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ABSTRACT

A uni que unsteady cascade experiment directed at providing

fundamental aerodynamic data needed to verif y or direct re-

finements to the basic mode l of unsta lled supersonic tors i ona l

flutter in turbornachines is presented . In part i cular , the

steady, quasi-static , and uns teady aerodynamics were determ i ned

for a multip le circular arc (MCA) airfoi l cascade which

modeled the tip section of an advanced des i gn fan blade .

The steady airfoi l surface aerodynamic performance of the

cascade was measured at two l evels of aerodynamic l oad i ng

and correlated with the predict i ons from a time-ma rching ,

steady, transonic flow ana l ysis. The chordwise distribution

of the quasi-static unsteady pressure coefficient for a 00

i nterb l ade phase ang le was then determ i ned and correlated

with two appropriate predictions : one based on the stead y

t rans onic anal ysis and the other on steady inviscid supe r-

sonic flat plate theory . Finall y, the MCA cascade was har-

monicall y oscillated in the tors i ona l mode at a reduced

frequency value of 0.14. The fundamental unstead y aerodynamic

data was then obtained at a Mach numbe r equa l to 1 .55 over a

range of interb lade phase ang les for two values of the cad-

-‘ cade static pressure ratio. These unstead y results were

then corre l ated with the predictions from state-of-the-art

uns teady f la t p la te cascade ana lyses.
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I NTRODUCT I ON

The demand for inc reased eng ine performance , while main-

tam ing a minimum wei ght , has taken the comp ressor desi gne r

into flow reg imes wherein he has no apriori experience .

These advanced des i gn fans and compressors have encountered

unstalled supersonic flutter at the des i gn ope rating cond i-

tion , that current flutter p rediction systems , based on

empirica l correlations of prior eng ine aerodynamic flutter

data , are i nadequate for the task of ext rapolating these

past experiences , to the new hi gh speed desi gns. Thus , the

need for a phenomenolog ical modeling approach to the deve l op-

ment of a well-fou nded flutter desi gn system , substantiated

by key critical experiments which model the fundamental un-

steady aerodynamic phenomena , is clearl y evident.

The gene rall y used flow model for unstal led supe rsonic

flutter is that of inviscid flow throug h a comp ressor stage

of differential radial hei ght , which is deve l oped into a

two-dimensiona l rectilinear cascade. The airfoils are

assumed to be zero thickness flat p lates which are har-

mon ica ll y oscillat i ng in the tors i onal mode. Even w i t h

this simplifi ed model , the prob lem is still very complex ,

part i cularl y as the flow i nvol ves a subsonic axi al ve l ocity

component .

Hi ~ H

~

•

~

• ___ _  .-- 



2

Recent l y, a number of solutions to this basic model

i nvolving various mathematical techni ques have been

deve l oped , as noted and discussed in Reference 1 . For

the des i gne r to ma ke use of these solutions in a quanti-

tative p redictive des i gn system , it is necessary to deter-

mine the validity of the mathematical assumptions and to

extend the model to more realistic airfoi l confi gurations .

To accomp lish this , howeve r , fundamental experimental aero-

dynamic data is needed to verif y the model and to further

the understand i ng of the basic unstead y f l ow physics.

The results cf an experimental i nvesti gation of the funda-

mental unstead y aerod ynamics associated with an harmonicall y

oscillating airfoi l cascade which closel y simulates that

of the anal ytical model are presented in Reference 2. The

correlation of the experimental data with an appropriate

theory is excellent , thereby indicating the validity of

the experimental techni ques , and the data acquisition and

anal ysis procedures .

The present work is directed at the experimental i nvesti ga-

tion ~f an aerodynamic confi guration which more closel y

resembles the physical and aerodynamic conditions of an

• 
~~
- advanced desi gn rotor blade , including the aerodynamic l oad-

ing . In part i cular , the stead y, quas i -static , and unstead y

— — - -- 
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aerod ynamics are determi ned for a mul ti ple circular arc

(MCA) airfoi l cascade which models the tip section of an

advanced des i gn fan blade at two l evels of aerodynamic

• l oad i ng . All of the experimental results are correlated

with appropriate predictions obtained from state-of-the-art

-
• anal yses.

AIRF O IL  CASCADE AND IN STRUME NTATI ON

The two-dimens i ona l cascade utilized in this i nvesti gation

is comprised of five double-trunnioned stee l airfoils

• modeled from the tip section of an advanced desi gn fan

blade. These airfoils are characterized by a 3.00 i nch

(7.62 cm) 3pan , 2.50 i nch (6.35 cm) chord and a 0.075 i nch

(0.19 cm) maximum thickness at the 50% chord location. The

cascade physical parameters are noted in Table I . The

airfoi l profile is of multi ple circular arc (MCA ) desi gn

with the airfoil coord i nates presented in Table II.

The airfoi l mounting arrangement in the cascade is shown

• 
• • 

schematicall y in Fi gure 1. An array of tors i onal frequencies

are provided by attaching various thickness spring bars to

the trunnions . The double -trunn ion airfoils and spring bar

assemblies are mounted in plexi g las wind tunne l test section

ii



walls , thereby permitting schlleren flow visua li zat ion .

Driving arms are attached to the airfoi l trunnions which

are i n  turn driven by electromagnets controlled by an on-

line computer system , as described in References 2 and 3.

• In this manne r , the tors i onal frequency of the airfoils

and the i nterb l ade phase ang le are p recisel y controlled .

Strain gages mounted on the spring bars exhibit excellent

sensitivity to the tors i onal movement of the airfoi l , and

allow measured strain gage si gnals to be converted to

rotational amplitudes .

The choice of proper steady-state aerodynamic instrumenta-

tion is important to quantitat i ve l y determine the details

of the cascade stead y flow field. Sidewall static pressu re

• taps were used to establish the cascade inlet and exit

pressure distributions . This i nformation comb i ned with

schliere n flow visualization was used to establish the

steady-state periodicity. In addition , the static pressure

distributions on the suction and pressure surfaces of the

second and fou rth airfoils of the cascade respective l y,

were measured at the chordwise locations specified in

Table 11.

The center airfoi l (third ) of the cascade was machined to

I: permit the chordwise embedd i ng of twe l ve miniature Ku li te

• LQ series dynamic pressure transducers such that the airfo~ 1

- — -
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contou rs were preserved . This was accomplished by plac i ng

a thin pliable coating over the transducer diaphragms

- •  which resulted in no deprec i at i on in sensiti vity. The

• chordw i se transducer locations , presented in Table IV , are

schematicall y indicated in Fi gure 2. These flush mounted

transducers were staggered across the span of each surface,

as indicated in Fi gu re 3 which shows a view of the pressure

surface .

EXPERIMENTAL FACILITY

The Detroit Diesel Allison (ODA ) rectilinear cascade facility ,

shown in Fi gure  4, was conceived and built as a research

too l to evaluate the aerodynamic characteristics of compressor

and turbine blade sect i ons . The facility is a cont i nuous

flow , non-return , pressu re-vacuum type wind tunne l with the

test section evacuated by means of two prima ry steam ejectors .

Up to 10 Ibm/sec of filtered , dried , and tempe rature-controlled

air may be used ,

The major features of the facility include the following .

. Cont i nuou s operation for extended time periods

. A mechanized test section which permits a cascade

of airfoils to be rotated with the tunne l in

operation

L
-j
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• A schlieren optical system for visual observation

and photog raphy of the test section while the

facility is in operation

• A sophisticated instrumentation system centered on

- -  a laboratory-size di gital computer. The computer

prov i des on-line cont rol of data acquisition , data

- .  
reduct i on , and calculates performance parameters

while the test is i n  prog ress for both steady-

state and dynamic testing of airfoi l cascades .

• 
• 

In this cascade facilit y, the entrance flow to the test

sect i on is generated by fixed nozzle blocks yielding a Mach

numbe r of 1.50. The orientation of a wedge with respect to

this nozzle exit flow specifies the test section Mach numbe r,

i .e., the shock or expansion wave generated by the wedge

determ i nes the cascade inlet conditions .

The wind tunne l facility is completel y automated usin g a

dedicated di g ital computer. For steady-state and/or dynamic

I 
i nvesti gations , the computer is used for control of instru-

mentat i on , data acquisition , and data reduction . The computer

I and associated periphera l equ i pment were used in this i nvesti-

gation to:

I
I H
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a.

• Determine the steady-state flow parameters including

the inlet Mach numbe r, inlet air density, and instru-

mented airfoi l su rface static pressure parameters

- -  • Contro l cascade excitation such that a tors i ona l

mode is i mparted to the airfoils at a prescribed

frequency and i nterb lade phase ang le

• Di g itize the time-dependent strain gage and minia-

• turized hi gh response pressure transduce r si gnals

• at rates to 100,000 poin ts per sec ond

• Store permanent l y the cascade steady-state para-

meters and dynamic data on removable mag netic disks

• Control a dual channel storage oscilloscope to

prov i de an ana l og record of the time-variant pressure

transducer si gnals

• Cont rol a hi gh s peed mot ion p ic ture camera f or

~~~~~~ 

.. 
schl i eren movies of the uns tead y phenomena .

~ 

• •  • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~
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DYNAMIC DATA A C Q U I S I T I O N  AND ANA LYSIS

With the tunne l in cpe rat i on and the airfoi l cascade har-

monicall y oscillating at the prescribed frequency and i nter-

blade phase ang le , the time-variant strain gage and pressure

transduce r si gnals were di g itized at rates to 100,000 points

per second by a 16-channe l analog-di g ital converter and multi-

p l exer system , and stored on a magnetic disk . These di g itized

data were ana l yzed on-line to determine the fundamental aero-

dynamic characteristics of the unstead y phenomena. The para-

meters of interest are the amp litude of the airfoi l motion

and the pressure disturbance , the frequency, the interb i ade

phase ang le , and the phase differe nce between the unstead y

pressures and the airfoil motion as characterized by the

strain gage si gna l on the dynamicall y instrumented airfoi l ,

i.e., th’~ pressure phase shift data is referenced to the

mot i on of the dyna m i c a l l y instrumented center airfoi l in the

cascad e.

The amplitude of the airfoi l motion and the pressure dis-

turbance is determined by fitting a second order least square

function to the data , differentiating it , and evaluatin g the

H maximum. The pressure disturbance amplitude is then non-

dimens i onalized into an unstead y pressure coefficient , Ci,,

H as defined in Equation 1 .

tj 1~
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c —  = ( 1 )

~-pu
2 a ~-V M

2p5
ct

where p is the measured unstead y pressu re amplitude , p is

H the fluid density , U is the inlet ve l ocity, a s the tors i onal

• 
• amplitude of oscillation (in radians), v is the ratio of

specific heats , and p~ is the inlet static pressure .

The frequency of the time-dependent data is determined through

the autocorrelat i on funct i on . This function describes the

dependence on the values of the data at one time , X~, on the

values at anOther time , Xj+r~ 
The normalized autocorrelation

• function , Rxr ~ is defined in series form as

RXr = 

~~~ 
XiXi +r/i 

~~l 
X 1 X~ r = O,l ,2...m (2)

where:

X~ 
= X( iAt)

r = lag numbe r

N = total numbe r of dynamic data point s

m = numbe r of lags

1~~
The lag t i m e , At , is i nversel y proport i onal to the rate at

which the data is di g itized . A typical autocorre l ogram of the

di g iti zed da ta exh i b it s the fea tur es of a s i ne wave p lus

H . random noise. A second order least square function is fit to

_ _ _
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the data in the second positive peak of the autocorrelog ran .

• The i nverse of the time at wh i ch this least square function

is a maximum is equal to the frequency, f, of the time -

dependent data .

The phase difference of the pressure disturbance along the

airfoi l chord in relat i on to the airfoi l mot i on is calculated

through the cross-correlat i on funct i on. This function , for

two sets of data , X i., ‘
~

‘

~~~~ 

describes the dependence of the

values of one set of data on the other. The normaliz ed cross- h

correlat i on function , Rxyr~ 
is def i ned as:

N-r
Rxyr  = 

~~~ i= l 
X i Y i +r/

‘~~ X~Y1 r 
= — m , ...— l ,0,l ,...m ( 3 )

• i= 1

where the variables are defined ana l ogous to those in Equation

( 2 ) .

As in the frequency calculation , a second order least square

function is fit to the data in the first positi ve peak of the

cross-corre l ogram. The time , ti,, at which this least square

function is a max i mum is anal yticall y determined . The phase

difference , in deg rees, i s ca l cu l a ted as
• 

= t~, f 360 ( 14 )  

•--- ,•--•- ~- 
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where f is the frequency calculated for the airfoi l mot i on from

the strain gage data, utilizing Equat i on (2).

Two sources of phase relation discrepanc y are i nherent in the

electronic data acquisition system and correlation computation .

The analog-d i g ital (A/D) converter m ultip l exer unit does not

permit data to be di g itized simultaneousl y on all channels.

Consequent l y, an i nhe rent phase shift is introduced into the

physical data when the cross-correlation function operates on

the raw di g itized data . This phase shift , for the sinusoidal

data in this experiment , is directl y proportiona l to the “cut

rate” of the multiple xer , as shown in Equat i on (5):

~x~~y 
- I(

~
) 35O/Ra ( 5 )

where is the AD phase shift i nherent in the computation

between channels K~ and K
~. 

representin g the respective data ,

V 1 and X~ . The frequency, 
~x’ 

correspond s to the disturbance

in channe l K
~
, and Ra is the rate at which the data is be i ng

di g itized .

• Prior to acquiring data the electronic data acquisition system

is calibrated for phase shift , 9a’ using the AD converter and

the computat i on described in the foregoing . Therefore, tb’~

r phase difference of the pressure disturbance along the ai ; ‘oil

surface in relat i on to the airfoi l motion is

il l 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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This computational procedure results in a valid on -line data

ana l ysis system and provid es the experimentalist with meaning-

ful information with which to make judicious decisions during

the test. All anal yzed results are stored on a magnetic disk

for further examinat i on .

• • RESULT S

The procedure followed in this experiment inc l uded first ob-

tain ing a periodic stead y-state cascade flow field. This

perioc ticity was determ i ned by means of the schlieren f l o w

visualization and the sidewall static pressure taps located

at the lead i ng edge of each of the airfoils in the cascade.

• The resulting stead y-state lead i ng edge static pressure

variat i on of the airfoil cascade was less than + 2 percent .

Fi gure 5 is a schematic of the stead y-state cascade flow field ,

determ i ned from the static pressure measurements and the

H schlieren flow visualization . As indicated , the bow shock

intersects the suction surface of the adjacent airfoi l near

the trailing edge with the shoc k reflection as well as the

adjacent airfoils trailing edge shoc k intersecting the pressure

surface near m d-chord .

With the cascade periodicit y established , the stead y cascade

airfoi l surface performance was determined for the aerod ynamic

conditions of the unstead y experiments. These conditions are 

-- - -
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13 )
characterized by a 1.55 cascade inlet Mach number value aic

1 .05:1 and 1.30:1 static pressure ratios . The airfoil surf~c~
performance data for these conditions are presented in Fi gures

- 
6 and 7, respective l y. A1scrpresented are the p redictions cf

I the steady-state c3scade aerodynamic performance obtained from

the transonic , time-ma rching , steady flow ana l ysis of Reference

1 3. This ana l ysis considers the time-depe ndent Navier-Stokes equa-

I tions in conservation-law form which allows for viscous shoc k

wave formation . As can be seen from these fi gures , the steady

aerodynamic l oad i ng of the cascade is taken up by the t r a i l n g

.1 edge shock system, as characterized by the absence of any

I effects due to the inc reased l oad i ng indicated over: (1) the

lead i ng 42% of the pressure surface ; (2) the ent i re suction

surface. Overall the airfo il steady surface pressure distrL

I bution data correlates very well with the p redictions from

the transonic flow ana l ysis . The correlat i on is not as good

near to the l ead i ng and trailing edges, reg ions where the

ana l ysis does not accu ratel y model the profile of the ~i rfoi 1 .

Also , it should be noted that the current state-of-the-art

inviscid unstead y flutter aerodynamic mode l assumes a uniform

r steady flow field with small perturbations generated by the

harmonic oscillat i ons of zero thickness flat p late cascaded

airfoils , as previousl y discussed . Fi gures 6 and 7 demonstrate

clearl y the differences between this uniform stead y flow of the

F model and the actua l steady flow field.
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• Prior to oscillating the cascade , a quasi -sta tic exper iment was

undertaken to obtain the zero frequency limit of the unste~~’/

pressure coefficient for an interb l ade phase ang le value eçual

to zero deg rees . This was accomp lished by measuring the air-

foi l surface static pressure distributions with the cascad€d

airfoils in their nominal posit ion . The airfoils we re then

• I rotated and locked into a position correspond i ng to that 180 0

later in the 00 interb l ade phase ang le oscillat i on , and th€ F

resulting static pressure distribut i ons measured . This per-

mitted the chordwise distribution of the quasi-static unst~ -~:y

pressure coefficient to be determ i ned for each airfoi l sur face .

These results were then correlated with a qua’ i static pre~ ic-

tion based on inviscid supersonic flat plate theo -y as we 1 as

with one obtained from the time -march ing stead y tran sorl~ c ‘ Ic~~

ana l ysis of Reference 3. These quas i-stat ft pre dictions u~~-e

accomp lished by ma i ntaining the inlet flow vector and r ’tat i ng

the airfoi l cascade . It should be noted that this quasi-

static flat p late prediction is the zero frequency l imi t  ~

the cu rrent state-of-the-art supersonic unsta lled aerod yn aii ic

flutter ana l yses .
1~

• The quasi-static unstead y pressure coefficient data -predi ction

correlat i ons on the suc~Jon surface are excellent , as seen in

Fi gure 8. The discrepancies between the two predictions i n

the vicinity of the lead i ng and tra i ling edges is attributed

• to the fact that the time-m arching transonic anal ysis recr-’q-

nizes , to some extent , that the airfoils have a profile i~

these reg i ons, whereas in visc i d flat plate theory does no’.

• 
~~~~~~~

. 
~~~~~~~~~~~~~~ ~~~~~~~~~_ • •  -
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The quasi-static unstead y pressure coe~ficient data on the

airfoi l pressure surface correlates with the two predict iorE. ,

as indicated in Fi gure 9. However, these correlations are

not as good as those previousl y presented for the suction

surface . The 50.64 percent chord data point is under the

direct influence of the previousl y noted shocks which imp inqe

on the airfoi l pressure surface near mid -chord . Also , this

pressure surface data is offset in leve l as compared to the

quas i -static inviscid flat plate cascade prediction . However ,

the p rediction overall trends as well as the magnitude of

the inc rease in the value of the unstead y pressure coeffi-

cient across the mid-chord position shocks agree well with

the quasi-static data. The time-ma rching stead y flow anal y sis

• predicts a continuous , relative l y smooth , static pressure

distribution on the pressure surface at this leve l of l oad i nq ,

Fi gure 6. This results in the continuou s , smooth , quasi -

static unstead y pressure coefficient p rediction on the airfoil

pressure surface seen in Fi gure 9. Hence , the quasi-static

prediction based on the trarisonic ana l ysis does not correlate

as well with the data as the one based on inv scid supersonic

flat p late theory .

• ,. Upon comp letion of the quas i -static experiment , the airfoi

cascade was harmon i call y oscillated in a torsiona l mode a~

a reduced frequency (k = oJb/U~ ) equal to 0.14 for specified

• p •

• •• • • . • • • • • . .~~~~~ • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ • • .  
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i nterb i ade phase ang le va l ues. At selected points the casc~~ e

static pressure ratio was increased from the nomina l 1 .05:1

to 1.30:1 . Fundamental time-dependent aerod ynamic data were

then obtained , ana l yzed , and correlated with the predictions

from the cu rrent state-of-the-art cascade ana l ysis of Refer-

ence 4. This ana l ysis assumes smal l perturbations which are

gene rated by oscillating zero thickness flat p late cascaded

• airfoils in a uniform inviscid stead y flow fie ld. Predictions L.
were obtained for a variable blade-to-blade amp litude of

oscillation , accomp lished throug h i nput of the measured amp li-

• tudes into the ana l ysis. The chordwise distribution of the

• comp lex data and the correspond i ng prediction is presented i n

the form of an aerod ynamic phase lag as referenced to the

motion of the instrumented airfoi l , and the unstead y pres sure

coefficient , Ci,, defined in Equation 1.

Fi gures 10 throug h 21 present the time -variant chordwise

suction surface data and correlat i on with the variable amp li -  ‘

I

tude flat p late cascade p redictio n for interb l ade phase ang le

values between - 32 .3 ° and 193.8° and for two values of cas-

cade static pressure ratio. It should be noted that the

front portion of the suction surface is relati ve l y flat ,

with a small preconip ression reg ion l ocated near the lead i ng

edge .

H
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The aerodyn am i c pha se lag data is seen to be in excellent

ag reement with the flat p late cascade prediction over the

flat front port i on of this suction surface . Over the rear

half of this surface where the surface cambe r becomes si gni-

ficant , the data is seen to deviate from the flat plate p re-

diction . For i nterb l ade phase ang les near 145°, Fi gures 12

throug h 15 , it is seen that the suction su rface cambe r results

F in a decrease in the aerodynamic phase lag as compared to the

flat p late p rediction. For the other interblade phase ang les

i nvesti gated , the effect of the surface cambe r is to inc rease

the phase lag as compa red to the flat p late p rediction . The

absolute magnitude of the camber effect on the aerodynamic

phase lag data i s  seen to be approx i matel y equal for al l of

the cases , It is i nteresting to note that in this experiment ,

the cases for interblade phase ang les near 45° were much more

difficult to phys i call y set up, i. e., it was much more

difficult to achieve a constant interb l ade phase ang le in

• the vicinity of 145°.

The effect of increased aerod ynamic l oad i ng on the aerod ynamic

phase lag is demonstrated in Fi gures 14, 18 , and 20. As

seen, inc reased cascade static pressure ratio gene rall y

results in an inc reased phase Taa over the cambered port i .-’n

• of the suction surface .
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The chordwise trend of the suction surface unstead y pr ec sure

coefficient data is to decrease in the direction of the tra M-

ing edge. The data is inc reased si gnificantl y i n  va l ue over

the p rediction for the front of the surface , dec reasinq i n

va l ue and generall y approaching the flat p late p rediction near

the trailing edge. This is an interesting contrast to the

previous l y discussed phase lag data on this surface , in that

the phase lag data correlated well wi th the flat p late p re-

• diction over the front portion of this surface . A simi Jar

• trend has been previousl y noted i n  an experimenta l stud y of

this instrumented blade as an isolated airfoil, it was

speculated therein that this overall trend was caused by tne

lead i ng edge reg ion including the small precomp ress ion zone .

A l s o, Fi gures 14, 18 and 20 demonstrate that an inc reased

cascade static pressure ratio generall y results in an in-

creased unstead y pressure coefficient value over the rear of

this surface .

~~

‘ 

J Fi gures 22 throug h 33 present the time -variant chordwise pres-

-
‘ sure surface data together with the p redictions obtained from

the variable amp litude flat p late cascade p rediction . The

time-variant phenomena occurring on this su rface are ext reme l y

• - comp lex as a cambered ai rfoil surface with two imp i ng ing shoc k

waves are i nvolved , depicted schematicall y in Fi gure 5.

[

~ 

- - -
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• Generall y the aerodynamic phase lag data exhibits s ome cor ru~ a-

tion with the flat p late cascade prediction over the front

port i on of the pressure surface . The exception to this is

the phase lag data for the cases with an interblade phase

ang le near 145°, Fi gures 24 throug h 27. For these cases , the

• lead i ng edge phase lag data point , 14 percent chord , is

noticab l y decreased in value as compared to the second chordwise

data poi nt , 314.5 percent chord , as ~el i as the flat p late pre-

diction. On the suction surface , a discrepanc y was noted n

- • the trend of the phase lag data over the cambe red back portion

L of this surface for these same interb l ade phase ang le cases .

The pressure surface phase lag trend discrepan cy is observed

over the cambered front port i on of this surface . Thus , thi s

effect may be related to the influence of cambe r.

For the case of approx i matel y 0
0 interb lade phase ang le ,

Fi gure 23, the aerodynamic phase lag data at the rearwa rd thord-

L I  wise data points downstream of the two shock wave imp i ngement

locations , are in relative l y good agreement with the flat

p late prediction . For all of the other interb lade phase a r 1 ~
cases , Fi gures 22 and 28 throug h 33, the value of the aerl dvnarnic

phase lag appro~iches 360° i n  this trailing edge reg ion. T h i S

may be attributable to the physica l phenomena not mode l ed in

the state-of-the-art flat plate cascade ana l ysis. For ex .imple,

F
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the ana l ysis does not p redict the pressure surface imp nge

ment of the shock wave ori ginating at the trailing edge of

the adjacent airfoil. Also , the steady flow field is

model ed as a uniform flow with small unstead y perturbations

superimposed . The nonlinear ities of the flow field in-

clud i ng airfoi l camber, shock waves, their ref l ections and

mot i on , are not modeled . That this may be si gnificant is

reflected in the fact that the 0° i nterblade phase ang le

• case correlates well with the p rediction over the back

port i on of the pressure surface whereas the other interb l ade

phase cases do not . This 0° i nterb l ade phase ang le case is

special in that the shock systems do not i nteract with one

another. For the other i nterb l ade phase ang les i nvesti-

gated , this was not generall y the case.

Overal l , the unstead y pressure coefficient data on the pres-

sure surface shows a relative l y large decrease in value

between the lead i ng edge and the second chordwise data

• points , 11+ 0  percent and 314.5 percent chord , with this

second data point demonstrating reasonable agreement with

the flat plate prediction . The 65 percent chord data point

is located in the i mmediate vicinity of the imp i ng ing trail-

m c i  edge shock wave, hence the scatter exhibited by the data

at this chordwise location between the various interblade
• 
,

• V
phase ang le cases . Over the approx i mate aft 40 percent of

1
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the pressure surface, beh i nd the trailing edge shock inter-

section , the unstead y pressure coefficient data is in

reasonable ag reement with the flat p late cascade p redict i on .

The effect of inc reased aerodynamic l oad i ng on the pressure

surface unstead y data is demonstrated in Fi gures 26, 30,
-: and 32. As ind i cated , inc reased cascade static pressure

ratio generall y results in an increased aerodynamic phase

lag on the pressure surface , analog ous to the suction sur-

face results previousl y discussed .

SUMMARY A UG CONCL USI ONS

The unstead y cascade experiment directed at providing funda-

mental aerodynamic data necessary for the verificat i on or

the direction of refinements i n  the basic ana l ytical model

of unstalled supersonic torsional flutter in fans and corn-

pressors has been presented . This was accomplished by in-

vesti gat i ng an instrumented MCA airfoil cascade which model ed

the ti p section of an advanced des i gn rotor blade. The

steady airfoil surface aerodynamic performance was measured

at two l evels of aerodynamic l oad i ng and demonstrated very

good correlation with the correspond i ng p redictions obtained

• • from a time-ma rching , steady, transonic flow anal ysis. A

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

_ _
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quasi- static experiment was then conducted at a 00 i nter-

blade phase ang le value. The resulting quas i -static un-

steady pressure coefficient data was correlated with

appropriate p redictions from inviscic i supe rsonic flat p late

cascade theory as well as one obtained from the time-ma rching

transonic ana l ysis. The quasi-static unstead y pressure

coefficient data exhibited excellent correlat i on with both

¶ predictions in the suction surface . On the pressure sur-

face , however, the correlat i on was not as good , with somewhat

better correlation of the data obtained with the flat plate

p rediction .

The dynamicall y instrumented MCA airfoi l cascade was then

ha rmonicall y oscillated in the tors i ona l mode at an inlet

Mach numbe r of 1.55 over a range of interb iade phase ang le

values for two cascade static pressure ratios . The funda-

mental unstead y MCA cascade aerodynamic obtained were then

corre l ated with p red i ct i ons from a state-of-the-art unsteady

cascade variable blade-to-blade amplitude of oscillation

k . anal ysis. The chordwise aerodynamic phase lag data is in

• 
excellent ag reement with the flat plate cascade predict i on

over the flat front portion of the suction surface whereas

1’ the unstead y pressure coefficient data is inc reased in

value over the p rediction in this reg ion . Ove r the rear

F 
1 

ii cambered port i on of this surface the phase lag da ta 
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devia tes from the f la t p late prediction whereas the un-

s teady pressure coefficient data approaches the p redict i on .

The correlat i on of the flat p late p rediction with the un-

• steady data on the cambe red pressure surface is ext reme l y

complex. This is a result of the surface cambe r and the

imp i ngement of two shock waves on this surface . Generall y,

the phase lag data exhibits some correlation with the p re-

dict i on over the front portion of the pressure su rface.

The unsteady pressure coefficient data exhibits a large

dec rease in the l ead i ng edge reg ion of this surface ,

• approaching the predicted value . Over the aft port i on of

this surface where the imp i ng ing shock waves are si gni-

• ficant , the phase lag data correlates with the p rediction

for the case where the two shock systems do not i nteract .

When these two systems do interact , the flat p late prediction

and the phase lag data do not correlate .

Fri
It should be noted that many of the trends of this MCA un-

• steady data have been previousl y noted . The inc reased values

of the unstead y pressure coefficient in the lead i ng reg ions

were found in an isolated airfoil i nvesti gation using this

same airfoil. Als o, Reference 6 presents the results of an

unstead y cascade experiment wherein the airfoils were fixed

but the upstream wedge was oscillated to generate an unstead y 

~ . . 
• . • • • • . ~~~~

• •
~~~~~~~~~~~~~~~~~~~~~~~ 

• •
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inle t flow field. The same MCA p rofile blad i ng was used ,
- 

althoug h not the same instrumented airfoil. Therein are

p rese nted aerod ynamic phase lag and unsteady pressure

magnitude data in the pressure and suction surfaces wh i ch

show a remarkable similarity in trend to the data presented

• here in.

F 1
T i
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CHORD 2.50 I NCH (6.35 CM)

SOLIDITY 1.21 Y

MAXIMU M THICKNE SS/CHORD 0.03

MAXIMUM THICKNESS LOCATION 50% CHORD

• SETTING ANGLE 66.09° (1.15 RADIANS)

- LEADING EDGE RADIUS/CHORD 0.0015

- 
TORSIO NAL AX IS  LOCAT I ON 50% CHORD L

S TABLE I. CASCADE PHYS I CA L PARAMETERS

I ’
I (

~

I- j j ~j
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I
I

SUCTION SURFACE PRESSURE SURF A CE

X/C* Y/C~ x/C~ v/ct

0.00 0.86 0.00 0.71
1. 5.21 0.98 6.29 0.04

11.53 0.96 12.59 - 0.53
17.84 0.96 18.90 - 1 .00
24.14 0.97 25.21 - 1.37

1 30.45 0.99 31.53 - 1 .64
36.75 1 .02 37.85 - 1.81

1 43.05 1.08 414.18 - 1 .88

49.35 1 .12 50.51 - 1 .85

55.65 1.22 56.83 - 1.72
61.95 1.31 63.15 - 1.48
68.25 1.141 69.1+7 - 1 . 15

1 714.55 1 .53 75.78 - 0,71
80.88 1 .62 82.06 - 0.25
87. 21 1.58 88.36 0.16
93.53 1 .38 914.66 0.50

1 99.85 1.02 99.86 0.88

I
*Ex pressed in pe rcent .

1~ TABLE II . MCA A i RFOIL PROF i LE COORDINATES

1
1.

- • -- --- - - -
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PRESSURE SURFA CE SUCT I ON SURFA CE

13.99 14.05

24.08 24.14

32.93 32.97
4 1.79 41 .79

50.64 50.61

67.08 66.99

75.92 75.81

84.72 84.67

TABLE I I I .  PERCENT CHORD LOCATIONS OF A IRFOIL
[1 SURFACE STATIC PRESSURE TAPS

- -~~~~~—•—~~~~~~~~~~~ -• •---—•-,~~~~~~ -• -~~~~~~~~~ •~~~~~~ - - • • - .-~~~~~~~~~~~~~~~— -•- •— •~~~~~~~ -- • •  - • - •-
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I
PRESSURE SURFACE SUCT I ON SURFACE

14.0 36.0

34.5 55.0

65.0 65.0 h
75.5 74.5 •

87.0 85.0

I i

TABLE IV. PERCENT CHORD LOCATIONS OF AIRFOIL
SURFACE DYNAMIC PRESSURE TRANSDUCERS

_ _ _ _  
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S U C T I O N  SUR FACE
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FIGURE 6. A I R F O I L  SURFAC E STEADY AER ODY NA M I C
PE R F O R~1ANCE FOR AN INLET MACH NUMBER
OF 1.55 AND A CASCADE STATIC PRESSURE
RATIO OF 1. 05:1 
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0.6.

0 DATA
li” P R E D I C T I O N ~

3
~

PRESS UR E SURFACE
- 0 DATA

— PREDI CT ,rI~

~~ 
•1u...uuuuu iuuii ,i~~” 0w 

~ - 0
If)
— 

~0~

:::~Cl)
(I,w

-

Ii-

-0. 1+ 
I

0 PERCENT CHORD lOC

~ r

FIGURE 7. AIRFOIL SURFACE STEADY AERODYNAMIC
PERFORMANCE FOR AN INLET MACH NUMBER
OF 1.55 AND A CASCADE STATIC PRESSURE
RATIO OF 1.30 :1
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a i r f o i l  surface aerod ynamic performance of the cascade was mea-
sured at two leve ls  of aerod ynamic J oad i nq and c o r r e lated  t ,11t K
th€ p red i c t i ons  from a t ime-marc hing , stead y, t rans l rn i c  f 1~ wa-i~- l y s i s . The chordwis e d is t r i b u t io p  of ti- c q u a s i - s t a t i c  un-
stead y pressure coe f f i c ient for a O~ in te rb lade phase ang le ~- - as
then determ ined and co r re la ted  w i t h  two appropria te p - edic ti c d s :

-

- _ one based on the stead y t ranson ic  ana ly s i s  and the-o the r on
• s tead y i n v i s c i d  su personic  f l a t p la te theory . Fin a l l y, the MCA

cascade was harmonicall y osci llated in the tors i ona l mode at a
redu ced frequency value of 0.14. The fundamental unstead y aero-
dy nam ic data was -~~er obtained at a Mach numbe r equal to 1 .55

• ove r a range of interb lade phas e an g les for two values of the
cascade static pressure ratio . These unstead y result s we re ther-
correlated with the predictions from state-of-the-art unstead y
f l a t p la te casc ade anal yses .
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