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ABSTRACT

As- part of a joint technical effort involving North Carolina

State University and United Technologies Research Center, an experi-

ment was conducted to measure the response of an isolated turbomachine

rotor to a distortion in inlet axial velocity. A once—per—revolution

sinusoidal variation in axial velocity with an amplitude of approxi-

mately twenty percent of the average axial velocity was generated by

an upstream screen. The response of the rotor was studied using

pressure transducers and skin friction gages mounted on one of the

rotor blades’ and a velocity probe at the rotor exit plane as well as

with standard stationary frame pneumatic instrumentation.

The rotor was operated in undistorted flow to establish the

quasi-steady behavior of the compression system. When the air inlet

angle was reduced past a certain limi t , the rotor began to experience

rotating stall. When the rotor was operated in distorted flow, the

pressures on the surface of the instrumented blade were observed to

vary as a funct !ion of the instantaneous inlet an~le~ These variations

were greatest at the leading edge of the airfoil and became smaller

toward the trailing edge. This concentration of activity in the

leading edge region is more pronounced than has been observed for

isolated airfoil.. As the instrumented blade traversed the distortion,

it was observed to operate transiently at inlet angles below the

quasi-steady stall point in an apparently unstalled condition.

At these lover inlet angles, a separation bubble was found to exist

on the leading edge of the blade.

I
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Velocity measurements made at the rotor exit plane in undistorted

flow at moderate incidence angles indicated that the flow was essen-

tially two—dimensional with no radial flow being measured except in

the blade wake regions. This was not the case for similar incidence

angles in distorted flow in which case significant radial flow

components existed. The circumferential exit angle in distorted flow

was found to lag the steady state exit angle. However, the variation

of exit angle as a function of inlet angle in distorted flow did not

have the same character as for undistorted flow. The observed

differences are attributed partly to the three—dimensionailty of the

distorted flow field and partly to some measurement errors associated

with the geometry of the probe.

The peak pressure rise generated by the rotor was lower for

distorted flow than for uniform inlet flow as should be expected .

However, at high blade loading the pressure rise was less than the

peak value for both undistorted and distorted flow, but was greater

for distorted flow than for undistorted flow. It is believed that

the ability of the blade to operate transiently beyond the steady

state stall point is responsible for this behavior .

I
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INTRODUCT ION

I
An aircraft propulsion system must be capable of operating

smoothly and efficiently in all parts of the aircrafts’s flight

envelope . This means that at some point every engine will be forced

to operate with non—uniform inlet flow. For example , military

aircraft which are sometimes required to execute violent maneuvers

may experience inlet distortion generated by the aircraft attitude .

Weapon firing is another source of distortion peculiar to military

aircraft. One source of distortion which is c ommon to all aircraft

is ground operation or takeoff in a crosswind or in gusts. The

result of operation with non—uniform inlet flow may be a simple loss

of performance or, in extreme cases , the triggering of compressor

stall. Since any loss of thrust under the previously described

circumstances may have serious consequences , the engine designer is

faced with the task of creat ing a compression system which is insen-

sitive to inlet distortions . That is, the loss in pressure rise

associated with distortion must be small and the tendency of the

compressor to stall under the influence of distortion must be mini-

mized . Furthermore , the operat ing conditions at which some type of

compressor stall might be expected to occur must be known so i~~at

they may be avoided . Finall y, in the event that the compressor

does become stal led , it must be possible to recover from stal l with a

minimum of effort and as quickl y as possible.

-.—-.-.-—-- -- -- -—- — —~~ -~~~- - — - - - — .- -- --- - - -~~--— -----
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In order to better understand the inlet distort ion problem , a

more detailed discussion of compressor stall is in order. Compressor

instabilities appear in two distinct forms known as surge and rotating

stal l (Ref. 1). These two pheomena are described in detail in Ref.

2. The description of surge and rotat ing stall as presented in the

subsequent paragraphs is essentially a summary of that presented in

Ref. 2. Surge is fundamentally a timewise excursion in the mass flow

through the compressor simu l tan eous ly involving the entire compressor.

On the other hand , rotating stall consists of one or more regions of

severely retarded (or even reversed) flow which rotate around the

annulus. These two types of behavior are illustrated in Fig. 1. It

is important to the designer to be able to predict which mode of

instability will occur because the nature and hence the consequencs

of these two modes of instability are quite different .

It h as been st at ed that surge is a timewise excursion in the

mean mass f low thr ough a compressor. As such , it is a relative ly low

frequency phenomenon (frequencies of one or two cycles per second are

typical) which involves large excursions in the annulus—averaged mass

f low.  In fac t , the condit ions may be such that ro ta t ing s ta l l  occurs

during part of each surge cycle. Surge can lead to excessive inlet

overpres sure s resulting in damage to eng ine components. Since the

exc~ rsions in mass flow during surge are large , it is very possible

that the compressor will operate in conditions normally associated
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ROTATING STALL SURGE

CIRCUMFER ENTIALLY NONUNIFORM FLOW AXIALLY OSCILLATf NG FLOW

ONE SECOND ONE SECOND

INLET HOT WIRE OUTPUT

FIG. 1 POSSIBLE MODES OF INSTABILITY ON STALL LINE -
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I

with uns tal led  f low over part of the surge cycle. Recovery from

I surge mi ght  be possible by chang ing the throttle setting or opening

internal bleeds.

In contrast , the unsteadiness associated with rotating stal l is

I more localized . Once a rotating stall system becomes stable , the

annulue—averaged mass flow is constant with time. One or more

regions of severely retarded flow develop and rotate around the

I annulus. They may extend over the ent ire span of the blading or

cover only part of the blades (for example , only the hub region migh t

be involved). The circumferential extent also varies from a few

blade gaps to perhaps half of the annulus . The frequency of the

rotating stal l phenomenon is typically an order of magnitude greater

than that for surge. A rotational speed of approximately half the

rotor speed is common. The variations in instantaneous inlet angle

(and hence blade loading) as the stal l cell or cells propagate around

the rotor can be quite severe . Prolonged operation in rotat ing stal l

may thus lead to fat igue failure in the compressor blading . Recovery

from rot at ing stall can be much more diffi cult than recovery from

p surge because the compressor does not operate in conditions normally

associated with unstalled flow at any t ime during the occurrence of

rotating stall.

As a background for the present experimental effort , the perfor-

mance of a rotor in distorted , but unstalled , flow will first be

V.
-- -4
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considered . In part icular , a circumferential distortion in the inlet

axial velocity will be discussed , because this type of distortion has

been found to have more pronounced effects on rotor performance.

This topic has been extensivel y investigated both experiment al ly and

analytically by a number of authors. A good sampling of various

approaches that have been used may be found in Ref. 3. References 4

and 5 provide a further bibliography of background material . The

analytical investigation of the performance of a rotor undergoing

distortion must account for the fact that , although the distortion

field is steady, the blades themeelves are subjected to an unsteady

flow as they traverse this distortion . Their behavior may therefore

depart considerably from their undistorted performance characteristics,

especial ly when the blades are heavily loaded . As an example of this

phenomenon , the unsteady total pressure loss of a compressor operating

in distorted flow is shown in Fig. 2 (taken from Ref. 6). This curve

also points out another import ant aspect of the unsteady flow field

in that the rotor is seen to operate transiently in an apparently

unstalled condition at inlet angles which would normally result in

stall for undistorted inlet flow.

Many methods have been used to model the blade rows of a turbo—

machine and to include unsteady effects. Adamczyk (Ref. 7) modelled

the b lade row as an actuator disk for which the exit flow angle and the

total pressure loss across the row were given as funct ions of the inlet
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angle for stead y flow. The unstead y effects were modelled as simple

time lags applied to the steady characteristics. Colpin (Ref. 8)

extends this type of analysis to compressible flow . Both Adamczyk

and Co lpin assumed that  the flow through the blading was two—dimen-

sional and that the blading could therefore be treated as a cascade.

Recent work (Ref. 9) has applied the actuator disk approach including

three—dimensional effects. This analysis is capable of explaining

t rends obs erved in experiment al dat a wh ich cou ld not be exp la ined by

two—dimensional theories . Three—dimen sional e f f e c t s  in swirling

fl ows were the sub je ct of an an aly t ica l  and experimental investigation

carried out by Creitzer and Strand in Re f .  10. This investi gation

also led to the conclusion that  certain types of flows are inherent l y -

three—dimensional and can not be handled using two—dimensional

theories. In a d i f f e r e n t  approach , Plazzaw y (Ref .  6) modelled the

compressor undergoing distortion as several compressors in parallel

with different inlet conditions but a common outlet condition . These

few papers are fairly representative of the analytical work being

done in this field. To check the validity of the analyses and , in

some cases , to provide input data , it is necessary to hav e a body of

experimental dat a representative of the conditions being modelled .

Some authors have conducted purely experiment al studies of the

response of turbomachine blading to inlet distortion . Bruce and

Henderson (Ref. 11) have used a force balance to measure the unsteady
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l i f t  and moment on a blade in an isolated rotor for sinusoidal

I d i s to r t i ons  in in le t  axial  v e l o c i t y .  The uns t ead y pressu res on the

I 
su r face  of a blade were measured b y Peacock ( R e f .  12) us ing an a r ray

of m i n i a t u r e  pressure t ransducers . These measurements  were carr ied

I out itt a low hub—to—ti p ratio compressor with square—wave and some

sine wave type distortions . A different approach was taken by

- 
Molkelke (Ref. 13) who attempted to derive the unsteady blade lift

I from measurement s of absolute flow quantities. He investigated the

response of the blading to square wave distort ions and to forward and

- backward ramp type distortions. The results for the ramp d i sto r t ions

I were found to d i f f e r  depending on which way the tot al pressure defect

- was penetrated . The unstead y pressure response of ca sc aded b lade s to -

gusts was examined by Satyanarayana (Ref. 14) in a t unn el where the

b lades remained s t a t ionary  while the tunnel ’ s cei l ing and f loor were

moved . The result ing gusts were primaril y non—convecting whereas the

inlet distort ion problem is essentially a convected gust problem.

I The experimental apparatus  also res t r ic ted  the invest igat ion to very

- low reduced frequencies . 1(ool, Dc Ru yck , and Hirsch (Ref .  15) have

made measurements of the wake profiles downstream of a compressor

rotor in undistorted flow and Colpin and Kool (Ref. 16) have made

• similar measurements under the effects of a triangular distort ion

pattern . It was noted that the wake shapes and the exit flow angles

I were strongly influenced by the presence of the distortion .

I.
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Some of the work which has been done on compressor i n s t a b i l i t i e s

will now be considered. As was previously mentioned , these instabil-

ities might appear as surge or rotat ing stall. The first quantitative

measure of when a given mode will occur was presented by Creitzer

(Ref. 2). The theoretical derivation which lead s to this prediction ,

however , requ ires the compressor performance curve (Fi g. 3) as an

/
/

B

_ _ _ _ _ _ _ _

MASS FLOW

FIG. 3 TYPICAL COMPRESSOR CHARACTERISTIC

input . Note that there are basicall y two branches in the typical

curv e shown. These correspond to unstalled and stalled operation ,

respective ly. There is a range of inlet conditions where either

stalled or unstalled operation is possible with a large hysteresis

—
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loop apparent between stall onset (point A to point B) and stall

recove ry (point  C to point D ) .  Since both surge and r o t a t i n g  s t a l l

are strongl y dependent on the shape of the curve in the vicinity of

this hysteresis loop , it is import ant to know the overall features of

the performance curve for  both s t a l l e d  and u n s t a l l e d  f low i nc lud ing

the hysteresis aspect. A method which is ab le to predict the basic

features of these hysteresis loops based on the compressor desi gn

parameters is described in Re f .  17. At present , the method involves

a great deal of empiricism. There is still much additional work to

be done.

The rotat in g s ta l l problem has also been the sub ject of some

stud y. The flow in a compressor undergoing rot at ing s t a l l  is unstead y

• even in the stationary reference frame . Thus, the pneumatic instrumen-

tation commonl y used to measure the time—averaged pressures in stead y

[ flows is not generall y app licable . As pointed out by Be nne t t  ( R e f .

18), the use of these averaged pressures may lead to sign i f i can t

er rors in veloci ty  and f low angle measurements if there are large

var ia t ions  in the pressures and veloci t ies  in que~st ion . The d i f f i -

cul t ies  involved are greatest in dealing with  on—blade measurement s

made in a non—uniform flow f i e l d .  Without unstead y ins t rumenta t ion ,

one can only obtain average pressures (and hence normal force and

pi tch ing moment ) at an average inlet angle. This type of data does

not adequatel y describe the aerodynamic response of the blade to the

• p
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distortion . Pneumatic instrumentation can be used to me asure

performance parameters in the stationary reference frame and can be

quite useful when used in conjunction with high response instrumenta-

tion (c.f. the experime nta l  work reported in Ref .  2 ) .  Sexton ,

O’Brien and Moses (Ref. 19) have developed a telemetry system and

have used it in conjunction with miniature pressure transducers to

make on—rotor  s tud ies  of r o t a t i n g  stall. This system is necessaril y

channel limited and has a restricted bandwidth.

It is obvious that further extension of the analytical efforts

previousl y described requires the availability of good experimental

dat a both as an input to the theories and as a check on the i r  accuracy .

Therefore , North Carolina State University (NCSU ) and United

Technologies Research Center (UTRC) have embarked on a joint project

under  the  sponsorship of the Air Force Office of Scientific Research

(AFOSR) to s tud y ana l y t i c a l l y and exper imenta l l y the respo nse of a

compressor stage to an inlet distortion . The work reported herein is

the  f i r s t  of several p lanned exper imenta l  i nves t iga t ions  of th is

phenomenon us ing UTRC ’ s Large Scale Rota t ing Ri g (LSRR ) .

-I
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EXPERIMENTAL FACILITY

Large Scale Rotating Rig

This experiment was conducted in the Large Scale Rotat ing Rig

(LSRR) located at United Technologies Research Center (UTRC) in East

Ha r t f ord , Connect icut . The LSRR was orig ina l l y des igned to provide a

f a c i l i t y  which would be of s u f f i c i e n t  size to permit  resolut ion of

endwall f low s , possess a high degree of flexibility in regard to the

con f i gur at ions wh ich can be tested , and enable measurements to be

made dir ectly in the rot at ing reference frame .

Overall arrangement of the f a c i l i t y  is shown in Fi g. 4. Flow

enters the rig through a twelve foot diameter inlet. A six inch

thick section of honeycomb material is mounted at the inlet face to

remove any crossf low e f f e c t s .  The inlet  contracts  smoothl y down to a

cros s sect ion five feet in diameter with the flow then passing

through a series of fine mesh screens. Immediately downstream of the -

screens is a tele scop ing section which slides axial ly to permi t

access to the test section . The test sect ion is five feet in di ameter

wi th large segments of the outer casing constructed of Plexiglas to

facilitate flow v~sualization , holography, or laser—velocimeter

studies. Ax~.al length of the test section (excluding the hub spinner

length) is three feet . The rotor is mounted to a shaft cantilevered

from two downstream bearings thus providing a clean flow path to the

most upstream blade row. A hydraulic motor capable of turning the

H 

. 
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shaft at 800 rpm drives the rotor. Downstream of the test section ,

flow passes through an annular diffuser into a centrifugal fan and is

subsequently exhausted from the rig. A vortex valve mounted at the

fan inlet  controls  the flow rate.

F The conf igura t ion  tested in th is  experiment was an isolated

rotor with a hub—to—tip ratio of 0.8. The rig had previousl y been

used only with models which involved a stat ionary set of inlet guide

vanes upstream of the rotor and these vanes had been used to support

the hub sp inner which was also st a t i ona ry .  Furthermore , no provision

existed for  mounting a d i s tor tion  generat ing screen. The modif ica-

t ions to the ri g necessary to suppo r t the hub sp in ner wi thout the

inlet  guide vanes and to provide a place for mounting the distortion

screen are shown in Fig. 5. A large bearing was added on the front

of the ro tor shaf t to support the rear of the hub sp inner.  A spacer

r ing was ins ta l led  between two segment s of the hub sp inn er so the

forward’ junction coincided with the joint in the outer casing between

the test section and the telescop ing section upstream . The d i s to r t i on

sc reen yas ins t a l l ed  at th i s  locat ion to support the fron t of the

sp inner and • r e s t ra in  i t  from rot a t ing .  When the rig was run wi thout

d is tor t ion , a screen frame (wi thout  any wire screening instal led ) was

used in p lace of the d is tor t ion  screen to perform this support

function .
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I 
The rotor had 28 blades with a span and chord of 0.5 feet . Each

blade consisted of an eigh t percent NACA ~5—series thickness distribu—

I tion superimposed on a 50-degree circular-arc mean camber line. The

blades were installed with a midspan stagger angle , 4, of 30 degrees.

The gap—to—chord ratio at midspan was 1.01. The blade cross section

J at midspan and the relative frame velocity and flow angle nomenc lature

- 
are shown in Fig.  6.

The LSRR was operated at a constant corrçct~d wheel speed of 600

1 rpm throughout the experiment . The me an :n le t  ai.gle was varied by

changing the flow rate with the downstream vortex valve . The circum—

ferential ly averaged axial velocity in the test section was varied

( between 75 ft/sec and 170 ft/eec , resu l t ing  in a blade Reynolds

number of approximately 0.5 x 106. This value is comparable to

that found in an actual turbomachine. Therefore, although the flow

[ is admittedly incompressible , both the blade geometry and the Reynolds

number are representative of the blading in the h igh compr essors of

current engines.

p Distortion Screens

The, inlet distortion imposed on the rotor in this experiment was

a nominal 20—percent , once—per—revolution , sinusoidal variat ion in

the inlet axial velocity. This distortion was generated by a screen

consisting of segments of wire screening of various meshes attached

to a support frame. L~~~ ~sign of the distort ion screen follows the
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work of Bruce (Ref. 20). Using the equations presented in Ref. 20, a

resistance coefficient distribution for the screen was calculated

which would give the desired distortion . Various meshes of wire

screening were chosen so that twelve different values of resistance

coefficient could be obtained using one or more of the meshes. The

desired distribution and that actually obtained are shown in Fig. 7.

Instrument ation System

One of the most important aspects of any experimental program is

the instrument ation system . It must provide accurate measurement s

with a minimum of attent ion. Part of the instrument ation used in

this experiment was mounted inside the rotor hub of the LSRR and

rotated with the rotor , thus imposing additional constraint s on size

and durab i l i ty .  Furthermore , the li mi ted number of slip rings

available to interface the ro ta t ing equipment with the stationary

equipment was a key fac tor  in many of the decisions made during the

design phase. The system described below was the result of consider-

able experimentation . - While no single component was total ly new , the

manner in which the various pieces of equipment were combined was

unique and effective. Some of the techniques originally developed

for the inlet distort ion experiment have found application in other

experimental programs at UTRC .

I
I.
I.
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Pneumatic Instrumentation

Normal instrumentation for the LSRR consists of stationary and

rot ating reference frame pneumatic probes and tap s connected to

scani—vaives to measure the time averaged pressures at various points

in tl~é
4 f ow field. The stationary trame pneumatic inbLruuieI,L~~~L i uII

was ~mj l yed to measure s ta t ic and to ta l  pressur n an t point

~~rcum fe en t i a l  array upstream of the rotor an he static p ure

~~ t a
1
~~im lar array downstream of the rotor, low angles upstre and

~~wn8t8
re in of the rotor were measured at single circumferential

~~cation using pneumatic wedge probes. e location of the stationa
I-

~~am~
6in ument at ion is i l l u s t r a t e d  Pia~~8. In the rot at i ng

DESIRED DISTRIBUTION

refe5~nc -f e, one blade was in ~~~~~~~~~~~~~~~~~~~~~~~~ in a

Gaussian array ef. 21) at it midspan . The details of the six—

0.2 -

element rray emp lo is experiment and the measuring station

nomer~ la ure isj  given 1in Fig1 9 and 1 Table .~~~ By prescri1b ing t 1~e

s ta t ionJ~at wh4Qh th B~~ress~1~~ s on1~~~e su~~~ ce o?4~ he ~~~de aleoto ~~o

measu red , la rge gains may be realized in the accurac y of the inte—
CIRCUMFERENTIAL ANGLE . 6 . DEG

grated normal force and pitching moment coefficients. An accuracy on

the order of three percent should be realized wi~th the six—element

arP~~. L~~
e **N~WCde~PIC~~Qt D?~~RIBUT ION OF DISTORTION SCREEN

Unsteady Instrumentation

To measure the fluid dynamic response of the rotor to the inlet

distortion , it was necessary to provide high response instrument ation

F
— - •— ——— - • - — — — - - • - — -~~ - — - - ————_ ~ —~~-— — • _________________________________________
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TABLE I

GAUSSIAN POSITIONS AND WEIGHTING FACTORS

Station

1 ,7 0.0337652 0.0856622

2,8 0.1693953 0.1803808

3,9 0.3806904 0.2339570

4 ,10 0.6193096 0 .2339570

5,11 0.8306047 0.1803808

6,12 0.9662348 0.0856622

Note:  Stat ion numbers 1—6 are on the suction surface

and numbers 7—12 are on the pressure surface .

- 

~
_I

I
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in the rotating reference frame . Since no such instrument ation

ex i sted , it was necessary to design a package which could make the

de sired me asurements. Parameters of interest  were:

I. Rotor blade surface pressures

2. Rotor blade transient surface flow phenomena

3. Pressures and velocities in the near wake of the rotor.

The rotating frame instrument ation in the LSRR was interfaced to

the stat ionary f rame throug h a sl i p ring package . A system was

evolved which maximized the number of channels of information which

could be obtained with the limited number of slip rings available and

simultaneousl y minimized the noise contamination prob lems commonly

experienced wi th sli p rings. The basic idea was to p lace a l l  the

si gnal condi tioning and amplify ing equipment necessary to produce a

hi gh level , single ended signal inside the rotor hub . After a

limi ted number of slip rings were dedicated to supplying power and a(
common output reference , onl y one sli p ring was needed to transmit

each channel of data. Furthermore , by keeping the current through

the s l i p rings which transmit the data to a minimum , i t was possible

to virtuall y eliminate the electrical noise normally genera ted by the

vary ing contact resistance which is inherent in the sli p r ings .

Power Supplies

An unregulated direct current power supply icoated in the

stationary frame produced posi tive and negative outputs of twenty

.‘
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volts with respect to a common ground with a current capability of

three amperes. The power was brought onto the rotating frame through

the sli p rings where it was regulated to produce the necessary

vol tages for driving the various pieces of equipment . As shown in

Fig . 10, three regul ators which prod uce plus and minus fifteen volts

were used to power the constant temperature anemometers and pressure

transd ucer amplifiers. A separa te ten volt regulator provided

exci tation to the pressure transducers themselves. Schematics for

the regulators are presented in Appendix I.

Surface Pressure Measuring Sys tems

Uns tead y pressures on the surface of one of the rotor blades

were measured using miniature pressure transduc ers. The units used

in this experiment were Kulite LQ—64—125 ± 5D transducers which have

an exceptionall y hi gh sensi tivity at the expense of a slightl y hi gher

than normal drift rate. The installation of a typ ical transd ucer is

shown in Fig. 11 . The transd ucers which measure the pressures on the

suc t ion surface of the blade were inserted from the pressure surface ,

and vice versa. The transducers were installed with Duco cement and

pressure sealed with model airp lane dope. The depressions in which

the transducers rest were filled with a mixture of model airplane

dope and t a l c u m  powder almost to the surface of the a i r f o i l .  When

th i s  compound had cured sufficientl y, a layer of epoxy putty was

applied and sanded to the airfoil contour . This process resulted in

I
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FIG. 11 INSTALLATION OF PRESSURE TRANSDUCER IN BLADE

an extremely smooth surface which offered minimal disturbance to the

flow. Also , transducers were readil y recovered by chipping away the

epoxy layer and dissolving the remainder of the potting material with

acetone .

As was previously mentioned , the regulator supplying excitation

to the transducer was mounted inside the rotor hub . Each transducer

was connected to a thermal compensation network (Fig. 12) which was

designed to min imize  thermal induced d r i f t . The transducer output

was connected to an ampitfier with a fixed gain of 100. The circuit

for this amplifier is included in Append ix II along with a brief

circuit description . The amplified signal was brought off the

rotat ing frame through the slip ring assembly to the stationary frame

instrumentation . The time averaged portion of the signal (which was

not needed because the time averaged pressures were measured with

pneumatic instrumentation) were removed by passing the signal through

V..
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a high—pass f i l t e r  with an appropriate c u t o f f  frequency. A calibra—

tion relay allowed either this filtered signal or a calibration

voltage to be applied to the input of a variab le gain instrument ation

amp l i f i e r  so that  the system could be recalibrated every time the

instrumentation a m p l i f ie r  gain ~as chan ged . (The cal ibrat ion proce-

dures will be discussed in more detail in a subsequent section.) The

output of each of these instrumentation amplifiers was connected to

one of the tape recorder inputs.

Skin Fric tion Gages

Transient surface flow phe nomena were monitored by Micro—

Measurement s ECT—50 heated—film skin friction gages bonded to the

sur face of the blade ad jace nt to each of the pressure transducer

locations . Wiring for the skin friction gages was kept below the

surface  of the blade to minimize flow disturbances due to the instru-

ment ation . The gages operated in the constant temperature (constant

resistance) mode by anemometer modules located inside the rotor hub

(Fig. 13). These anemometers were design ed especially for th is

experiment and were made as simple and durable as possible so that

p they could withstand the acceleration loads encountered in the rotor

hub . A schematic diagram and brief description of the circuit are

included in Appendix III. The output of an anemometer module was

relative ly high in amplitude and needed no further amplification .

After the signal had passed through the slip rings , the time averaged

~1
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component was removed by a low pass fil ter. No atteiapt was made to

recover this time averaged part because the skin friction gages were

used only for qualitat ive information. The unstead y portion of the -

signal  was th en routed th r ough the calibration relay to the recording

equ ipment .

Rotat ing Frame Wake Probe

A wake p robe consist ing of a triaxial hot—film probe to measure

veloc i t y  and f low angles and a pressure transducer to me asure total

pressure was mounted immediately behind the rotor in the ro ta t ing

reference frame (Fi g. 14) . The hot—film probe was a modified un i t

TOTAL PRESSURE PROBE

TR I A X I A L  HOT . F P L M PR OBE

I

r

FIG. 14 WAKE PROBE USED IN LSRR I
manufactured by Thermo Systems , Inc . and designated TSI 1296 11. Its I
sensors were operated in the constant temperature mode by anemometers

II
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of the same type as those used with the skin friction gages (Appendix

III). These anemometers were packaged differently because they were

mounted in a different area of the hub than the others . As in the

case of the skin friction gages , the anemometer output needed no

further amplification and was routed through the slip rings to the

stationary frame instrumentation . The time averaged portions of the

signals were read from a digital voltmeter and manually recorded.

Thus, even though the time—averaged portions were not recorded on

tape , they were available so that the complete signals could be

subsequently reconstructed . The remainder of the circuitry was

identical to that used for the skin friction gages.

The total pressure in the wake was measured by a Kulite XCQL—093—

25A pressure transducer mounted in a sharp edged tube (Fig. 15). The

~(.çLJf f f f fJ fJf~ (f f f f i’
I I XCQL —0 93 — 25A
V ________________________

0.093 1.0. STAINLESS
STEEL TUBING -

WIRES

FIG. 15 KULITE TOTAL PRESSURE PROBE

F
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circuitry used with this transducer was ident ica l  to that  employed wi th

the blade pressure transducers. In this particular instance , it was

desired to obtain the steady as well as the unsteady portion of the

total pressure from the transducer; consequently, the high—pass filter

should have been switched out of the circuit. However , it was acci-

dent al ly left in the circuit and only the unstead y part of the signal

was recorded .

Data System

Unsteady data were recorded on the UTRC Analog Recording System -

(ARES), consisting of two fourteen—channel FM t ape recording units and

their associat ed amp l i f ying and control equipment . (The calibration

- re lays , instrument ation amplifiers , and tape units indicated in Figs.

12 and 13 were actuall y part of ARES.) A modified IkIG B time code was

recorded on one channel of each tape uni t  to permit  time correlation of

the two tapes and to facilitate record search and playback during

subsequent data processing . The use of this time code allows the data

from the tw o tapes to be synchronized to within iO~~ seconds . The

analog data contained on the ARES tapes were digitized and recorded on

digital magnetic tape prior to data reduction:

The pneumatic data and test conditions were measured by the Test

Stand 42 static data system . This system writes the data directly onto

digital magnetic tape. The data are then processed using built—in cal-

ibration functions to provide the various parameters in physical units.
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SCOPE OF EXPERIMENT

I
To p la ce the present experiment in its proper perspective , it is

useful to examine the possible modes in which a compressor may

operate using Fig. 16. There are four main regimes in which operation

is possible:

UNIFORM INLET FLOW DISTORTED INLET F LOW

I
UNSTALLED i n

I OPERATION

- TRANSITION 

~5’, f 5 7/~ ~ 555~’ØØ5~
ROTATING

STALL

FIG. 16 FLOW REGIMES FOR COMPRESSOR OPERATION

I I) undistorted flow with no rotating stall

{ II) distort ed flow with no rotating stall

III) undistorted flow with rotating stall occuring

I IV) distorted flow with rotating stall occuring

I There are also two transition regions (1—Il and ii—IV) in which the

compressor may move in and out of rotating stall. Region I is the

I
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design operat ing condition of the compressor. The previously discussed

problems may be seen to fall in regions II , I I I , IV and the  t r ans i t ion

region II—IV . Of these regions , IV is the one in which measurement s

ar e leas t mean in g f u l , extremel y d i f f i c u l t , and subject  to a v a r i e t y

of errors. Even if measurements are made accurately, i t  is doub t fu l

that the distort ion—induced stal l mode measured in a test rig wi l l

accurately represent that in an actual engine . This is because the

distortion which induced the engine stal l will often be subsequent ly

removed so th at the comp ressor is stalled even though the inlet flow

is now un i form . The most su i table  topics for invest igat ion are thus

compressor operation in rotating stal l with no imposed distortion

( r egi on I I I) and comp re ssor operat ion in d i sto r t ed f low bu t wi thout

rotating stal l (region II). This latter topic may be extended to

include the transition region Il—tV. The capabilities of the LSRR

( and the ana ly t ica l  model being developed concurrent ly  at NCSU

(u npubl i shed) )  are best suited for investigation of both of these

regions (II and It—tv). During this first experimental phase ,

measurements were made in all of the regions in order that the

operating limitations of the LSRR and the capability of the available

instrument ation to make meaningful measurements could be evaluated .

However, following the reasoning outlined above , measurements were

concentrated in region I to provide a baseline case and in region II

to obtain unstead y data. -

I
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It is well known that an airfoil in a subsonic stream influences

the upst ream flow as well  as the downstream flow. Extend ing this

concept to a compressor , it is clear tha t  the in te rac t ion  between the

rotor and the incoming distorted flow field establishes a velocity

dis tribution at the compressor face that determines the inlet flow to

wh ich individual  compressor blades respond . From a gap—averaged

point of view , the unsteady response of a rotor blade row is dependent

on the imposed inlet angle variations . Thus, a rot at ing blade in a

multi—stage machine may be though t of as being affected by its

neighboring blade rows primaril y through the imposed or induced

upstream flow angle distribution . The measurement and understanding

= of the variations in the performance of a single blade row with inlet

angle is therefore a necessary prelude to the understanding of the

complex interactions in a multistage machine. The performance of a

blade row may be quantified in terms of the variat ions in flow exit

angle and total pressure loss with changing inlet angle. This inlet

angle distribution may be simply the result of an imposed distortion

or it may arise from the interactions of the rotor with other compo-

nents such as downstream stators , diffusers , struts , etc. Of course ,

the blade row performance may be more easily and more completely

understood if the inlet angle variation is simple. In the past ,

various investigators have studied sinusoidal distortions , square—wave

distortions and ramp or triangle—wave distortions. The present

- -
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experimental program was aimed at measuring the response of an

isolated rotor to a sinusoidal variat ion in inlet axial velocity.

This -choice was made for a number of reasons. First , the sinusoidal

distortion is relativel y easy to produce (R e f .  20 ) .  Second , the

square— and triangular—wave distortions may be represented in

terms of the sine—wave by means of a Fourier Series. The stud y of

sinusoidal distort ion pattern s of various reduced frequencies will

thus yield information pert inent to other types of distortions .

F i n a l l y ,  the square— and triangular—wave distortions may b e thoug ht

of as having h igher order harmonics which may make the understanding

of the rotor response more difficult. Conversely, the sine—wave

dis tortion contains only one harmonic . The reduced frequency may be

readil y controlled by vary ing the number of cycles of the distortion

pattern the screen produces. In the present experiment , a one—cycle—

per—revolution screen (and the at tendant low reduced frequency) was

chosen to produc e some unstead y effects without causing a significant

departure from the stead y state behavior.

ii
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EXPERIMENTAL PROCEDURE

Data Acqu i s i t i o n

During this experiment , the LSRR was operated at a constan t

corrected wheel speed of 600 rpm. For a given upstream total tem-

pera tu re , T0 , the actual rotational speed required to achieve

the corrected wheel speed of 600 rpm is given by Eq.  ( 1) .

T01
Nact = 600 ( 1)

518.7 R

The rotor rpm was measured by a di gi tal t achometer and was found

to be stable once it had been set. The axial velocity in the case of

undistorted flow was varied so that the blade incidence angle (refe-—

enced to the me an camber line ) ranged from a high negative value

—18’) up to the point of rot ating stall inception 
~°mcl 

= 1.5 ’).

In d i s t o r t ed  f low , the mean inc idence angle was varied over approxi-

matel y the same range . Due to the 20 percent distoriton in inlet

axial veloci ty, the instant aneou s inlet angle varied on the order of

± 6’ about the me an angle. In all cases tested , the stal l  mode wa s

obs erved to be a mul t iple—cell , partial—span rot ating stall near

( the rotor hub . To set the desired axi al velocity, a U—tube manometer

wa s connec t ed be tween a wa l l  stat ic t ap and a tot al press ure probe

located in the center of the annulus. The axial posi tion of bot h the

static tap and the total pressure probe was midway between the rotor

and the distortion screen. The measuring station was located at the

V. , 

.



39

90 0 poin t  in the  d i s t o r t i o n  p a t t e r n  where  the local axial velocit y

wou ld be eq ual to the average axia l  velo ci ty if there were no preswirl.

A mor e accura te me asurement of the c i r cum fe ren t ial  dis t r ibu t ion of

a x i a l  v e l o c i t y  was made u s ing  a c i r c u m f e r e n t i a l  a r r ay  of m e a s u r i n g

s t a t i o n s .  This  a x i a l  v e l o c i t y  d i s t r i b u t i o n  was used in r e d u c i n g  t h e

data , but the visual reading obtained from the sing le U—tube manometer

proved adequate for setting the operating point.

The number of channels which could be simultaneousl y transmitted

from the rotating frame was limited to  17 by the sli p r ing  assembl y.

It was thus necessary to run two instrumentation confi gurations to

obt ain the desired data. The first confi guration obtained data from

the comp le te se t of pressure transducers plus selected skin—friction

gages .  The pressures  were i n t e g r a t e d  to  o b t a i n  b lade  normal f o r c e

and pi tching moment coefficients. The second instrumentation confi-

guration included all the suction surface pressure transducers and

ski n friction gages as well as the wake probe . For a given flow

condi t ion , the wake probe was traversed across about 1.5 blade gaps

gi v ing  par t icu la r emphasis to the blade wake regions . Due to the 4

p 
ti me involved in making this traverse and the mass of data which

would be obtained , onl y a few flow conditions were run in this

confi guration .

The ins trumentation available in each of the two configurations

is presented in Appendix IV which also includes a chronological

I
I
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l i s t ing  of the tes t  point s run . Notes are included to point out

problems encountered during the tests which may influence the accuracy

of the results.

Once a desi red opera t ing condi t ion had been reached and the f l ow

had st a b i l i z ed , the gai n of each ch annel of the un stead y da ta sys tem

was set as high as possible without overloading the tape recording

eq ui pment . An oscilloscope was used to monitor the tape inputs to

insure that the signal was within the required limits. Calibration

records were then acq uired for  bo th the st at ic and uns tead y da t a

systems and the data were recorded immediately thereafter. If a wake

traverse were being made with the rot ating frame wak.e pr obe , static

da ta wou ld be take n on ly at the first point for each flow condition .

The data from the static system was subsequent ly conver t ed to

pressures and temperatures by a comp ut erized process making use of

the calibration records. The unstead y data were di gi t ized by the

process of Ref. 23. After comp le t ion of the di gi t izing process , the

calibration records were used to convert the data to appropriate =

physical units.

Overall Perf ormance Parameters

The wall static and mid—span total pressures  were ob tained at

eigh t c i r c u m f e r e n t ia l  s t a t i o n s  45 apar t  approximate l y 1.5 chord

leng ths upstream of the rotor. Using the Bernoulli equation , the

velocity at each of these was calculated . The velocity was assumed
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to be purel y axial at these locations . Limited flow angle measure-

men t s in und i s tor ted f l o w  did ve r i f y this assumption . These veloci-

t ie s were then f i tt ed to the form given below in Eq. (2) by a leas t

sq uares techni que .

C~ (0 ) = C~ + A COS (8 + $)  (2)

The ang le e is the c i r cumfe ren t ial  posi tion in the distortion pattern

and increases in the direction of rotation of the rotor. The quantity

is the average value of the axial velocity and the constants A and

• are the amplitude and phase ang le of the veloci ty v a r i a t ion , respec-

t ivel y. The static pressure upstream of the rotor was fitted to the

f orm g iven by Eq . (3).

P (0) = P + B COS (0 + ~ ) , (3)
S i S 1

where 
~~ l 

i s the average val ue of the st at ic press ure and B and ~ are

th e amplitude and phase ang le of the pressure variat ion . The Bernoulli

equation was app l i ed  onc e again to obt ain a smoothed tot al pressur e

profile around the distort ion which is consistent with the velocity

and static pressure profiles obtained from the curve fits. A small

pr~ ssti r~ and velocity- distortion was found to exist even with the

dis tortion screen removed . The velocity distortion without the 
= -

screen varied between two and four percent . With the screen in

p lace , this pre—existing dis tortion was found to interact with that

of the scree n to pr oduce a ne t dis tor t ion of lower amplitude than had

~1been anticipated . For all of the results present ed , the measured

I
V.
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upstream c o n d i t i o n s  as smoothed by the prev iousl y d i scussed  techn i ques

are used . The inlet flow angle , b i , is based on the axial velocity

at the ups t ream measur ing s tat ion and does not include any swirl that

may have occurred between th at axial  pos i t ion  and the  rotor inle t

face. The inle t angle is given by

i c

~~ tan (4)

For distorted inlet flow , the inlet angle will vary wi th position in

the distortion pattern ; however , an average inle t ang le , ~
, may be

calc ulated by inserting the average axial velocity, 
~~~ 

into Eq. (4)

The exit angle , 82 ,  is an important measure of the pe r fo rmance

of the rotor .  For und i s tu rbed  f low , th i s ang le was computed f rom the

meas ured st at ionary  f rame f low ang le down s tream of the rotor , 
~~~

The computation was iterative and began by assum ing tha t the axial

veloci ty downstream of the rotor was identical to that upstream . The

exit angle is given by

82 tan~~ U — C~ 2 
tanO2

where Cx is the downstream axial velocity at midspan . Note that

the spanwise averaged axial velocities upstream and downstream of the

rotor must be identical to satisf y conserv ation of mass. However ,

due to the th ickening  of the w a l l  boundary  laye rs at the root and t i p

of the b lad ing , the midapan axial velocity downstream of the rotor

wi l l , in general , be grea te r  than tha t  upstream of the rotor . The
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importance of this phenomenon was not full y realized at the outset of

the experiment and no provision was made for measuring the axial

velocity downstream of the rotor. Instead , it was assumed to be the

same as that upstream of the rotor. When the magnitude of the error

thus introduced was realized , it became necessary to devise a method

of estimating the downstream axial velocity. Horlock (Ref. 24)

presents a correlation between the axial velocity ratio across a

cascade and the flow turning due to Rhoden (Ref. 25). Using this

correlation , one may iterate to obtain the correct exit angle. As a

check on the validity of this correction , the exit angle was also

calculated using a simple morlentum theory (see Appendix v)..

Another important performance parameter -is the rotor pressure

rise coefficient which is defined as

C 
Ps2 — P~~1

2 (6)
l/ 2p U

where P5 is the downs tream stat ic pressure , ~ is the f l uid

density, and U is the tangential wheel speed . To be consistent , this

coefficient must be defined at the blade mids-pan . Therefore, the

downstream static pressure must be corrected (from a wall value)

using the radial equilibrium equation .

2
- 

— P C6 (7 )
or r

II



I
I .

Integrating , we obtain

1 ,~~
rtjp 2

P — P  — Jtip 1 r 1 (8)

i r~

where ~~~~ is the pressure at the blade tip (outer casing) and P1

- is the pressure at the r~ r1ial s ta t ion in quest ion . The radii , r 1

and 
~~~~~ 

are those of the station in question and the tip, respec-

t ivel y. This equation may be grea t l y simp l i f i e d  by assuming p and

- Ce to be cons tant s

~tip — P
~ 

pC8 
tip

= 
and the result may be used to calculate the static pressure at the

blade midspan from measured pressures on the outer casing .

A final important parameter used to measure the performance of a

compressor stage is the loss coefficient . For undistorted flow , the

stead y — s t a t e  loss coefficien t is given by

-

2 
10

½pW 1 -

where P ’~, and P’0 are the tot al pressures upstream and down-

stream of the rotor , respectively, in the rotating reference frame

and i s the relative velocity upstream of the-blading (see

Fig. 6).

Unstead y Blade Pressures

J Reduction of the unstead y data requires that the pressures

measured on the sur face  of the blade be converted to an appropr ia te

F
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nondimensional form . The most relevant parameter to use is the

pressure coef f i c ien t  defined by

P - P
C = (11)

P -

where P 8 is the static pressure upstream of the blade lead ing

ed ge. With d i s tor ted  inf low , th is parameter varies as the blade

traverses the d i s to r t ion . The relative velocity, W 1, i s used to

nondimensionalize the pressure coefficients. It should be noted that

is not constant but varies around the distortion . The computed

coe f f icient s are phase—lock averaged over five cycles (Ref. 26) to

minimize the effects of any random fluctuations in the pressure data.

A Fourier series representation of the average pressure coefficient

variation at each chordwise station was computed using the formula

N
C (0) = ao + E Ia cos n 0 + b sin fl 0] (12)
P n=1

and the coefficients of this series were then filtered with a cosine—

squa re , low—pass f i l t e r  (R e f .  2 7 ) .  The cu to f f  f requency of the

filter was chosen to retain the response of the blade pressures to

the distortion but to remove the response of these pressures to

screen irregularities (e.g., screen support spokes). Figure 17 shows

typ ical data  f rom the pressure transducer nearest the lead ing ed ge on

the suction surface after each stage of processing . The top curve is

the raw data over one cycle after scaling to proper coefficient form.
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2.0
a) RAW DATA

Cp 0.0

—2.0

2.0
b) FIVE CYCLE TIME AVERAG E

Cp 0.0

c) FILTERED AND STEADY COMPONENT ADDED

Cp 0.0 
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__
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UNSCALED TIME

FIG. 17 TYPICAL PRESSURE TRANSDUCER DATA AFTER EACH
STAGE OF PROCESSING
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The middle curve is the result of averaging the signal over five

cyc les, and the bottom curve is the same data after applying the

dig ital filtering.

The pressure coefficients are integrated to obtain normal force

and pitching moment coefficients (Ref. 21). The sign conventions

used it~ presenting these parameters are illustrated in Fig. 18. The

normal force coefficien t is given by

6
CN 

= E (C — C ) W
i ( 13 )

i=1 ~ i+6

where the w1’s are the Gaussian weighting coefficients. Transducer

numbers 1—6 are located on the suction surface and transducer numbers

7— 12 are located on the pressure surface at the same respect ive

CN

FIG. 18 SIGN CONVENTIONS FOR NORMAL FORCE AND
PITCHING MOMENT COEFFICIENTS

I
I

V
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chordwise posi tions . The pitching moment coefficient about the

midchord is given by

6
CM = Z (C ) w1(x.  — 0.5) - , ( 14)

i=1 ~ i+6 -

where the x~, ’s are the chordwise positions of the measuring stat ions

expressed as fractions of the chord . The Gaussian positions and

wei ghting factors used in these equations are presented in Table I.

Even wi th  only six chordwise stations , the Gaussian integration

techni que may be expec ted, to yie ld  nor mal force and p itching moment

coefficien ts accurate to within three percent (Ref. 22).

Transien t Sur f ace  Flow Phenomena

Hot film skin friction gages were positioned adjacent to each

= pressure t ransducer  in an at t empt to cor re la te  the pressure f luctua-

t ions wi th sur face  flow phenomena. The hot film gage is a resistance

element which is heated by passing electrical current through it. A

constant—temperature anemometer circuit is emp loyed to keep its

resis tance and hence its thermometer constant. 
- By moni toring the

power necessary  to accomplish this , i t is possible to obtain a

qualitative measure of the heat transfer to the fluid. McCroskey

(Ref. 28) gives this relation as

I2R U A + Q  (15)

where I is the current through the gage and R is its resistance. The

heat trans fer is composed of two parts; the nonflow heat losses , A ,

V
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and a nondimensional forced convection loss , Q. Normall y, the

current through the gage is not measured directl y. Instead , the

anemometer output voltage is measured ; however,, the relationship

between the gage current and output voltage is such that

E2
~~~A + Q  (16)

Th i s vo l tage  is composed of a s te ad y par t , ~, and a time—vary ing

par t , e, which is much less tha n ~~. For the present ‘ study, only quali-

tative data are desired from the skin friction gages; hence , only the

time varying part of the heat trans fer need be retained . Neg lect ing

hi gher order terms in the time—vary ing voltage yields

e~~~Q 
- ( 17)

where Q is the time varying portion of the forced convection . From

Ref .  29

Q ~ T ( 18)

whe re tw is the shearing s t ress  at the wall. The skin friction

coef f i c i ent is def ined as (Ref. 29)

T
Cf~~ ‘~ ( 19)

½pW 2

Considering onl y the time—vary ing par t of the skin friction coefficient ,

we ma y wr i te

Cf~~~ e(~.L) 
(20 )

j

I

I
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Al though the quantity on the righ t of Eq. (20) has the units of

v o l t s , i t has been corrected for local velocity variations and will

be used as an indica tor  of the va r i a t ions  in the skin f r i c t ion

c o e f f i c i e n t . It is no t val id  to compare the amp li tudes of this

para meter  at d i f f e r e n t  flow condi t ions  because the constant  of

propor t iona l i t y  need not be the s ame in the two cases.  Fur thermore ,

onl y the varying part of the skin friction is being considered ; thus ,

when the quan t i ty e(1,~J-)
2”3 becomes zero , this does not mean tha t

the total skin friction coefficient , Cf ,  is ze ro. In present ing

th is d a t a , no ave r ag ing or f i l t e r i n g  techni ques are emp loyed because

the h ig h f requency  fluctuations in the parameter defined by Eq . (20)

are needed to judge whether transition or separation has occurred .

V e l o c i t y  Measurement s at the Rotor Exit Plane

A comp le te descr i ption of the calibration procedure developed

for  the t r iax ia l  h o t — f i l m  probe used in this experiment appears in

Append ix V. It was determined that the response of each of the

sensors to a purel y normal velocity obeyed the relation

- E~ — k~~V (T 5 - T~ ) 
- 

(21 )

if one postulated that the empirical constants E0 and k migh t have

one value at h igh ve loc i t i es  and another at low ve loc i t i e s .  Here , E

is the brid ge output voltage and p and V are the fluid density and

veloci ty (assumed to be normal to the sensor). The temperatures T~

and T , are those of the sensor and free stream , respectively. The

—a
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constants E0 and k were detei~rnined in the calibration procedure

(Append ix v). The equation may be r ewr i t t en  to give an e f f e c t i v e

normal ve loc i ty  as a funct ion  of these ca l ibra t ion  constants , the

fluid properties , and the anemometer output voltage .

E2 “ 2
= 

kI~ (T 5 - T~c, ) 
}2  (22 )

It was found that the best relation between the sensed normal velocity,

q, and the actual normal velocity, U~ , was given by

q 2 = u~ f(0, ~
) . (23 )

The function f (e , 0) i s dependent on the pi tch and yaw angles of the

f low re la t ive  to the probe (0 and 0, respectivel y )  and is eval uated

using the calibration data. This function is different for each

sensor. Given values of 0 and 0, one may evaluate the function for

each wire. Making use of the fact that the three sensors are mutually

or thogonal , one may write Eq. (23) for each sensor.

- 

~~~~2 
= U + U 2 (24 )

= U + U 2 
(25)

2
= u 2 + u 2 - (26 )

3 1 2

I-

_______ 
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In these equations , f~ is the value of the function f(e , ,) for the

1th sensor evalua ted at the assumed ang les 0 and 0 and u1 is the

veloci ty parallel to the i~ 1~ sensor. These equations may be solved

easi l y for the squared veloci ty components u~ . Since there is

no way to eval ua te the a lgebra ic  sign of u1 form th i s  process , it

must be known from some other source. In the present experiment , the

orien tation of the probe was such that the velocity components may be

assumed to have the positive sign . Using these velocities , the

assumed angles  we re upda ted and the process repea ted un t il converge nce

was obtained . A more comple te desc r i ption of the iteration process

and the equations involved may be found in Appendix V. The final

result is expressed in terms of the relative velocity at the exit

p lane , W2, the f low ang le in the axial—circumferential pl ane , 8~~,

and the f low ang le in the axial—radial p lane , *.  If one defines the

veloc i t ies v 1,  v2 ,  v3 to be the radial , circ umferential , and

axial veloc i ty components , re spec t ivel y ,  then re la t ive veloci ty and

f l o w  ang l es are g iven by :

= + + (27~

— l
= t an (v

2
/v

3
) (28)

i/s — tan
1 (v

1
/v 3

) (29 )

I
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The relative velocity and the two flow angles were computed for

f ive  revolu t ions  wi th  roug hl y 200 data points per cycle. These data

were represented by Fourier Series in terms of the circumferential

position in the flow field so that the parameters of interest could

later be reconstructed at any desired rotor position .

I
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RESULTS

I
The not ation used herein is that employed in turbomachine

I work by UTRC . In par t i cu la r , the var i ab le  aga ins t which mos t of

the da ta are plo tt ed is the ro tor in 1~~t ang le , B1. This ang le has

previousl y been defined in Eq. 4 (see Fig . 6). It should be noted

that increasing 81 correspond s to decreasi ng ang le of attack.

F u r t h e r , the  mechan i sm b y which the inle t ang le is ch anged i s to vary

the axial velocity at constant rot ational speed . Consequentl y ,  the

effects of the vary ing inlet ang le (or  ang le of attack) cannot be

totall y separated from the effects of the vary ing veloci ty. Prope r

nondi me n s i o n a l i z a t ion of the va r io us meas ured q uani t ies can e l imina te

the velocity effects in the case of quasi—stead y flow. However ,

uns tead y effec ts of the vary ing veloci ty are s t i l l  present. The

method employed to illustrate the effects of unsteadiness in the flow

is to plot the unstead y response of the rotor undergoing inle t

dis tortion superimposed on its stead y—state behavior. This stead y— -

state behavior was determined by runn ing  the rotor at d i f f e r e n t in le t

ang les in undistorted flow.

I Overa l l  Performance

— The annu lus  averaged pressure rise coefficient across the rotor

( d e f i n ed by Eq. (5)) is shown in Fig. 19 for both undis~.orted and dis—

I torted flow. For distorted flow , th e press ure rise is c i rc umferen t ia l l y

I
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-averaged and p lot ted as a f u n c t ion of the average inlet angle . The

uppe r branch of each c urve represen t s uns tal led  f l o w  and the lower

branch represent s stalled operation . (Refer back to Fig . 3 and the

associated text for a more comp lete discussion of the discontinuous

behavio r of the curves.) The undistorted curve shows a sig n i f i c a nt ly

greater peak pressure rise and is slig htl y highe r than the distorted

curv e over the hi gher inle t angles. However , at the lower inlet

angles , where the blade loading is hi gher , the unstead y effects cause

the distorted flow condition to give sl i g htl y hi gher pressure rise.

Not e tha t  the incidence ang le (r e l a t i v e  to the  mean c amber l i n e ) at

whi ch sta l l  occ urs is very low , onl y 1.5 ° for undistorted flow. (The

incide nce ang le is the d i f f e r e n c e  be tween the st agge r ang le , 8 i~ 
which

i s 30° in this case and the inlet angle.) This is possible bec ause

the b lade  p r o f i l e  is hi gh l y cambe red and can prod uce large tu rn ing

angles (and conseq uent hi gh normal forces) at low incidence ang les .

The low incidence ang le at sta l l  is common to hi ghly cambered blad es.

The loss co e f f i c i e n t of Eq. (6) is plo tted as a function of

inlet ang le in Fi g. 20 for undistorted flow onl y. Suitable equi pmen t

for me asuring the unstead y loss was not available when this experiment

was run .

To complete the presentation of the overall pe rformance para-

me ters , we will consider the variation of the exit flow angle as a

function of the inlet ang le (ag a in , for undistorted flow only) as

0-
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shown in Fi g. 21. Curves are present ed for the basic wed ge p rob e

I meas uremen ts , for a moment um theory calculation (see Appendix V), and

I 
for cascade data taken from Ref. 24 for a similar profile having the

same stagger ang le and gap— to—chord ratio. The three curves show

reasonable agreemen t fo r on l y a narrow range of inlet ang les (39 ° <

B 1 < 4 5 )  w i t h  la rge  d i f f e r en c e s  at the lower va lues  of in le t  ang le

(h i gh blade loading). Several factors may account for these differ—

I ences and most of them are in some way associated with the three—

dimensionallity of the flow. First , the correction for axial velocity

v a r i a t ion across the ro tor is emp i r i ca l  and may no t be acc ura te at

hi gh blade loadings. This would introduce errors into the exit ang le

as calc u la ted f r om the wed ge probe measurements. Second , the rad ia l  -

veloci ty may not be zero as was assumed . The midspan behavior would

not be representative of the average blade performance; hence , the

- wedge probe measurements could not be expected to agree with the

two—dimensional cascade data. Furthermore , the rad i al equilibrium

J correction to the rotor pressure rise would be in error thus intro-

ducing error into the momentum theory calculations . Finall y ,  the

- blade  wakes m ay in t rod uce enoug h uns teadine ss in to the f low so tha t

f the flow ang les measured by the wedge probes are in error (c.f., Ref.

- 18) . At the hi gh er inlet ang les , the exit ang le as ca lc u la ted from

the wedge pr obe measurements is in good agreement with the cascade

I data but that from momentum theory appears to be diverging . Since

• I.
I.
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the momentum theory calculations is subject to the greatest number of

e r ro r s , the observed differences are not considered excessive . it

must be surmised tha t the p lac ing  of a sing le wed ge probe at the

midspan loca tion is not an adequate means of measuring the exit

angle. A more prudent method would be to use a spanwise array of

hi gh response (hot—wire or hot—film) probes.

Anal ys is  of Uns tead y Da ta

it has been stated that the method used to determine the effects

of the unsteadiness generated by the dis tor t ion w i l l  be to p lot the

various parameters as a function of the inlet angle . This process

no rmal l y results in a loop which will generall y be superimposed on

the quasi—stead y charac teristic. Before discussing the experimental

data , several  simp le examp les will be given to i l l ust ra te how these

loops are derived and how their character may be rela ted to changes

in the amp li tude and phase ang le of the response. Consider the two

variables x and y which are sinusoidal functions of time .

x A sin u~t 
- (30)

y = B sin (w + ~
) (31)

I
Suppose x is a disp lacemen t and y i s a response due to the d isp lace-

ment . The amplitude of the disp lacemen t is A , tha t of the response

is B , and • is the phase angle by which the response leads the dis-

placement. Some ways in which x and y may vary  are shown in Fi g . 22

I
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together  wi th  the loops which resul t  f rom p lo t t ing y as a f u n c t i o n  of

I x .  If the two variables are in phase , y is a linear function of x

and the slope is indicative of the relative amplitudes of x and y

(e.g., solid and dashed lines in Fig. 22). If the two variables are

not in phase p lotting y as a function of x produces an ellipse

(dash—dot lines in Fig. 22). The small arrows indicate the direction

in which the loop is traversed . When the slope of the major axis of

the loop is posi t ive , the counterclockwise sense shown in Fig. 22

indica tes that the response lags the disp lacement . if the slope of

the loop is negative , a clockwise sense indica tes a lagg ing response

I and a counterclockwise sense indicates a lead ing response.

In the case of a compressor ro tor , the inlet angJe  may be

considered to be the disp lacement mentioned above and the blade

- pressures , etc. are the responses. Acutall y,  none of these are pure

sinusoids and the generated loops will not be simp le e l l i pses.

However , certain basic similarities do exist between this illustrative

example and the actual measured data. Therefore, comparing the

uns teady responses (obtained while operating under the influence of

the inlet distortion ) to their stead y counterpar ts (ob t ained wi th

undistorted flow) will reveal the nature and extent of unsteady

effec ts. First , the slope of the loop relative to the steady state

curve will indicate whether unsteadiness has changed the ~~p1itude of

I the response. Sec ond , the openness of the  loop w i l l  show phase shift

I
I.
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and , if the loop has a definite positive or negative slope , the

direct ion in which the loop is traversed will indicate whether the

response leads or lags the inlet angle. A ioop which is horizont al

indicates a phase angle near 90 (or 270 ). It should be noted that

in the inlet  d i s to r t ion  problem the leading and lagging phase angles

do not imp ly stab i l i t y  or instability as is the case with an oscil-

lating airfoil (or a cascade of airfoils); rather , the phase angle is

simply an indication of unsteadiness.

Blade Pressures

The most ins t ruc t ive  form for presenting the blade pressures

is the difference between the pressure coefficient on the pressure

sur face and tha t  on the suct ion surface . This d i f f e r e n t i a l  pressure

coe f fi c i ent i s given by

— 
[C~ 

— Cp - (32)
I press Suct I

where the subsc ri pt i refers to the chordwise s ta t ion in question .

Since the individual coefficients were already represen ted as Four ier

Series (of the form given by Eq. (12)), it is a simple matter to ob-

tain the series representations of the differenrial pressure coeffi-

cients. These were converted to an amplitude/phase angle format

— a + E a cos (n0+~~ ) (33 )

where a~, is the steady component and a~ and are the

~1
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amplitude and phase angle of tile nth harmonic , respectivel y. The

upper limit of the summation , N , is a function of the cutoff frequency

of the digital filter and B is the angular position in the distortion

field wi th the point of maximum axial velocity being 0 — 0.

Three flow condi tions were chosen as representative of those

for which data were available . The mean inlet ang les asso ci a t ed w i th

these flow conditions are indicated by tic mark s on the undistorted

rotor pressure rise curve (Fig. 23). These ang les represent low

(7.15), medium (7.9), and high (7.4) blade loading . It is instructive

to compare the amp li tudes and phase angles of the f i r s t few harmonics

of the differential pressure coefficient s and the int egrated norma l

force and pitching moment coefficients (Table ii). One concludes

that the first harmonic is dominant (as much as an order of magnitude

greater than the higher harmonics). The response at the lead ing edge

s ta t ions is si gn i f i cant l y g r e a te r  t h a n  t h a t  at stat ions farther aft

on the b lade .  This peaking of the response at the leading ed ge seems

to be mo re pronounced at higher blade loading . The lack of activity

near  the t r a i l i ng ed ge is also noteworth y.  -

The d i f f e r e n t i a l  pressure coefficient loops for each of the six

chordw ise measur ing  s t a t i ons  are presented in Fig .  24. At the

leading edge (x/c 0.034), one observes tha t the amp li tude of the

response has been increased and that the response consistently lags

the inlet angle. Horlock , Greitzer , and Henderson (Ref. 30) have

V
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TABLE I I  66

HAR1IONIC CONTENT OF DIFFERENTIAL PRESSURE ,
NORMAL FORCE AND PITCHING MOMENT COEFFICIENTS .

I
(a) Point 7.4 81 — 28.9 + .061 COS 8

a1 $
~ 

a2

x/c  0.0 34 1.201 172.0 ° 0. 131 182.8 °
x/c 0.169 0.158 196.9° 0.025 273.6~
x/c 0.38 1 0. 181 28 5.1 ° 0.034 199.4 °
x/c = 0.619 0.058 262.1° 0.013 81 .1 °

x/c 0.831 0.035 163.9° 0.027 249.4 °
x/c 0.966 0.047 221.5° 0.028 258.4°

0.138 200.90 0.023 209.8°
CM 0.052 178~ 5° 0.005 177.5 °

a3 $3 a4 $4

x / c  = 0.034 0 .129  289.1 ° 0 .042 283.0 °
x/c = 0.169 0.007 214.80 0.002 52.8°

x/c  = 0.381 0.018 65 .2 ° 0 .007 2 2 . 1 °
x / c  = 0.619 0.019 251. 3 ° 0.006 58.2 °
x/ c  = 0.831 0.006 91.1 ° 0.007 309.8 °
x/c  0.966 0.007 331. 7 ° 0.006 309.2 °

CN 0 .011 288.1 ° 0.005 328 .7
CM 0.005 288.9° 0.001 276.4°

1

I-

F.
V
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TABLE I I  (Con t ’ d )

HARMONIC (X)NTEI~T OF DIFF i~REN TIAL PR E SSU }E ,
NORMAL FORCE AND PITCHING MOMENT C O E F F I C I E N T S .

(b) Poin t.7.9 Bi 36 .9 + .068 cos 6

a1 $
~ 

a2

x/c  = 0.034 0 .757  173.9 0 0.009 2 9 6 . 3 °
x/c  = 0.169 0.244 181.2 ° 0.027 204.3 °
x/c = 0.381 0.074 252.0° 0.029 271 .7°

x /c  = 0.619 0.206 317.4 ° 0.039 288.5 °
x/c = 0.831 0.030 271.9° 0.036 131.6 0

x / c  = 0.966 0 .133 173.7 ° 0.023 109.8 °
CN 0.101 207.80 0.013 242 .4 °
CM 0.045 172.2 0 0.003 271.0°

a3 $3 a4 $4

x/c = 0.034 0 .063 166.0 ° 0.039 114.9 °
x/c = 0 .169  0.037 136.6 ° 0.008 109.8 °
x /c  = 0.381 0.002 305.2° 0.004 75.6°

x/c  0.6 19 0.020 19.6 ° 0.017 33 .2 °
x/c = 0 .831 0.012 53 .9 ° 0.004 115.7 °

x/c = 0.966 0.016 1l5 .3~ 0.011 190.7°

0.011 115.0 ° 0.008 86 .7 °
CM 0.005 171 .1 ° 0.002 112 .8°

~1

I
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TABLE II  ( C o n c l u d e d )  68

HARMONIC CONTENT OF DIFFER ENTIAL P R E S S U R E ,
NORM AL FORCE AND PITCH I NG MOMENT C O E F F I C I E N T S .

( c )  P o i n t . 7 . 1 5  81 = 4 2 . 4 + .064 cos 8

a 1 $
~ 

a2

x / c  = 0.034 0.858 173.0 ° 0 .053 2 6 5 . 0 °
x /c  = 0.169 0.312 1 7 2 . 4 ° 0 .028 285.8 °
x/c  = 0.381 0 .092 188.1 ° 0.013 248 .5 °
x/c = 0.619 312.8°
x/c = 0.831 0.064 321.0° 0.006 222.7 °
x / c  = 0.966 0.102 206.6 ° 0.019 117 .4 °

CN 0.136 185.3 ° 0.015 272 .9°
CM 0.057 167.7 ° 0.004 276.4°

a 3 +3 a4 +4

x /c  = 0.034 0.140 150.3 0 0.013 125 .1 0

x/c = 0.169 0.021 158 .4° 0.008 357~~~
4

0

x/c  = 0.381 0.008 190.0 0 0.007 213. 1 °
x/c  = 0.619
x/c = 0.831 0.007 250.9° 0.007 216 .7 °
x/c  = 0.966 0.011 187.3 ° 0.009 60 .2 °

CN 0.017 1~ 3 .2 ° 0.004 248.0°

CM 0.007 151.7 ° 0.001 71 .5 °
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studied the response of a cascade to low frequency inle t dis tor t ions

anal y t i c a l l y. Their results show that the magnitude of the unstead y

lif t coefficient increases with increasing reduced frequency and that

the amplifica tion effect exists even at the low reduced frequencies

(k 0.1) encoun tered in the present experimental program . Although

Ho rlock , et al ., do no t calc u la te the behavior  of the sur face  press u res

exp lici tl y,  i t is reasonable to infer that their variations would

also be amp lified . Thus, the increased amplitude in the leading edge

pressure co e f f i c i e n ts is no t totall y unprecedent ed . The blade

penetrates considerab ly beyond the stead y—s tate stall poin t , the left

end of the dashed li ne , resulting in  a pressure  d i f f e ren t ial  f a r  in

excess of that possible in undistorted flow. The phenomenon of stall

delay on an isolated airfoil oscillat ing in pitch is widely recognized

(Refs. 31—33). This delay is a strong function of reduced frequency

and is normall y not so pronounced at the low reduced frequencies

encountered in this experiment . Further , this de lay is commonly
S

attr ib ut ed to a dec rease in the amp li tude of the normal force variation

as red uced freq uency increases (Refs. 32 , 34 , and 35). The fact that

the amp li tude of the response is increased in the present experiment

and in the theore t ical  anal ysis of Ref. 30 must be attributed to

multiblade effects. One manner in which multiblade effects may

manifest themselves is in the existence of an interblade phas e ang le.

In the presen t experi men t , the interblade phase ang le , a, was — 12. 9 °.
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(This is obtained from a stationary 360° wave divided over 28 blades

so that it appears to be a backward—travelling wave.) An experimental

inves tigation in a cascade of airfoils oscillating in p i tch ( R e f .  36)

has shown that the interblade phase angle has a strong influence on

the amp litudes and phase angles of the normal force and p i tching

moment coefficients. It is thus reasonable to suppose that the

interblade phase angle present in the inlet distortion experiment

is at leas t par t ial ly responsible for the marked departure from the

stead y state behavior as evidenced by the change in the amplitude of

the response and the pronounced stal l delay . 
F

The pressure loops exhibit fluctuations which are greater at the

lower values of 8
~ 

for each loop. These fluctuations occur at

exac t ly half the screen—segment passing frequency. The screen which

produces the distortion is constructed of segments of wire mesh of

different porosities . Therefore, the axial velocity variation is not

perfec t ly smooth. This may be though t of as a higher order veloci ty

variation superimposed on the once—per—revolution variation. It thus

appea rs that  this higher frequency dis turbance is inducing a (rela-

t ively) larger response. During the experiment , an overload occurred

in the static data system requiring that the average pressure mea—

sureinents for x/c 0.034 be corrected as desci~ibed in Appendix

VI I .  No other s ta t ions  were a f f e c t e d .

I
. 1

4-
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At x/c 0.169 the response is much less than at x / c  0.034 ,

although it is still slightl y amplified over the undistorted curve.

For the high blade loading of point 7.4, the response lead s the

input. For point 7.9, the response lead s at the hi gher ins tantaneous

inle t angles and lags at the lower angles. For the lowest blade

loading, point 7.15 , the response lags the inle t ang le ove r mos t of

the cyc le. The phase ang le of the press ure response rela t ive to the

inlet angle thus decreases as the inlet angle increases.

At x/c = 0.381 the loop represent ing point 7.4 is more open

than the other two. This is because the first harmonic amp li tude is

greater for this point and the phase ang le is qui te near 270 °.

(Phase angles of 90 or 270 degrees will produce the most open loops.)

As with x/c = 0.169, the phase ang le consistent ly decreases as the

average inlet angle increases . The loops have all become considerably

smoother , perhaps indicating that the fluctuations appearing at the

leading ed ge hav e been damped out by the presence of the neighboring

blades.

All the loops for x/c = 0.619 are counterclock—wise , with the

loop for point 7.9 being more open. The phase angle of the pressure

response does not decrease with increasing inlet angle as was previ—

ously observed; instead , it remains relative ly constant . The pressure

fluctuations first observed at the leading edge have been further

reduced in ampli tude. The loops for x/c 0.831 and x/c 0.966 show

I.
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very li ttle activity. The undistorted characteristic is very nearly

horizontal in both cases indicating that the pressure coefficients at

these stations are essentiall y independent of inlet angle. The

pressure coefficient difference appears to be approaching zero at the

t r a i l in g ed ge.

The variations in the ampli tude of these responses were wel l

i l l ustra ted by Fi g. 24; however , the phase ang le variations are not

so obvious. The phase angle is a st ron g indica tor of uns teadiness ,

perhaps more so tha n is amp li tude. (See, for examp le , Ref. 34 or

Ref. 35.) The phase angle of the differential pressure coefficient s

and the in tegra ted normal force and pitching moment coefficients are

presented in Table III. The phase ang les for the two forward measur—

ing stations and for the normal force and pitching moment are shown

as a fu nct ion of the mean inle t ang le in Fig. 25. Because the

reference is to the inle t ang le , 81, ra ther than to an incidence J
ang le , quasi—s teady behavior would be indicated by a phase ang le of

180° ra ther than 0° as is normall y the case. The phase angle is seen

to vary smoothl y with the mean inlet angle indica ting that the -

unsteadiness of the response is a strong function of blade loading .

To complete the discussion of blade pressures , we will now

consider the pressure distribution across the chord of the blades.

This is simp ly another method of presenting the pressure data to

emphasize the way in which the pressures at different positions on

I1
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TABLE I I I

1 FIRST HARMONIC PHASE ANGLES OF THE
DIFFERENTIAL PRESSURES , NORMAL FORCE , AND PITCHING MOMENT

Ch ordwi se
Station 28.9 33.5 36.9 40.4 42 .2  45 .2

0.034 172~ - 177 ° 174 ° 175 ° 173’ 172
0 .169 197 ° 188 181 ° 178 ° 172 ° 169 °
0.381 285 282° 252 ° 219 ° 188 173 °
0.619 262 ° 319’ 317 ’ 316 313~ 319 °
0.831 164’ 162 ° 272 ’ 306 ° 321 ’ 330 °
0.966 222° 172 ° 174 ° 191’ 207 ° 220 °

CN 201° 199° 208’ 204° 185’ 168 °

CM 179 ’ 185° 172 ° 169 168 166’

I’
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the blade relate to one another at a given inle t angle. Four inlet

I ang les will be considered for each flow condi tion . These will be the

minimum inlet ang le ( 6 180°), the mean inlet angle wi th the inlet

ang le increasing ( 6 270 ° ) , the mn xi mum in le t ang le ( 0 0’) , and

I the mean inlet angle with the inlet angle decreasing. The pressure

coefficien t distributions for the suction surface (denoted by an 5)

and the pressure st~rface (denoted b’i a P) are presented for the three

I represent ative flow conditions in Figs . 26 through 28, respec t ivel y.

Al though the distribution of measuring stations gives adeq uate accur-

acy in the integration to obtain normal force and p i tching moment

c o e f f i c ien ts , i t is not sufficientl y dense near the leading edge to

- def i ne the shape of the pr ess ure pro f i l e  at the lead ing ed ge . In

par t ic u lar , i t is not possible to resolve the location or magnitude

of the leading ed ge suc t ion peak under hi gh load .

It must be remembered that decreasing inlet ang le corresponds

to increasing blade incide nce. Figure 26 for point 7.4 shows a

I relativel y sha rp peaking of the leading ed ge suction (although the

exac t value of the peak and its precise location cannot be determined )

which is most pronounced at the minimum instant aneous inlet angle

(maximum incidence). The peak is in evidence , although not as

st rong ,  f or a l l  i n le t ang les at this flow condition . As the me an

inle t angle is increased to the flow condition of point 7.9 (Fig.

27 ) , this peaking is lessened . In fact , the peak at the extreme
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lead ing edge is not present at the maximum instant aneous inlet angle

for this flow condi tion . Rather , the suction surface pressure

dis tribution for this inlet angle is smoother with a mild peaking

farther aft on the blade. This trend continues with an additional

increase in mean incidence angle to attain the flow condition of

poin t 7 .15 (Fig. 28). The lead ing ed ge suction peak is evident only

for the lowest instant aneous inlet angle. Furthermore , at the

maximum inlet angle for this flow condition , the pressure on the

suction surface is actually hi gher than that on the pressure surface.

This pressure reversal is due to the extreme negative incidence

~~mcl —15.4°) at this inlet angle. It may also be noted that the

variations in the pressure distributions occur primaril y in the

leading ed ge reg ion over the entire range of inlet angles in these

three figures . Such behavior is fairl y typical of cascaded airfoils.

Normal Force and Pitching Moment Coefficient s

The normal force and pi tching moment coefficients were obtained

by integrating the pressure coefficient distributions . It is thus

appropriate to relate the behavior of normal force and pitching

moment coefficient loops to the pressure coefficient loops. The

normal force loop (Fig. 29) is dominated by the pressures at x/c =

0.381 and x/c 0.619 because these two stations have the highes t

weigh ting coefficients in the Gaussian integration scheme . (See Eq.

9 and Table I). Since all three pressure loops at both of these
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I stations are counterclockwise (see Fig. 24), it is not surprising 
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that the normal force loops are also counterclockwise. Even the fact

that the loop for point 7.5 is almost completel y collapsed on itself

I can be traced directl y to these pressure loops. At firs t , it appears

I 
that the norm al force loops lie further above the quasi—stead y curve

than would be expected from the pressure loops. This illusion is due

I to the expanded scale used to plot the normal force ioops. The large

fluctuations observed in the pressure loops for the lead ing edge sta-

tions are present and have also been magnified by the scale change .

I Perhaps the most interesting point is that the maximum normal force

coefficient in the distorted flow is roughly 252 greater than the

maximum quasi—stead y value and is due in part to the excursion past

I the stead y—state stall point . Of course , the variation in actual

load is not near ly so great since this high normal force coefficient

occurs in the low velocity region of the distortion .

[ The pitching moment loop (Fig. 30) is virtually identical

to the pressure ioop at x/c 0.034. Although the etations at x/c

0.0381 and x/c 0.619 have the highest weighting coefficients , they

( are located symmetricall y about the moment center (mid—chord ) and

effective ly cancel each other. (See Eq. 10 and Table I.) The

pitching moment is thus dominated by the strong leading edge response.

I The loops are all basically clockwise , indicating that the pitching

I- moment lags the inlet angle , and becomes more open as the average

I.

t~ 
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inlet angle increases , indicating a greater lag for the lighter blade

loading. This behavior was also evident in Fig. 25.

Comparison to Cascade Data

The aerodynamics of a rotor undergoing inlet distortion and a

cascade oscillat ing in pitch are not identical. However , if one

compares the phase plane diagrams of the Sears function for a convec—

ted sinusoidal gust (Ref. 34) and the Theodorsen function for a

sinusoidally oscillating airfoi l (Ref. 35), it is apparent that the

convected gust problem and the oscillating airfoil problem do have

similar solutions at low reduced frequencies . It is thus logical to

expect the cascade tests of Ref. 36 to reproduce the basic trend s

observed in the inlet distortion experiment . This is indeed the

case. The peaking of the suction near the leading edge and the

concentration of the pressure variations near the leading edge

observed in the present experiment are duplicated in the cascade

experiment . At an equivalent reduced frequency and zero interblade

phase angle , the normal force coefficient for the cascade generally

leads the angle of attack. The pitching ncment coefficient lags the

angle of attack , although the amount of lag decreases as the blade

loading increases. These trends are consistent with those observed

in the present experimental study of the inlet distortion problem.

The similari t ies exist despite the differences in blade profiles.

(Although the blades in the cascade teat hav e a similar thickness
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distribution , they have only 10 0 of camber as opposed to 50’ for the

LSRR blades.) This is a strong indication that cascading effects far

outweigh blade profile effects.

Transient Surface Flow Phenomena

Hot—film skin friction gages were mounted adjacent to the

pressure transducers to detect surface flow phenomena such as separa-

tion and transition to turbulent flow. The interpretation of the

skin friction coefficient derived from these measurements is impos—

sible without some reference point . This reference point may take

the form of a known flow condition at some point in time or may be

based on the results from a pressure transducer near the skin friction

gage or even the behavior of skin friction and/or pressure at some

other point on the blade . For example , if the flow is known to be

attached and laminar at some point in time and the skin friction

coefficient subsequently increases and shows high frequency fluctua-

tions , transition to turbulent flow is indicated . Conversely, if the

akin friction drops abruptly and shows these fluctuations , separation

of the boundary layer may be inferred. If the flow does separate, it

may reattach downstream. If it does so, the flow downstream of the

reattachment point must be turbulent and will be characterized by

high frequency variation. in the akin friction coefficient and a

generally higher average value.

I

V.

-s
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Most of the activity in the pressure coefficient and skin

friction time histories is confined to the leading edge region;

therefore , in this discussion the pressure coefficient s for only the

first two measuring stat ions will be considered , and only auction

surface data are presented . Decreasing pressure coefficient indicates

increasing normal force. Only the time—varying part of the signals

are plotted . Figures 31 through 33 present the data from point s 7.4,

7.9, and 7.15 respectively. Figure 31 represents the lowest average

inlet angle tested . This results in the highest blade loading and

results in separated flow during part of the cycle . First consider

the skin friction trace for x/c ~ 0.034. At the point marked A , the

flow is attached and probably laminar. The relatively rapid increase

near point B may be taken to indicate transition to turbulent flow

followed almost immediately by separation. Separation occurs slightly

before minimum inlet angle. (Recall that minimum B1 is associated

with maximum toad.) As the inlet angle increases from the minimum

value, the flow reattachea (point C) and the cycle repeats itself.

It is interesting to note that the separation pattern is different

for each cycle plotted . For the firs t occurrence of separation at

the extreme left—h and side of the figure , the flow at x/c • 0.034 is

separated over a greater range of inlet angles than the second

occurrence . The third time the flow separates (point D) it doe. not

appear to reattach after minimum inlet angle has been passed . The

f..
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pressure transducer at this chordwise station does not show a signi-

ficant decrease in suction during the time the flow is separated , but

it does indicate an increase in the magnitude of the pressure fluc-

tuations. The lack of a sharp drop in leading edge suction may be

taken to indicate that the blade has made only a shallow penetrat ion

of the dynamic stall regime. That is, although the surface flow has

become separated , the external potential flow is relat ively unchanged .

In steady flow , the blade stalls at an inlet angle of 28.5 degrees .

Since the inlet angle in distort ion drops as low as 25’ it is evident

that the blade has gone past the quasi—stead y stall point by a

significant amount. Very little boundary layer activity is indicated

by the skin friction gage at x/c — 0.169. During the time that the

flow at x/c — 0.034 is separated , there is slight increase in the

average level of the signal and in the amplitude of the high frequency

fluctuations . This may be due to the reattachment of the flow

between x/c • 0.034 and x/c • 0.169. The flow downstream of a

reattachment point is expected to be turbulent , and since there is no

indication of transition , the flow must always be turbulent at this

stat ions. The pressure transducer trace at x/c • 0.169 also exhibits

an increase in the high frequency fluctuations . Taken together , all

of these readings indicate that a separation bubble probably forms on

the leading edge as the inlet angle approaches a minimum and grows

until the minimum angle has been passed whereupon it shrinks and then

—

~~ 
I 

_______ 
_______ ____________________________
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vanishes. During the experiment it was found that this flow condition

results in the lowest average inlet angle that can be attained

without inducing rotating stall. Thus,, in the case of inlet distor-

tion, the onset of rot ating stal l appears to be triggered by the

occurrence of dynamic stall in the low velocity region of the distor—

t ion.

The flow condition for point 7.9 is such that separation does

not occur. The variations in the skin friction trace for x/c 0.034

shown in Fig. 32 are due to transition between laminar and turbulent

flow. The regions of higher skin friction correspond to times during

which the transition point is ahead of that station and the regions

of lover skin friction correspond to times during which the transition

point is behind it. When the flow is turbulent at x/c — 0.034, it

must also be turbulent at x/c — 0.169. Since there is no indication

of transition at x/c — 0.169, the flow must always be turbulent

there. Thus, the transition point must always lie ahead of x/c —

0.169. At the lower values of instant aneous inlet angle , the transi-

tion point is ahead of x/c — 0.034. The data obtained from point

7.15 are shown in Fig. 33. The small humps in the skin friction

trace for x/c — 0.034 indicate transition to turbulent flow only at

the minimum inlet angle. By the same reasoning as before , the flow

at x/c • 0.169 must always be turbulent .

.1~
- ~~~~- - - —-- - . . ____ —
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Unstead y Rotor Pressure Rise

As previously mentioned , the rotor in a distorted flow does

not operate at one single inlet angle and pressure rise coefficient.

Instead , the inlet angle and pressure rise coefficient vary around

the circumference . The downstream static pressures were Fourier

analyzed to smooth the data and the pressure rise coefficient was

computed as a function of position in the distortion field. Plotting

the pressure rise as a function of the instantaneous inlet angle

produces the loops of Fig. 34.

These loops are for points 7.4, 7.9 , and 7.15 and are similar

in nature to the loops which were previously de rived for the blade

pressure, normal force and pitching moment coefficients. The loop

for the highes t average inle t angle shows good agreement with the

undis torted characteristic and that the distort ed pressure rise lags

the inlet angle. The other two loops are much more open indicating a

greater phase shif t. and depart significan t ly from the undistorted

charac teristic. The sense of the loops at the lower inlet angles

indica tes that the pressure rise lead s the inle t angle while the one

at the high inle t angle indica tes a lagging response. Referring to

Table IV , one find s that the first harmonic of the pressure rise loop

for point 7.4 does indeed lead the inlet angle as does that for point

7.9, although to a lesser degree. The first harmonic of the loop for

point 7.15 shows a sligh t lag. This same trend was observed for the

I

_____________________________________
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I
I TABLE IV

HARMONIC CONTENT OF UNSTEADY RO IDR PRESS URE RISE COEFFICIENT

I
a0 ~~ a1 a2

I Point 7.4 0.433 0.089 37.1 0.013 70.9

I Point 7.9 0.459 0.090 11.9 0.017 335.6

Point 7 .15 0.393 0.138 350.5 0.010 17.0

I
1~ 

a3 $3 a4 $4

Point 7.4 0.009 115.5 0.005 71.0

Point 7.9 0 .025 98.1 0.012 40.1

Point 7.15 0.011 83.1 ‘L003 25.6F
Note :  C o e f f i c i e n t s  are fo r  the form C~ — a0 + Z a~ cos(nO+$~)

I
I
1~

. f. F
I.

0.•
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pressure, normal force , and pitching moment coefficient loops. There

is moderate iecond harmonic content in the loops for points 7.4 and

7.9. However , the loop for point 7.15, which is in the potential

flow regime and also in the low loss region, is almost a pure first

harmonic.

Velocities and Flow Angles at the Rotor Exi t Plane

Three velocity component s were measured approximately 0.07

chord lengths aft of the rotor exit plane using a triaxial hot—film

probe . The parameters which will be employed to present the results

of these measurements will be the exit velocity, W2, the circumfer-

ential flow angle , 82, and the radial flow angle , $. We will first

consider measurements made in undistorted flow at an inlet angle of

42.3’. The variation in the exit velocity across the blade gap is

plotted in Fig. 35. The point y/g — 0.0 corresponds to the downstream

projection of the suction surface of one blade and y/g — 1.0 corre—

sponds to the downstream projection of the pressure surface of its

neighbor. The velocity profile is relative ly flat showing a sligh t

decrease as one approaches the pressure surface (y/g 1.0). There

is an abrupt drop in velocity near the blade trailing edges at y/g —

0.0 and y/g — 1.0. It must be pointed out that the sensor arrangement

of this particular probe is such that is is not suitab le for use in

regions where strong velocity gradients exist. The blade wakes are

obviously such regions; however, the exit velocity should be only

•

II
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slightly affected . The radial flow angle will be affected somewhat

more and the circumferential flow angle will be strongly affected.

The circumferential exit angle (Fig. 36) is constant except in the

blade wake regions . The flow angle in these regions are probably

erroneous due to the previously mentioned limitations of the probe.

The radial flow angle (Fig. 37) is extremely close to zero except in

the blade wake regions.

In order to study the veloci ty and flow angles in the case of

distorted flow, we will again consider the four inlet angles corres-

ponding to maximum axial velocity, minimum axial velocity and the

average axial velocity with the inlet angle increasing and with it

decreasing . The velocity profile for these angles is plotted in Fig.

38. Little vari ation in the exit velocity is noted because it is

composed of both an axial part (which is varying) and a circumferen— i
tial part due to the rotation of the rotor (which is relative ly

constant). One notes that the two cases which have the same inlet

angle do not have identical velocity profiles. The plots indicate

that the velocity distortion has been disp laced in the direction of

rotation of the rotor. The variation in across the gap is shown

in Fig. 39. This profile is relatively flat except for an inlet

angle of 43.8 with the inlet angle decreasing . In this case , the

exit angle exhibits rather pronounced fluctuations for which there is

present ly no explanation. It is apparent that the gap—averaged
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circumferential exit angle is undergoing significant changes as the

I distortion is traversed . By obtaining gap—averaged values of the

I 
exit angle at these and several additional locations in the distortion

field and plotting them as a function of the instantaneous inlet

I angle (Fig. 40) one generates a loop similar to those produced from

I the pressure data. Comparing this loop to the undistorted exit angle

behavior , one concludes that the unstead y exit angle is lagging the

I steady curve . The shape of the loop, however, is a very poor match

I to the shape of the steady state curve . Furthermo re , the variations

in exit angle measured by the probe appear to be excessive . Exit

I angles were also calculated by a momentum theory approach (similar to

that of Appendix v) neglecting any unstead y effects not inherent in

the normal force and rotor pressure rise loops. The results of these

I calculations (which are not present ed here) tend to support the

belief that the indicated exi t angle vari ations in distorted flow are

excessive . The radial flow angle (Fig. 41) is definitely not zero

I indicating that the distorted flow field has induced three—dimensional

effects into the rotor wake. The lack of agreement between the exit

angle , 82, measured in distorted flow and that in uniform inlet

flow may be part ly due to these three—dimensional effects.

I
I

II
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CONCLUSIONS

An inlet distortion experiment has been performed in which

an isolated compressor rotor was subjected to a sinusoidal variation

in inle t axial velocity. The instrumentation system developed for

this experiment allows the meas urement of unsteady blade pressu res on

the rotor with a high degree of precision and without the noise

problems normally associated with on—rotor measurements. Qualitat ive

skin fric tion measurement s were also performed on the rotor blading .

A wake probe mounted in the rot ating reference frame was used to make

veloci ty and flow angle measurement s at the rotor exit plane . The

development of the capability to make such on—rotor measurements with

a precision and noise—immunity common ly possible only for non—rotating

experiment s is a significant accomplishment of the present program.

From the experiment al results which have been presented herein , the

following conclusions may be drawn.

1. The peak pressure rise on a circumferential ly averaged basis

is greater  for  u n d i s t o r t e d  flow than for d i s to r t ed  f low .

However , at low average inlet angle (high blade loading),

the rotor produces a slightl y higher pressure rise in

distorted flow. This is attributed to the fact that the

blade transientl y operates beyond the steady state stal l

point at these average inlet angles and yet does not stall.
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2. Under high blade load ing ,~ the blade pressure distribution

I exhibits a sharp negati.ve ~eak on the suction surface near

I 
the leading edge . This peaking is more pronounced than is

normally the case with an isolated airfoil.

I 3. As the inlet angle is increased , resulting in reduced blade

I 
loading , the pressures on the rear portion of the blade

remain essentially unchanged . On the leading edge , however ,

I the pressures undergo considerable change . At the very low

blade loadings the pressures on the suction surface of the

leading edge are greater than those on the pressure surface

1~ . . .
resulting in negative loading on tne leading edge.

4. As the blade traverses the distort ion , the greatest pressure

11 variations occur at the most forward measuring station (x/c

— 0.034). The response at this station consistently lags

the inlet angle. The response at the second measuring

station (x/c — 0.169) is much reduced in amplitude and leads

the inlet angle at high blade loading , chang ing to a lagging

response as the blade loading decreases. Pressures at the

third and fourth measuring stat ions (x/c — 0.381 and x/c —
0.619, respective ly) show very little variation for quasi—

stead y flow . However , under the influence of the unsteadi-

ness created by the inlet distortion , a moderate response is

observed . The pressures farther back on the blade essentially

I.
1
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follow the quasi—stead y charac t€ristic and exhibit very

little change with vary ing inlet angle.

5. The normal force coefficient loops show a significant

departure from the quasi—stead y c h a r a c t e r i s t i c .  The ampli-

tude of the response is inc reased considerab ly and it

generally leads the inlet angle. A significant pene t ra tion

beyond the steady—s tate stal l point is indicated.

6. The pitching moment coefficient loops are dominated by the

pressure response at the leading edge. They show good

agreement with the stead y s tate curve at high inle t ang les

but depar t somewhat from the s tead y s t ate at low inle t

angles.

7. For the lowes t average inlet angle whi ch cou ld be att ained

wi thout the occ u rrence of rot at ing s tall , a separa t ion

bubble is observed to exist on the leading edge of the blade

while it is in the low velocity (high loading) region . This 
*

may indicate that the inception of rotating stall is trig-

gered by the occurrence dynamic s tall in the low veloci ty

region .

8. Veloci ty and flow angle measurements made at the rotor

exit plane at blade midspan indicate that the flow is

essential ly two—dimensional in the undistorted case. The

wake profiles are smooth and relativel y constant except for

I
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the regions immediately behind the blades where there is a

I velocity deficit and some flow angle variat ions. In distor-

ted flow , however , significant radial flow is indicated .

This radial velocity component changes direction (from

I inward to outward ) as the distortion is traversed . It thu s

appears unreasonable to attempt to make quantitative measure—

- 

ments downstream of a rotor undergoing distortion wit tout

performing a radial survey of the flow parameters.

9. The circumferential exit angle variations measureti in

dis torted flow appear to be excessive . It is possible that

an interaction between the probe and the unsteady flow field

behind the rotor is occurring .

The following addi tional statements may be made concerning the

I instrumentation system .

10. The use of on—board signal—conditioning and ampl ifying

equipment produces signals which are not contaminated by

sli p—ri rtg noise and reduces the number of slip—ring s required

- for each channel of data.

11 . The circuitry which was developed to perform these signal—

I conditioning and ampl i fying functions proved to be extremely

ret iable .

12. The triaxial hot—film probe usçd to measure flow angels in

I distorted flow was not satisfactory . The probe geometry (in

I.
I-
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particular , the sensor placement) is believed to be at

fauP . In any case , a better technique for measuring these

flow angles is needed . 

- .-  ,—-——--.- . - — - — ---- .- .-
~~~~
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APPENDIX I

I POWER SUPPLIES

The unregulated D. C. supply for the rotating frame

I instrumentation was located outside the LSRR. Two 20 volt supplies

capable of delivering a current of 3 amperes were connected as

indicated in Fig. 42 to provide plus and minus twenty volts with

I 
_  

+ Q +20V

I 110 VAC UNREGULATED

GND

I _ _  

+

20V @ 3A
110 VAC UNREGULATED -O -2ov

FIG. 42 UNREGULATED D.C. POWER SUPPLY

I respect to a common ground . Two types of voltage regulators were

used in the rotating frame instrumentation package . The first type

was a dual regulator supplying ± 15 volts to the pressure transducer

I amplifiers and the constant temperature anemometers . Its schematic

I 
diagram is shown in Fig. 43. This circuit was taken directly from

Ref. 37.

. 1
. 1

V. 
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FIG. 43 SCHEMATIC DIAGRAM OF ±15 VOLT REGULATOR

The output capacitors , C2 and C4 are required for stability and

to reduce high frequency noise. The input capacitors , Cl and C3, are

necessary because the regulator is located some distance from the

filter capacitors in the unregulated supply. Capacitors Cl and C2

are .ceramic disk types while C3 and C4 must be solid tant alum. The

diodes Dl and D2 allow the regulators to start up under a common load

(i.e., one between and V0~~
) when the unregulated supply

is turned on.

The circuit for the pressure transducer excitation supply of —10

vol t s was also taken from Ref. 37. Its schematic di agram appear s in

Fig. 44.

~
_j .
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FIG. 44 SCHEMATIC DIAGRAM OF —10 VOLT REGULATOR

I
Capacitors Cl and C2 are solid tantalum with Cl being required

because the regulator is remote from the unregulated supply and C2

being required for stability. . The resistors Ri and R2 form a divider

which causes the output to be twice the basic regulator output of —5

volts. The bypass capacitor c3 improves ripple rejection and transient

response. It may be an aluminum electrolytic.

I
I
I
I

V .
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APPENDIX II

PRESSURE TRANSDUCER AMPLIFIERS

In order to boost the output of the pressure transducers mounted

on a rotor blade to a level where it would not be susceptible to

noise contamination , it was necessary to place a fixed gain amplifier

inside the rotor hub for each transducer. A gain of 100 was chosen

based on the expected pressure levels and transducer sensitivities as

well as the restrictions which the stat ionary frame equipment placed

on the output voltage (no more than + 1.4 volt to avoid overloads).

The circuit which was developed to serve this funct ion is shown in

Fig. 45. Capacitors C4 through Cl are merely filters used to minimize

ripp le on the operational amplifiers supply lines. Amplifiers Al and

A2 are connected as unity gain voltage followers whose sole purpose

is to present a high input impedance to the transducer bridge.

Amplifier A3 and resistors Ri through R6 form a differential amplifier

with a gain of 100. The fixed resistors are 1 percent metal film

types and the variable resistors are 22—turn cermet trimmers . These

types were chosen for their stability with age and temperature. The

output of the amplifier may be shifted by adjusting R6. Since each

amplifier is alway s connected to the same transducer , this adjustment

is done only once during the initial setup to account for any offset

in the transducer. Trimme r R4 is adjusted to peak the D. C. common

mode rejec tion . The offset adjustment (R6 ) and the D . C. common mode



I
1 114

— 

Al 
A l 10K R2 1 MEG

INPUT ~~~
j  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I

I C?;’EtT -

A3 OUTPUT

LM3OI AN

I r—;:i--————i 
R4 2K 

8

I L..__I — 

~~~~~ 
R3 9.09K / C3 30 PF

I 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

TO PIN 7 OF MEG TO PIN 4 OF
C2 SEETEXT OP AMPS OP AMPS

I +15V 0 —
~~~, ~~~~~~~

—

I I
I 1OUFII I[0.

1PF

GNDO ~~~~~~~ 
— —

— 15V0-

I 1OIAFT I01
~

F

FIG. 45 SCHEMATIC DIAGRAM OF PRESSURE TRANSDUCER AMPLIFIER

• 1 

. 

V

1~
— _ V - - — ._~__ .~ •__ - —.-—-—----~~—-— —V

I



115

adjustment (R4) interac t slightl y but this was not considered a

problem because they are set only once. The D. C. common mode

rejection is considered to be properl y set when a D. C. voltage

applied simultaneousl y to inputs A and B does not change the output.

After these adjustments are completed , the AC common mode is peaked .

Capacitors Cl and C2 are nominally 20 pf. Additional capacitors (on

the order of a few picofarads) are paralleled with one or the other

to maximize the AC common mode rejection . A function generator was

used to apply a sine wave simultaneousl y to both input s and a tri al

and error process was followed until the output ripple was minimized .

Once the adjustments have been completed , the output of the

amplifier is given by

V — G (V
B 

— V
A) + Voffse t ‘ 

(34)

where G is nominally 100. Since each amplifier is always connected

to the same transducer , the exact value of C is unimportant . Rather ,

an output sensitivity of the transducer—amp lifier pair is experi—

mentally determined and this sensitivity is used in all calculations .

Reference 38 is an exhaustive treatment of the theory and

applications of operational amplifiers which was written for the

layman. It is recommended reading for anyone contemplating a similar

use of operat ional amplifiers.

V .
V. V .
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APPENDIX III

CX)NSTANT TEMP E RATU RE ANEMOMETERS

I
The constant temperature anemometer units used in this experiment

are an original design initially developed for use with the skin

friction gages. After the commercial units which had been purchased

to operate the triaxial hot—film probe failed under centrifugal

acceleration loading , the in—house design was used for that applica—

tion also. The units were designed to be inexpensive , rugged , and

stable because their location inside the hub would subject them to

centrifugal loads and would preclude easy adjustment once installed .

These goals were easily met by the circuit of Fig. 46. First consider

the brid ge composed of R12 through RlS. When the voltage at point A

is the same as the voltage at point B the bridge is said to be

balanced . The output of the error amplifier composed of Al , R6, Rl ,

Ri6 , and R17 will be zero. The output of A2 will be controlled by

the setting of Ri which allows the circuit to have an output (at

point C) with a zero error signal. If this feature were omitted , the

anemometer would not start up properly when power was applied . The

transistors Qi and Q2 connected in a Darlington configurit ion boost

the current output of A2 to meet the demand s of the bridge . The

Darlington pai r is stabilized by resistor R u .  Returning to the

bridge , one finds that the condition for balance is that

I.
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NOTES~ 1. OP AMPS ARE LM3O1A WITH 3OPF COMPENSATION CAPACITOR .

2. RESISTORS IN OHMS. 1/4 WATT 5% UNLESS NOTED.
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0.112F

lOOK 

~~~~~ I.
R6 1 MEG1% RS 100K 

-
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FIG. 46 SCHEMATIC DIAGRAM OF CONSTANT TEMPERATURE ANEMOMETER
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Rl2 P.13

I P.14 P.15 
(35 )

I 
or alternatel y

Ri S  P. 13
( 36)

I
Thus it can be seen that the brid ge is balanced when the probe resis—

I tance (RiS) is one fifth that of the control resistor (R14). (This

rat io is se t by the chosen values of R13 and R12 and is what is

commonly referred to as a 5:1 bridge.) The probe is being heated by

I the current through it and is operating at a resistance somewhat

higher than its cold resistance. If for some reason it were to

become cooler than the temperature at which the bridge balanced , its

I resistance would drop causing the voltage at point A to be lower than

- that at poiint B. The error amplifi er would then develop a negative

a
output which would be inverted and further amplified by A2 resul ting

in a higher voltage at point C. The increased current through the

- probe would heat it causing it to return to a balanced condition .

Actuall y, the brid ge will not always be perfectly balance; however ,

the imbalance will be inversely proportional to the system gain.

I 
This gain may be adjusted over a range of roughly 50 to 1000 by R8 so

for all practical purposes the sensor will operate at the desired

temperature . A more detailed descri ption of the operat ion of constant

temperature anemometers may be found in Ref. 39. A brief discussion

I.

r
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of some practical aspects of anemometry and an extensive bibliography

of related articles may be found in Ref. 40.

V .  -
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APPENDIX IV

I INSTRUMENTATION USED AND FLOW CONDITIONS RUN

Table V d e t a i l s  the instrumentation available in configurations

I 
one and two. Note that the s ta t ionary frame in s t rumen t a t ion  is the

same for both configurations. Configuration one was used for runs

I six through eigh t and configurat ion two , for runs ten and eleven.

The hot film probes behind the rotor were used to measure the number

and veloci ty of stal l cells when rotating stall was occuring . The

I thermocouple was intended to detect any rapid temperature variations

which would not be sensed by the static data system so that the point

could be repeated . Table VI is a listing of the flow conditions run

in the present experimental program . The flow condi tion is labelled

as undis torted (U) or distorted (D). Jud gement as to the existence

of rotating stal l was based on observations of the unsteady instru—

I ment ation output on an oscilloscope .

I

I.
I
I.
I
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TABLE V -

INSTRUMENTATION CONFIGURATION FOR LSRR

(a) Rotat ing Frame Instrumentation

Channel Conf. 1 Conf. 2

1 XD1 XD1
2 XD2 XD2
3 xD3 XD3
4 XD4 XD4
5 XD5 XD5
6 XD6 XD6
7 XD7 SF1
8 XD8 SF2
9 XD9 SF3
10 XDIO SF4
11 XDll SF5
12 SF1 SF6
13 SF2 TX 1
14 SF3 TX2
15 SF5 TX3
16 SF8 PT
17 SF11 XDI2

(b) Stationary Frame Instrumentation

Channel  Data

1 HF1
2 HF2
3 HF3
4 OPR
5 TC
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TABLE V (Cont ’d)

I INSTRUMENTATION CONFIGURATION FOR LSRR

I Key~ XD Pressure Transducer
SF Skin Friction Gage
TX Triax Probe Sensor
PT Total Pressure in Wake
HF Hot F i lm Probe Behind Rotor
OPR Once/Revo lu t i on
TC Thermocouple Behind Rotor

f

I
I.
I
I

I -

I.
I
I
I
I
I

V ..
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TABLE VI

SUMMARY OF FLOW CONDITiON USED IN
LSRR INLET DISTORTION EXPERIMENT

Run Pi~i n t  °M 1I. I W 1 x / 1 Flow Cond, tion

(dcgr.’.-’1 degr .~.’l. ) 
( f t / i .. , ) ( t t J

~~e c )  (f t/icc )

6 6 28 1. 5 78 .5 J44 .7 (84 .6 (1 . 5 4 3  U
8 7 31 .2  — 3 . 2  94 . ’. 1 45 . 1  17 3 . 4 0. 654 I.’
6 Il’ 36.~ —6.u 105.) I~~’.9 179.1 0.72 ? U
6 II 36 .8 -8 .M I l b.~ l44 . 7 185. 6 0 .803 1

t, 12 4,1 ) — 1 0 . 7 12 2 . 8 14 5 . 1) 190 .0 0 .8 47 P

6 13 ..3,; — 1 3 . 1 1 3 5 . 9 145.1 198.8~ 0.937 U

6 18 4. . ? — I . . . ? 1~~3 . I  14. .8 203.6 0.988 1’

I, 2 1  ~~~~~~ — 1 7 . 9 16 0 .5 (4 5 . 11 2 16 . 3  1 .107  U
8 24 511 .2 — 2 ( 1 . 2 I7 3 .~ 144 .8 2 2 6 . 2  1.200 U

7 2 8 . 9 1 . 1  7 8 . 1  4 1 . 7 161. 8 0 . 5 5 1  17
7 ~. 3 3 . 5 -3 . 5 94 .0 1 4 1 . 8  17 0 . 1  0 .663 13

7 4 — 4 4  1118 .6 Iw l  .8 177 .4 0 .7 5 2  13
7 I: ‘.u.. — I 0 .~. 120. 4 131 . 7 185. ’~ 0 .850  0
7 IS 4 : .?  — 1 2 . 2 128 .3 141. 7 1 9 1 .1 0.905 13

7 16 4 3 . 7 — 1 3 . 7 . ( 3 5 . 5  1.1. 8 196.1 0.958 17
7 19 65.2 — (5 . .’ 1— 2.5 1 41. 7 201.0 1.006 13

7 22 28 . 7 1 .3 77.5 141. 7 161. 5 0.547 13, Stal led

7 ~ 3 29 . i. 3 9 70. 1 141 . 7 158.2 0.49b 0. Sta lle d

7 24 30 . 7 -0.7 i6..I 141 . 7 164.8 0.594 13, St al led

8 28 . 8 1 . 2  7 9 . 1 144 .0 164 .4 0.551 U , St a l l e d 2

6 4 29 . 8 (I . 7 8 2 . 1 143.9 165.8 0.572 U, Stall ed 2

(4 S 30. 6 — 0. 6 8 S. ’( 143. 9 16 7 . 1  0 .59 1 U , Stalled 2

10 3— 16 43. ” — J ( . M 136 .6 142.6 197.5 - 0.958
Ir 18—2 8 27 .9 2, 1 75.) 142.4 181 .1 0.529 0, S t al led 3

II - 3— I t ,  4 2 . )  — 1 2 . 3  129 .0 142..) 191 .8 0.908 U3

II 19—31 31 . 5 — 1 . 5 87 .1 1 41. 9 166.5 0.614 U Stalled 3

II 34-38 32.’ - —2 .11 88.11 141.9 187 .4 0.626 U

Not P e ’  ~~~~ is base d nfl for d istorted flow
(2; After cn .pletinn of run it  w.i d,sc,~vered that a bV1ri n~ had overhe ated and - 

-
(a . led sw l t  .n~ in.. ’ (i f II,,’ pla s t ic tuh ,nç runn .n(4 to th~ pneueat ic blade

- 
( 3 )  Wak ,. pr ,h.’ trav e rs e s at a .in~tte flow condition
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APPENDIX V

I CALCULATION OF EXIT ANGLE USING MOMENTU M THEORY

$ One may derive an expression relating the exit angle to the

normal force coefficient of the blades , the static pressure rise

- across the rotor , and the inlet angle through momentum considerations .

I The control volume which will be used in the subsequent deriva-

tion is shown in Fig. 47. Note that the streamline contraction due

to boundary layer grow th is exaggera ted . The continuity equation may

be written in terms of axial velocities ,

— P2Cx2~,l22 (37)

and for incompressible flow , 
~ 

— 
~2 

— ~~ and

C
~~

bi — C
~~

b2 . (38)

The tangential momentum equation is

F0 — pg (C
~~ Ce bi 

— c C 0 b2 ) 
(39)

which may be simp lified using Eq. (38) to read

F
0 

— ~~C~~b 1(C 0 C0 ) (40)

The axial momentum equation requires some assu~ pt~~’t as to the

I variation in pressure through the rotor. If one assume s a linear

variation , the axial momentum equation becomes

I P5 + P5
Fx — P5,~gb2 — P91gb 1 + 

2 1 g(b~ - b2)
L 2r (41)

+ pgb~C~2 
— pgb~C~~



125

FIG. 47 CONTROL VOLUME FOR MOMENTUM THEORY
CALCULATIONS
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The first term on the right side of the equality is due to pressure

on the rear face of the control volume , the second is due to pressure

on the front face , and the third is due to pressure on the sides.

The last two terms represent the axial momentum change due to the

veloci ty difference . Simplifying,

F
~ 

- g(
bl+

2

b2)(p82 
- + pgbjC~ 1

(C~2 
- 

~~~~ 
. 

(42)

The axial and tangential forces may be combined to yield the normal

force by using

FN F0 sine + F~ 
cos~ .~~ . . (4 3)

where ~ is the chordal stagger angle. The normal force coefficient

is defined as -

FM -

C — ______ (44)
½pW 1

2 S

Inse r t ing  Eqs .  (40) and (42)  into Eq. (43) and using the definition

of CN as given by Eq. (44) one obtains

g 
Cxl

4(—)sin28 sinE cotS — cotB2(~~~
)

c 1 1

CN C (45)
1 +~~~~~ 

4 (~~~ )5j ~~~~2 $
1

(~~~~~~.L. 1)

+ (!)C COS 2B ,COSF~ +
c Pr Cx1

~~~~~~~~ + 1
Cx2

V.
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This may be solved for as

C
~

C CN(1+ .)
X 1cotS2 — 

~~—cot51 
— _ _ _ _ _ _ _ _ _ _ _

1 ~~~~~~~~~~~~~~~~~~~ (46 )

c c
+ 2 + (~!1.)(._~~ — 1)co t~ . p4 tan tang C~1 ;~

This equation was used to obtain the exit flow angle , 62, from

measured values of inlet angle , normal force coefficient , and rotor

pressure rise coefficient . .

: 1

_ _  - ~~~~- - .: _ _ _ _ _ _  

I
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APPEND IX VI

I TRIAXIAL PROBE CALIBRATION

The probe used in the LSRR inlet distortion experiment is a

Thermo—Systems , Inc . l296M triaxial hot—film probe . A total pressure

transducer is attached to the support shaft. Two axis systems are

used in calibrating the triaxial hot—film probe . One system is the

axial—radial—circumferential axis system of the rotor while the other

is chosen with the three axis parallel to the three mutuall y ortho-

gonal velocity sensors which make up the probe . These two systems

are shown in Fig. 48 omitting the total pressure probe for clarity.

v i
(RADIAL )

- 

(CIRCUMF~~RENTIAL)/

1~ 
- 

1)2

- 

FIG. 48 AXIS SYSTEMS USED IN WAKE PROBE CALIBRATIONS
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The velocity components in the two systems may be related by two

systems may be related by two sets of trans formation equations . The

first set gives velocities in the rotor reference frame , v1, in I
terms of the sensor frame velocities , u1.

— a~~2u~ 
+ a21u2 + a 31 u3 (47) I

V 2 = ai2ui + a2�u2 + a 3 2 u 3  (48) I
V 3  + a~~ u~ + a23u2 + a33u3 (49)

The second set of equations is the reverse transformation

U~ = aii v i + a~ 2v2 + a13v 3 (50) I
U2 + a2 ~~~ 

+ a2 2V2 + a2 3V’ 3 (51)

and I
= a31 v1 + a32 v2 + a 3 3 v3 (52)

The coefficients, a13 , 
used in these equations are as follows .

a ij = 1273 a 2 1 = - v ’ITh a 31 = - /TTh’ I
a 12 = O  a 2 2 = - v ’17’2’ a 3 2 = /T72

a 13 = /173~ a 2 3 = II ’7~ a 3 3 = IT7’
~

The probe was calibrated in the NCSU Low Speed Wind Tunnel using I
a support fixture which al lowed the probe to be pitched and yawed I
while maintaining the sensors in precisely the same location within

the tunnel , thus allowing any flow nonuni formities which might exist

in the tunnel to be neglected . The sign conventions used for the I
pitch and yaw angles , 0 and •, respectively, are shown in Fig. 49.

I
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I SENSOR 3

I SENSOR 1 - —

I SENSO R 2

- 
FIG. 49 SIGN CONVENTIONS FOR PITCH AND YAW ANGLES

I -

I These angles and the total velocity vector , V , may be used to calculate

1 the velocities in the rotor reference frame.

— V sinO (53)

— V cosO Sin~ (54)

— V cosO eos~ . (55)

I
I
I

V .
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The direction cosines of the sensors were used to calculate

pitch and yaw angles which would place each sensor in turn perpendi-

cular to the flow. Based on previous experience , it was suspected

that the probe shaft was deflecting the flow so that the flow was not

actuall y normal to the sensor in question at the calculated pitch and

yaw angle. Consequent ly, with the tunnel running , the probe was

yawed sli ghtl y while monitoring the anemometer output voltage . The

flow was taken to be normal to the sensor at maximum output voltage .

The yaw angle at peak output did vary slightl y from the calculated

values confirming that the probe shaft was indeed interfering with

the airflow over the sensors . With each sensor in turn p laced normal

to the flow , the tunnel was operated over a wide range of velocities

and the various flow properties and the output voltage of the appro-

priat e anemometer were recorded. It was desired to fit these data to

the form of Eq. (56).

F2 - = K/~V (T
5 

- 

~~~ , (56)

where E is the anemometer output voltage , p is the density, and

and T are the sensor and free stream temperature , respective ly.

The constants E0 and K are determined from the calibration data.

This relation between the fluid properties and the anemometer voltage

was first suggested by King (Ref. 41) and bears the name King ’s Law.

This type of relation and some of its limitations are discussed in

V
- S  -

~~~
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Refs. 40 and 42. Once such limitat ion is that no sing le set of

I values for E0 and K is valid over the entire velocity range;

I 
consequently, a least squares procedure was used to obtain two curve

fits of the form of Eq. (56), one of which was for the hi gher veloci—

ties and the other , for the lower velocities. The anemometer voltage

at the intersection of these two curves was calculated . During the

remainder of the calibration procedure , if the output voltage of an

I anemome ter was higher than the crossover voltage the high velocity

fit for that sensor was used , and if it was lower , the low veloci ty

fit was used . Typical data obtained for one of the sensors and the

I two curve fits used are presented in Fig. 50.

After determining the response of the probe sensors to normal

flow , it was necessary to investigate the behavior of the sensors in

I non—perpendicular flows . One expression which is commonly used to

describe the response of a sensor to transverse flow is:

- U~~ 
+ K2U~ (57)

where is the effective velocity measured by the sensor , u~

and ut are the normal and transverse velocity components , respec—

I tivel y, and K is a constant which is empiricall y determined . Unfor—

tunately, this expression does not lend itself to situations where

the flow may be blocked by the probe shaft and the behavior of the

I probe indicated that there were serious blockage effects. (See Ref. 43

I

V — ~ g..
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FIG. 50 TYPICAL RESULTS OF NORMAL VELOCITY CALIBRATION
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for a d i scuss ion  of probe s h a f t  i n t e rf e r e n c e  e f f e c t s .)  The f o r m u l a t i o n

I of Eq. (58) was developed to include these blockage effects as well

I as sensitivity to  t ransverse  f low .

q~ f f  — u~ f ( 6 ,$) , (58)

I
where 

~~ ff  and u~ are as before and f( 0, 4) is a weigh ting factor

I of order u n i t y  which is a f u n c t i o n  of the pi tch  and yaw ang les. The

wind tunnel was operated at a constant velocity of 116 ft/sec while

the probe was pitched and yawed and the data obtained used to calcu—

I late the value of this function for each sensor at each combination

of pi t c h  and yaw angles.

The values of the function at each value of 0 were fitted using

( a least—squares method , to a fifth order polynomi al in 4. The

coefficien ts of each term in this polynomial were then fitted by

least squares to a fifth order polynomial in 0 resulting in a 5 x 5

I matrix of coe fficients for each sensor from which the value of the

func tion , f ( e , 4), at any intermed iate value of e and 4 may be

computed . The computer codes used to reduce the tabulated function

I to the matrix of coefficients and to subsequently reconstruct the

function at arbitrary 8 and • are given in Appendix VIII. The

function f ( e , •) itself was found to be velocity dependent . This was

I a totally unexpected development . The tunnel was therefore operated

at its maximum continuous velocity (159 ft/sec ) and values of f(8, •)

were obtained . The data were reduced to polynomial coefficients as

I
I

- .-___-_- -. - - _ _  - - - - - -_

__—-----_ _-

~

---- - -

~ 

-
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before . For given val ues of e and $ a l i n e a r  i n t e r p o l a t i o n  was

a p p l i e d  so t ha t

f (0 , ~) = 

~L~
°’ l~~ ) +

v - v
- 

~ ~~H~~
°’ ~) - 

~L~~°’ ~~~

where  
~L and are the  va lues  of t he  f u n c t i o n  as d e t e r m i n e d  f rom the

low v e l o c i t y  and t h e  hi gh v e l o c i t y  c a l i b r a t i o n s., r e spec t ive ly ,  and V L

and VH are the  v e l o c i t i e s  at which  those c a l i b r a t i o n s  were done .

The v e l o c i t y  V was d e t e r m i n e d  from the  p rev ious  i t e r a t i o n .  Use of

t h i s  p rocedure  r e s u l t e d  in  s a t i s f a c t o r y  pe r fo rmance  in t e s t  cases .

In order  to use the  c a l i b r a t i o n  d a t a  to o b t a i n  the v e l o c i t y  and

f l o w  ang les f rom t h e  t h ree  anemometer  ou tpu t  v o l t a g e s , one f i r s t

mus t  c a l c u l a t e  an e f f e c t i v e  normal v e l o c i ty  for  each w i r e  by

(E2 — E~)
2

(60)
K2p (T — T ) 2

S =

where  q u a n t i t i e s  on t he  ri gh t  hand s ide  of the equa t i on  are the same

for  E q .  ( 5 6 ) .  E q u a t i o n  (58) may be w r i t t e n  fo r  each sensor as

f o l l o w s .

— u~ + u~ (61)

q2

—a- —  u~ + u~ (62 )
f2

q 2

~~
-
~~

- u~ + u~ (63)

‘I
V
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In these equations , f1 is the value of the function f(G, 4) for

I the tb sensor which is evaluated at the value of 0 and 4 from the

I 
previous iteration. These equations may be solved for the sq uared

veloci ty components , u~
2. Since there is no way to know whether

I u1 is posi tive or negative from these equations , the proper sign

must be known from some other source. In the present experiment , the

o r i e n t a t i o n  of the  probe was such tha t  the  v e l o c i t y  components  may

I always to assumed to be positive . Using the t rans f o r m a t i o n  E q s .  (47 )

t h rough (49 ) , the v e l o c i t y  components in the rotor r e fe rence  fram e ,

are computed . The to t a l  v e l o c i t y ,  V , and the  r e s u l t a n t  f low

angles , 8r and r’ are calc ulated by Eqs. (64) through (66).

V = + v2 2 + v3 2

I 0
r 

= sin (v1/V) (65)

I = sin (v /V cos 0) (66)

In all cases tested , the method overcorrects. That is , if the value

of $ used to evaluate the functions f (e , 4) is correc t but $ is lower

- 
than the correc t val ue , 8r w i l l  be g r ea t e r  t han  the  cor rec t  val ie

j of 8. If the value of 0 is not great ly in error , •r will be essen-

t ially the same as the assumed value of 4. For this reason , the

iterations were uncou pled and under—relaxed . Thus, with 8 being held

I constant , 4 is iterated upon using

I1
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,n+l 
= O . 8~ ’~ + 0 . 2 4 ~

” (67 )

1
where the superscripts denote the iteration level. When ~ and

have converged wi thin the desired tolerance (normally 2.5’) , I
the  va lue  of is set by E q .  ( 6 7 )  and 0 is updated b y E q.  (68) .

0
n+l 

= 0.8 ~~ 4 0.2 (68)

When 8 has also converged , the  process is te rmina ted . Note tha t  when

the  i t e r a t i o n  has  been t e rmina ted , the correc t val ue of 0 is be tween

8’~ and er
r
~ which are in error  by the  t o l e r ance , c. Thus choosing I

the  computed v a l u e  of e to be the  average of &~ and 8~~ guarantee s

accuracy wi thin €1 2. However , due to the overshoo t which appears to

be inheren t  in the method , a l lowing  the  computed va lue  of 0 to be I
d e f i n e d  by E q.  (68) gives a lower average er ror .  (The maximum

poss ib le  error for  any s ing le  c a l c u l a t i o n  is 0 . 8€  when u s i n g  t h i s

method bu t  the average error  appears  to be on the order of 0 . 2 € . )  A

s i m i l a r  argument  may be made for  the  eva lua t ion  of 4 .

I
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APPENDIX VII

I CORRECTION OF LEADING EDGE PRESSURES

The static pressure measuring equipment consists of a low drift

I pressure transducer connected to a scanivalve , a signal conditioner ,

and an amplifier with an internal low pass filter . The average pres-

sures at each station as determined by this system is added to the

pressures measured by the unstead y instrumentation system to recon-

struct the complete pressure time histories. When the pressure

coefficient difference for the leading edge was plotted (Fig. 51), it

became obvious that something was wrong . The reduced frequency of

- the distortion is not high enough to account for so great a shift in

- the data. The problem was finally traced to the amplifier in the

static data system . The transducer signal is first amplified by the

selected gain factor and then filtered . The gain of the amplifier is

- linear onl y over a range of ± 10 volts after which it begins to cli p

the signal . Although the output of the filter never exceeded the

cli pping level , it is now known that the input to the filter did

exceed this limit and was consequently distorted . Thus, the filtered

output represents the average value of the cli pped signal -. The

cli pping occurred for the leading edge station on the suction surface.

Since this signal has a relativel y large negative value with the

I variations superimposed on it , the negative peaks were clipped

1
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resulting in a sl ightl y more positive average value of the pressure

being indicated than is actuall y the case. The result is to shift

the pressure coefficient difference downward as shown in Fig . 51. No

other station had an output of sufficient magnitude to experience the

clipp ing problem .

One expects a pressure coefficient loop at such a low reduced

frequency to be centered around the quasi—stead y curve . The loops at

the other stations confirm this assumpt ion . There fore , the loops at

the two higher average angles are plotted with their center s on the

quasi—stead y line. For the loop resulting from the lowest inlet

. angl e , a s ign i f i can t  excursion beyond the static stall point is

indicated . In this case , the portion of the loop below the static

stall point is centered on the quasi—stead y line . The corrected

loops are shown in Fig . 24.

Now that the problem has been recognized , it is a simple matter

to monitor the signal at the input of the filter to detec t the onset

of cl ipping . If this occurs , the gain may be reduced with only a

slight loss in resolution . This monitoring will be necessary with

tests involving higher reduced frequencies because the procedure used

to correc t this data may not be applicable.

I
I
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APPENDIX VII I

COMPUTER CODES USED WITH TRIAX IAL HO T—FILM PROBE

The following pages are a listing of a program which converts

the data in a table to a polynomial curve fit in two variables . A

least—squares technique is employed to achieve a certain degree of

smoothing of the data. The subroutine referred to as SIMQ is a

system library routine for solving simultaneous equations of the

form

A x = B.

a
The solution vector is returned in B and the coefficient vector

A is destroyed . Any system routine which performs the same function

could be substituted . In the event that one is not available , a

listing of SIMQ is included . I

~1
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C PROOKAM FOR G ENERATIN G ( L A S T  SO&~~~R1S FIT TO DIRE C IIO NA L CALI bR AT ION 00000010
DIMENSION F ( 3 . 9 , 9 ) . T H E T A ( 2 0 ) , P H  (:~o ),Ac3 ,~~.s,,yg,UM (2o),COEF (20, OC0Ci0O~ 0
PT D-~~ • ?9!,78 .i0000030

C SEAn IN F (NWIR E .ITHETA.JPHI ) ANI’ THE THL IA ANI ’ FHI ARRAY S 00000o40
REA f j ( l , 9 0 O ) ( ( T H~ T A ( I ) , P H 1 ( J ) , ( F ( M . 1 . J ) . N - 1 . 3 ) . . l l.~~) . I - l .~~) 0OO00O~ t,
1*0 100 IJK-1.9 00000(,6(,
T NETAt IJ K) -T I4 ETA (  1JP-.,/ RT I. 00000070

100 PH I (IJK )-I~H I(I Jk) /RT D 00000080
C THE FOl L OWING SLIB SC RIFT N O T A T I O N  W I L L  RE USIL’ 00000090
C N WIRE NUPthFR 00000100
C I THET A Su I4S ( :RIFT 00000110
C J PHI SU RSrRI F 1 Ov000 L’O
C K I  k -I l l  HARMONIC IN T H I T A  00000130
C KJ k -TN HARMOHI ( IN TN!  O(X~’ 0OI 4 O
C *1.1 OTHER S ARE DUMMY S U P S ( R I I - T S  OOGut’ I~~0
C 00000160
C F IT F AS A FUNCTION UI 1HZ FOR EACH WIRE (N) AN n THETA C l )  000001/0

00 300 N-1.1 00000Ibt,
DO 300 1-1.9 00000190

C PUT F INTo A IILIMMY V IE TOP ’ OOuv (.2C0
00 200 J-).9 OOoo o: i. ,

200 YD UM (.I ) - F E N .1 , .I) 000002:0
C COM ~ UTE lilt ~‘NOMIA( I I AIV I SOEIARI S I II OO0u0.~30

CAL l. POt YSO’PHI.Ytsu I-l,(tE(U,9.~~.~~kET) 000vO:j40
C STORE THESE (.O IFF ICI FN TS ooooo~~~oDO 300 k. I - 1 .~~ 00000.i~o300 A ( N , I . k J ) - ( 0 E I C k J )  - 00000270
C CUR VE FIT THESE CO IFFI C IIN T S AS F UNCTIONS OF THETA 00000200

DO 500 N~~l .3 
- 00000290

DO 500 K 1-1.5 - .. 00000100
DO 400 I~~1.9 00000110

400 YDUM (I)’A (N .Z ,kJ ) 00000320
CALl. P0L 0(1HITA,mus ,totF,,,~~,KsE1) 00000330

C STORE F I T  00000340
DO 500 kI- 1.5 - 000003~~0

500 A(N ,KI.K J )— CUEF (PT ) - 
00000360

C COEFFICIENTS ARE NOW C A L C U L A T E D . . .  W R ITE INTO DA IAS ET .  00000370
DO 600 N 1.3 00000380

600 W R I T E ( 4 , 9 0 1 ) ( (A ( N . I , J ) , J . 1 , 5 ) , N . I . I = l . 5 )  00000390
STOP - 00000400

900 FORMAT(5Fl3 .7) 00000410
901 FORMAT (5E14.7,215) 000004:?0

END - 00000430
SUPROUTINE POLYSO (x ,v ,P.NPTS ,NTER M S ,KRET) 00000440

C POLYNOMIAL LEAST SOUARFS FIT OOO 0O4~ oC X INDEPENDENT VARIAI4 L E 00000460
C Y D PENDENT VA RIAP L E 00000470
C P COEFF ICIENT VECT OR FOR POLYNOMIAL 00000480
C NPTS NUMPER OF POINTS TO 141 FIT 00000490
C NTFRMS NUMPEr~ OF TERMS TO RE IN POLYNOMIAL 00000500
C KRET 0 IND ICATES 6001’ F I T .  • .1 INIIICAIES FIT  FAILF I’  00000510

DIMENSIO N XC20),Y(20),P(20) .A (2 0~ 2O) 00000520
C CHECK FOR AN APPROPRIATE ORIiER OF EQUATION 00000530

IF (NTERMS .G(.NPTS)N TERM S~ N FTS - 1 00000540
• C FORM MARTI X OF COEFFICIENTS 00000550

DO 200 I-l ,NTERMS 00000560
00 200 .i-1 ,N TERMS 00000570
IF (I+J .NE .2)OO To 100 00000580
A C I ,J)— FLOAT (NPTS) 00000590
GO 10 200 00000600

*00 A (1.J).0.0 00000610
ICXP .I+J-2 00000620
DO l~~9 K— 1.NPTS 00000630

I’~ A (I.J)—A (I.J)+X(N)$$IEXP - 
00000640

200 COWT INUC 00000650

I
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C FOAM VECTOS FOS RIGHT HAND SIDE OF EQUATION 00000660
1(11.0.0 00000670
DO 300 K.1.NPTS 00000680

300 •(1).l (i)+Y (K) 00000690
DO 400 I.2.NTERNS 00000700
1(I) 0.0 00000710
IEXP .I-1 00000720
DO 400 K—1vNPT S 00000730

400 IC 1)—PCI )+Y(K)SX(K)**!EXP 00000740
CALL SffiQ(A.P.20.NTERMS.KRET) 00000750
11 ( K M  I .! i l . C  IRE TURN OL.0. ,& , ‘ 6 ’
Uk III (.1.500) ( . ,., ,, y. ;,,

500 l(W MAT(/ s*s.ss***ss$~ *i ~ IUtiLJl 0R S1I t l l1 I f ) H **~~*~~*à~~****14
R I  1LJRN ‘.~‘,Out, ,‘~ - -EN!

ENI’ OF ( ‘ATA

I -

I
I
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The polynomial coefficients may be used to reconstruc t the

funct ion , f, at any arbitrary value of theta and phi by the algo—

I rithm listed below. Since this algorithm will return a result for

values of the angles far outside the range of the original data

(and this result may well be in error because the polynomial fit is

I not a good means of extrapolation ), one must be careful in applying

it.

FUNCTION FPT (PHI , THETA , N)

COMMON/DCOF/A(3 ,5,5)

I
DO 200 1—1 ,5

C A (N,5,6—I)

I DO 100

1 
100 C~C*THETA+A(N,6—J ,6—I) -

1 200 FPT FPT*PHI+C

J RETURN

- END

F

1
I.
1~

4 -
—a



145

suBROUTINE : SIMO (A ,E(,NLi,N,KS)

DIMENSION A (Nrl,Nr),B (Ntl )
LOGICAL .*1 BIGEXF ,DIVEXF :
EQu IVALENCE (tlIV,LLIVEXF ), (BIOA ,BIGEXF )
REAL DIV/ZOO100000/,TOL/Z3CG00000/
DO 300 I=1,N
BIGA-O,
DO 100 J_ 1,N

100 BIOA~~AMAX i (BICij~irAB S (A (I,J) )
tIIVEXF—BIGEXF
DO 200 J=i,N

200 A ( I ~J)-~.A ( I ,J)/DIV
300 B (I)~.B (I)/tlIV

KS-0
J J = - N
DO 9 J—1~~N
JF1~~J+1B I GA~ 0.0
£10 2 I:sJ,N
IF (ABS (BIOA )--ABS (A (I,J) )‘)1,2,2

1 BIOA—A (I,J )
IMAX— I

2 CONTINUE
IF (ABS (BIG,~i)—TOL )3,3,4

3 KS—I .
IF (BIGA.EQ. 0, )RE.T iJ F~N

4 tiC) 6 K—j,N
IF (IM MX—J)5,6,3
SAVE=A (IMAX ,I\ )
A (IMAX,K )—A (J,I< )
A (j,R)=SAVE

6 A (J~ K) A (Jp I< )/BIGA
SAVE •FC (IMAX )
B (IMAX ).~.B (J) -~~

B (J)- .SAVE/BIOA
IF (J—N)7,1O,7

7 £10 9 IX~--JP 1,N110 8 JX~-JF’ 1 ,N
8 A (IX,JX )--l~(1X,JX)--A (IX,J)*A (J,JX)9 B(IX)— .B (IX)---B (J)*A (Ix,J)-
10 NY:~N_ 1

rio ii J-.-1,NY
IB=N-J
IC- N
DC) 11 K=1,J
B( IB).~.B ( 18)—A C 18, IC)*B~ IC)

11 I C — I C — i
RETURN
ENI’

• 1
I

4-
-a
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