

tude and phase ang les referenced to the data initiation pulse

we re obtained . To then relate the wake generated ve l ocity

pr~ fi les wi th the surface dynamic pressures on the instrumented

vanes, the rotor exit ve l ocity triang les were examined . Fi gure

- 
13 shows the change in the rotor relative exit velocity which

occurs as a result of the presence of the blade. A deficit

- in the velocity in this relative frame creates a change in

the absolute ve l ocity vector as indicated . This velocity

change is measured via the crossed hot -w i res. From this

— 
instantaneous absolute ang le and velocity, the rotor exit

relative ang le and ve l ocity and the magnitude and phase of

— the perturbation quantities are determined .

As noted previousl y, the hot-wir e probe was positioned at mid

r( tI)r-stator axial spac i ng . To relate the t ime based events

15



as measured by this hot wi re probe to the pressures on the

vane surfaces , the assumptions were made that : (1 )  the wakes

— we re identical at the hot-w i re and the stator lead i ng edge

planes ; (2) the wakes were fixed in the relat i ve frame.
— 

Fi gure 14 presents a schematic of the rotor wakes, the instru-

mented vanes , and the hot-w i re p robe. The rotor blade spac i ng ,

the vane spac i ng , the leng th of the probe, and the axial spac-

— ing between the vane lead i ng edge plane and the probe holder

centerline are known quant ities . At a steady operating point

the hot-w i re data were anal yzed to y ield the absolute flow

ang le and the rotor exit relative flow ang le. Using the two

assumptions noted , the wake was located relative to the hot -

wires and the lead i ng edges of the instrumented vane suction

and pressure surfaces . From this , the times at which the wake

is present at various locations was determ i ned . The inc re-

mented times between occurrences at the hot-w i re and the vane

l ead i ng edge p lane were then related to phase differences

— between the perturbation velocities and the vane surface

p ressures .

To simp l i f y the experiment-theory correlation p rocess , the

data was adjustEd in phase so that the transverse perturba-

tion was at zero deg rees at the vane suction surface lead i ng

edge. From the geometry In dicated in Fi gure 14, the t ime at

I
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I
which this would occur was calculated and transposed Into a

phase difference . This differe nce was then used to adjust

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

tion was pe rformed on the pressure surface data so that the

- surfaces of the vanes were t ime related ; i. e., t ime  relating

the data resulted in data equ i valent to that for a sing le
instrumented vane .

Following this procedure the pressu re differences across a

sing le vane at all transducer locations were calculated . These

data , along with the individual surface pressure data , we re

— normalized with respect to the quantity P . V2 . ~~
; where p

i s  the d e n s i t y ,  V is the absolute velocity, and v is the

transverse perturbation velocity at the vane Inlet .

RESULTS

Six steady state operating conditions were i nvesti gated in this

prog ram . Two additiona l steady cond i t ions , i nvesti gated as

part of a Detroit Diesel Allison I ndependent Research arid Deve l-

— opment prog ram, are also presented herein to yield defini tive

F 
data trend informat i on. Table IV presents the detailed descrip-

tion of these data inc l ud i ng the steady state definition for

data point Identifi cat i on and the necessary description of

the time-variant parameters . Fi gure 15 presents the data

— 1’:
~ i;__
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points acquired at 70% and 100% corrected speeds in terms of

overall pressure ratio and corrected mass flow rate.

— As previousl y discussed , the final form of the data consists

of a dynamic pressure coefficient and an aerodynamic phase
— 

laq at each of the chordwise transduce r l ocations . The

dynamic pressure coefficient is normalized with respect to

stead y state p roperties of the flow and the magnitude of the

— transverse gust (C~ = P/pV2 ~). The aerodynamic phase lag is

referenced to a transverse gust at the lead i ng edge of the

ins t rumented vane . The data are presented in this form for

the unstead y pressure difference across the vane as well as

for the individual pressure and suction surface fluctuat i ng

I — pressu res . it should be noted , however, that it is onl y

possible to correlate the pressure difference data with state-
— of-the-art ana l yses.

— The first set of results , Fi gures 16 throug h 3 1 , present the

dynamic pressure coefficient and aerodynamic phase lag for
— 

the first and second harmonics of the unstead y pressure

— 
difference across the vane as a function of percent airfoil

chord . Als o inc l uded in these fi gures are the p redictions

obtained from the flat plate airfoi l cascade transve rse gust

ana l ysis of Reference 6 for the flow conditions as specified

in Table IV .

I,
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Data points 1 , 2 , 3, 4 and 5 have small positive values of

incidence. The reduced frequency for these points ranges

fr om 7. 1 3  to 16.80, based on the va lues  of the f i r s t and

second harmonic frequencies . Fi gures 16 through 25 present

these dynamic data and the correspond i ng theoretical pre-

dictions . As can be seen , the dynamic pressure coefficient

data-theory correlation is quite good over the entire vane

chord for these low incidence values . The fact that the

magnitude of the unstead y pressure differential data

approaches zero at the vane trailing edge is indeed si gni-

ficant in that it implies that the Kutta condition , im posed

in the anal ysis , is appropriate for unstead y flows to hi gh

reduced frequency values. It should be noted that the

surface pressure data were normalized with respect to an

i nlet density and ve l ocity function . Thus an in crease or

decreas e i n  C~ im plies a correspond i ng change in the magni-

tude of the unstead y pressure .

The aerodynamic phase lag data experiment -theory correlation

is good ove r the front portion of the vane but becomes less

favorable over the back. This correlation trend may be

J attributed to differences between the actual vane and the

)nal y t ical model: the vane has approx i matel y 49° of cambe r

whereas the anal ysis considers flat plate airfoils . Hence ,

[ the good correlation over the fron t part of the vane chord

where the flow is ali gned with the vane , and the poorer

* 
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correlation for the back , where the cambe r effects become

important. Another possible explanation for this correla-

tion trend mi ght be viscous and boundar y l a y e r  e f f e ct s.

To obtain lowe r values of the reduced frequency, the com-

pressor was unloaded by rarnning the inlet , forc i ng the

compressor to operate at a lower pressure ratio at a g ive n

correc ted speed . Data points 4, 6, 7, and 8 were obtained

in thi s manner. Fi gures 26 through 31 present the correla-

tion of the anal ytic al and experimental results for poi nts

6, 7 and 8. These correlation s indicate that a si gnific ant

i m p roveme n t i s  needed i n  the anal yt i ca l model , name l y the

ability to consider the effects of incidence ang le.

The reduced frequency for data points 6, 7, and 8 ranges

) from 3.65 to 12.34 and has an incidence range of 24°.

These f i gures  of the d y n a m i c  da ta and the  corres pond i n g  pre-

dictions g ive  the genera l im p ress i on tha t  the data  i s

• scattered and unrelated : some data correlates , others

do not . However , examination of data along the 70% speed

F line of the compressor in terms of decreasing values of

i n c i dence an g le (data points in the order of 3, 4, 5, 6, 7,
F i gures  20 through 29) c le arl y exp lains the above described

data appearance and delineates the physical si gnificance of

these dynamic data.

F
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As the incidence ang le is decreased by 17° In going f r om

data point 3 (Fi gures 20 and 21) to data point 7 (Fi gures 28

and 29), the f i r s t h a r m o n i c  d ynamic pressure coefficie nt data

beg ins to deviate from the prediction over the fr rit portion

of the vane b y eve r i n c r e a s i n g  amounts . The second harmonic

dynamic pressure coefficient does not exhibit this same

t r end ; i n  fac t , t h i s  h i gher  f requency data c o r r e l a tes w e l l

with the p redictions . Both the first and second harmonic

unstead y pressure different ial magnitude data dec rease in

the chordwise direction . The second harmonic ma gnitude data

attains a value very nearl y zero at the vane tr ailin g edge

transducer lo~ation (977’ chord), while the first harmonic

data is s t i l l  finite , albeit sma l l , at this locat ion . Ag a i n

this ref l ects upon the appropriateness of the Kutta condition

for unstead y flows.

The aerod y n a m i c  phase lag da ta e x h i b i ts a si g n i f i c a n t t rend

with decreasing value of incidence . This data correlates

with the predicti on for p os it iv incidence ang le values

over the front portion of the vane . However , as the in-

cidence decreases to more and more negative values , the phase

[ lag data cleat i y indica tes that a wave related phenomena has

become si gnific ant . For example , the phase lag for data

point 7 (Fi gures 28 and 29) are seen to increase linearl y,

and an i n c rea si ng phase la o ~eans that an event occurring

F at one station occurs at a later rime at s ome downstream

ii
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station . Relatin g thi s time and distance results in an ap-

paren t wave speed , as w i l l  be discussed .

I n add i t ion to this pressure difference dynamic data , the

local surface dynamic pressure coefficients and aerod y n a m i c

phase lag s we re determ i ned for the first and second harmonics

for each vane surface and are presented in Fi gures 32 through

63. Thi s data is presented as an experimental baseline to

be u sed in the future deve l opment of an ana l ysis wh i ch w i l l

cons i der b l ade ‘Th ickness , camber , and i n c i dence an g le. These

f i gures are arranged such that the first and second harmonic

dat a f o r  the p ressure  su r f ace  of the vane are p resen ted i n

F i gures 32 through 47 and the analogous suction surface data

i n Fi gu res 48 through 63.

To gain an insi gh t i n t o  the  p o s s i b l e ph ysica l phenom na which

could desc ribe the disagreement between the theoretica l and

ex pe r imen t a l  re su l ts a t nega t ive  i n c i d e n c e  a ng les , data point

7 ~,as selected for detailed evalua tion . After scanning all

of the data , this point was chosen because a clear under-

stand i ng of the breakdown of the assumption s in the flat

plate ana l ysis could be most easil y i d e n t i f i e d . Thi s eva lu a-

tion i nvolved a detailed i nvesti g a t i o n  and a n a l y s i s of the

j local pressure and suction surface unstead y p res su re  data .

Fi gures  64 , 65 and 66 show the three blade passage averaged

p res su r e s i gn als at the 20%, 30%, and 40% chordw i se location s

F
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on the vane suction surface respective l y ,  for data point 7.

Fi gures 67, 68 and 69 present the correspond i ng data f or

the pressure surface. From these fi gure s i t  i s seen tha t t he

peak pressures occur first at the 20% locat i on , later in time

at the 30- ’ one , and st i l l  later at the 40% location . Convert-

ing this into an assumed wake front results in a convected wake

ve l oc i ty of a pp rox i m a te l y 110 fee t per second on the suc t ion

surface and 60 feet per second on the pressure surface. Cal-

cul~~ti ng a convected wake ve l ocity f o r  the d i f f e r e n t i a l p re s-

sure for both the first and second harmonics of data point 7,

Fi gures 28 and 29, i n d i c a tes that  the f i r s t  and second har -

monics of the wakes are convected at different speeds: the

f i r s t i s  conve cted a t ap p rox i ma tel y 60 feet per second and

the second at abou t 110 feet per second . As these ve l ocities

are very close to those established from the transducer si gnals ,

i t wou l d  appear that  the  f i r st h a r m on i c  of the p ressure  d i f -

f e rence  data i s d o m i n a t e d  b y the p re s su re  su r f ace  wake and the

second by the suction surface wake . To further document the

existence of these two convected wa kes of different velocities ,

the local surface data presented in Fi gu res 44 , 45 , 60, and 61

were i nvesti gated in detail.

To examine this data , the pressure si gna l was represented as ,

f (t) = A 1 S i n ( w t + + A 2 Sin (2wt +

where w is the blade passing angular frequency, and and 
~2 

are

the phase lags for the first and second harmonics , respective l y.
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The times for the occurrence of the zeroes for the first and

second harmonics are thus :

- 0 1 + 2~ n
t l 

= _ _ _ _ _ _ _ _ _ _

w

- Ø  + 2rr n

where n = C , + 1 , -F 2, . .
Nondimensiona lizing these zero occurrence time s with respect

to the blad e pass period , 1:

• 
- 01 —.

+ ii

2rr

- 

~2 n
2 4ri

where and 2 den ote the 
dim ensionless time for the zero

occurrence of the first and second harmonic s , respecti”e l y.

Fi gures 70 and 71 present the dimens i onless zero occu rrences

f r  the first and second harmonic s , res pec t ive l y ,  1
1 and

as a fu nction of dimensionle ss time for the wake on the vane

F su ct ion surface . F i gure 71 shows that stra i ght lines result

in a close ali gnment of the points for the second harmonic

da t a. Allowin g time to inc rease in this fi gure (mov i ng

F these lines ri ght to left) g ive s a wake train wh i ch traverses

the vane chord at 105.6 feet per second . Transpos i ng this

24



slope onto the first harmonic data y ields thc~ l i n e s  seen i n

Fi gu re 70. Agreement then of the wake speed betweer~ the

first and second harmonics on the suction surface is attained

and , thus , the existence of a convected wake related phenomena

on the suction surface is shown. It is evident fr~~ the same

data that this wake mot i on does not predom inate at the lead i ng

and tr a i l i n g  edges of the vane. It should be noted that this

convected wake speed agrees well (within 5 )  with the mass

averaged axial ve l ocity.

Ihe results of this zero crossin g anal y s i s  on t h e p res su r e

s u r f a ce f i r s t and second har mo n i c  da ta a re shown  i n  F i gures

72 and 73. An exce llcnt approx i mation of a wave front is

seen in the first harmonic of the si g n a l . Transpos i ng this

slope onto the second harmonic data , the lines indicated in

the second harmonic data of Fi gure 73 are obtained . Ag a i n ,

wake mot i on can be seen in the si gn als which dominates the un-

stead y p re ss u r e  a t po i n t s a l o n g  the chor d . Th e ~ ike fr ont

velocity on the pressure surface calculated from these data

is 62.2 feet per second .

The exi st en ce of convected wakes on the suc t ion  and pressure

s u r faces of the vane h as thus  bee n c lea r l y shown . Fur thermore ,

t h ” e wakes are convected at different ve loc i t ie s a l ong the

vane chord . Im p l i c i t  in state-of-the-art gust models is the

• d ssumpti on that the disturbances on the airfoi l surfaces are

propa gating at the same ve l ocity. Thus , In order to accuratel y

F 
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predict the pressure fields on an airfoi l , ca r e f u l cons i dera-

t i (n  must be g i ven to each s u r fa c e  i n dependen t l y.

SUMMARY AND CONCLUSIONS

The ierod ynamic a ll y i nduced fluctuating pressure distribution

in a stationary vane row of realistic geometry, wi t h the

primar y source of excitation be i ng t~ e wakes from the up-

stream rotor blades , was mea su r e d f o r reduced f requency v a l u e s

rang ing from 3 .65 to 16.80 and an incidence ang le range of 35°.

The J ynamic data for the pressure difference across the vane

was correlated with a state-of-the-art aerodynamic gust anal ysis.

The correlation was quite good for all reduced frequency values

for small values of incidence . For the larger negative values

of incidence ang le , the experimenta l data correlated with the

data  near  the vane l e a d i n g edge. For these data points it was

then shown that a convected wake phenomena not modeled in the

anal y s i s exi st ed. Th e d y n a m i c  p res su re  da ta were a l s o  p resen ted

for the individual suction and pressure surfaces . Detailed

anal y si s of one of these negat i v e  i n c i den ce po i n ts demon st ra ted

that wakes convected at different velocities existed on the

pressure and suction su rfaces. Current anal y ses do n ot con-

s i d e r  th e poss i b l e  e x i s t e n c e  of th i s  type of wake phenomena .
V

Both the first and second harmonic unstead y pressu re differen-

tial magnitude data decrease in the chordw i se direction . The

second harmonic ma gnitude data attain s a value very nearl y

?ero at the vane t r a i l i n g  ed ge t ra nsducer  loc a t ion , w h i l e  the

26

11



first harmonic data s s t i l l  finite , albei •t small , at this

location . That the magnitude of the unstead y p r e s su re  d i f f e r -

ential data approaches zero near to the trailing edge , part i-

cular l y the second harmonic data which has reduced frequency

values to 16.8 , i s  si gni ficant in that it ref l ects upon the

va l i d i t y  of the Kutta cond i t i on  for  unstead y f l o w s .

I

1~
I
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r

ROTOR STATO R

Type of Airfoi l 65 Series 65 Series

Numbe r 42 40

Chord , C-in. (Cm .) 4.589(11.66) 5.089(12 .93)

S o l i d i ty , e = C/S 1 .435 1.516

Cambe r , ~ - Deq . 20.42 48.57

Aspect Ratio , AR = S/C 1.046 0.943

Lead ing Ed ge Rad i us/C 0.001+1+ 0.0049

Tra i l i n g  Ed ge Rad ius /C  0.0028 0.0030

In le t  A i r  Ang le , $~ - Deg . 59.38 37.84

Exit Air Ang le , 
~2 

- Deg . 42.41 0.00

Loss Coefficient 0.043 0.056

Diffusion Factor 0.41+9 0.1+10

Rotor-S tator Axial Spac i ng-in .(Cm.) 1.485(3.772)

Flow Rate 31 .02 lb/sec . (14 .07 Kg/Sec)

Tip Speed 183.5 ft/sec . (5593.1 Cm/Sec )
I

’ Rotational Speed 876.3 rpm

Stage Pressure Ratio 1.0125

Inlet Tip Diameter 1+8.01 in , (121.95 Cm)

I’ Hub/Tip Radius Ratio 0.80

Stage Efficiency , Percent 88.1

t TABLE I. A I R F O I L  MEAN S E C T I O N  C H A R A C T E R I S T I C S  AND
COMPRESSOR DESIG N POINT CONDIT I ONS
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PRESSURE SURFACE SUCTION SURFACE

x/C * Y/C * x/C * Y/C*

- 45.04 8.102 55.01 8.184
- 44.08 8.550 54.82 7.895

— 
- 42.30 8.182 53.68 7.324
- 40.~+5 7.701 47.96 4.655
- 38.01 7.029 43.41 2.71+9
- 35.95 6.1+65 37.76 0.656

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

— 
- 28.148 4.591+ 23.1+0 - 3.272
- 25.94 4.038 19.12 - 4.052

- 22.60 3.368 14.91 - 4.61+1
— 

- 19.81 2.863 9.79 - 5.125
- 16. 15 2.274 5.8 1 - 5.317
- 13 . 10 1 .847 .98 - 5.31+1
- 9.93 1 .1+60 - 2.75 - 5.197

— - 5.61 1 .045 - 6.35 - 4.926
- 2.37 0.778 - 10.67 - 4.1+17

1 .17 0.576 - 13.98 - 3.893
5.77 0.1+32 - 17. 16 - 3.278

— 
9.58 0.1+13 - 20.93 - 2.401
14.50 0.525 - 23.79 - 1.63 1

18.57 0.739 - 27.18 - 0.595
— 

22.75 1.077 - 29.71+ 0.273
28.1 2 1 .698 - 32.16 1 .171
32.53 2.376 - 34.99 2.323
37.04 3.232 - 37.11 3.258

— 42.80 4.594 - 39.10 4.205
1+7.47 5.940 - 41.39 5 ,1+02

— 
53.39 7.984 - 43.06 6.382
54.58 8.1+46 - 1+4.57 7.1+42

*Exp ressed in percent

TA BLE I I. STATOR MEAN PROF I LE COORDINATES
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P E R C E N T  CHORD
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r 
- 

r( f Cre nc Cd to a t r a nsve rs e  gu s t at t he vane leadin m~ ed ge ~~~~ne suct ion and pressure
U- 

~ mr l.ice data as  we l l a s the pressure di f ference a~ ross t~~~~ vane were obta ined for reduced
/ f r eq ue ncy values ranging f rom 3.(~ to 16.80 and for an ~nc%~1cnce angle range of 3 5,50 .h I he pressure difference data wer e correlated w ith  a s ta t e — ~~— t he —ar t  aerodyn amic  cascade

I t r a n s v t r , c  gust uina lvs is . The correlat ion w a s  quit e good fo~ smal l values of incidence.
V For the m ore negative incidence ang le data points , it was sho~ n t hat a conv ected wake

J phenomena not modeled in the ana lys is  ex is ted . Both the f irst ~ id second harmonic
unstead y pres~ ure differentia l magnitude data decre ase in the chordwise direction . The( second harmonic magnitude data at ta ins a value very nearl y zero at the vane t ra i l in g

J ed ge transducer location , while the f i rst  harmonic data is st i l l  f in i te,  albeit small , at this
location . ‘I hat the magnitude of the unsteady pressure dif lerentia l data approaches zero
near to the trai l ing edge , part icularl y the second harmonic da ta which has reduced
frequ ency va lues to ~6.8, is signif icant in that i t  r e f l e c t s  upon the val idity of the Kutta

I condition for unsteady f lows.
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