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operate transiently at inlet angles below the quasi-steady stall point in an
apparently unstalled condition. At these lower inlet angles, a separation bubbl{
was found to exist on the leading edge of the blade. Velocity measurements madd
at the rotor exit plane in undistorted flow at moderate incidence angles indicatd
that the flow was essentially two-dimensional with no radial flow being measured
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angles in distorted flow in which case signifficant radial flow components existq
The circumferential exit angle in distorted flow was found to lag the steady staf
exit angle. However, the variation of exit angle as a function of inlet angle if
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observed differences are attributed partly to the three-dimensionality 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.
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ABSTRACT

As part of a joint technical effort involving North Carolina
State Unfversity 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 varfation 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-gteady behavior of the compression system. When the air inlet
angle was reduced past a certain limit, the rotor began to experience
rotating stall. When the rotor was operated in distorted flow, the
pressures on the surface of the instrumented hlade were observed to
vary as a function of the instantaneous inlet angle. These variations
were greatest at the leading edge of the airfoil and hecame smaller
toward the trafling edge. This concentration of activity in the
leading edge region is more pronounced than has been observed for
isolated airfoils. As the instrumented blade traversed the distortionm,
it was observed to operate transiently at inlet angles below the
quasi-steady stall point in an apparently unstalled condition.

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

on the leading edge of the blade.
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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-dimensionality 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.
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LIST OF SYMBOLS

Each symbol is defined when it first appears in the text. Only those
symbols which are used repeatedly are included in this list.

Ce

skin friction coefficient

pitching moment coefficient

normal force coefficient

blade pressure coefficient

rotor pressure rise coefficient (see Eq. (16))

axial velocity

swirl velocity upstream of rotor in stationary frame
swirl velocity downstream of rotor in stationary frame
anemometer bride voltage

anemometer calibration constant

anemometer calibration constant

actual rotational speed of rotor

total pressure upstream of rotor in rotating reference
frame

total pressure downstream of rotor in rotating reference
frame

static pressure upstream of rotor
static pressure downstream of rotor
ef fective cooling velocity

total temperature upstream of rotor

sensor temperature
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LIST OF SYMBOLS (Cont'd)

S free stream static temperature

U tangential wheel speed

u velocity in sensor co-ordinates for triaxial probe
calibration

v fluid velocity

\ velocity in rotor co-ordinates for triaxial probe
calibration

W) relative velocity upstream of rotor (see Fig. 6)

W, relative velocity downstream of rotor (see Fig. 6)

x/c chordwise position on blade expressed as a fraction

of the chord

y/g gapwise position in rotor wake expressed as a
fraction of the blade gap :

%1 incidence angle (see Fig. 6)

8 inlet angle (see Fig. 6)

B: stagger angle (see Fig. 6)

By exit angle (see Fig. 6)

ACP differential pressure coefficient (see Eq. 32)
p fluid density

v radial flow angle

T wall chearing stress

X stcady-state total pressure loss coefficient




A

INTRODUCTION

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 common 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
df 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 creating 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 operating conditions at which some type of
compressor stall might be expected to occur must be known so Lhat
they may be avoided. Finally, in the event that the compressor
does become stalled, it must be possible to recover from stall with a

minimum of effort and as quickly as possible.
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In order to better understand the inlet distortion problem, a
more detailed discussion of compressor stall is in order. Compressor
instabilities appear in two distinct forms known as surge and rotating
stall (Ref. 1). These two pheomena are described in detail in Ref.
2. The description of surge and rotating 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 simultaneously 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 thé consequencs
of these two modes of instability are quite different.

It has been stated that surge is a timewise excursion in the
mean mass flow through a compressor. As such, it is a relatively low
frequency phenomenon (frequencies of one or two cycles per second are
typical) which involves large excursions in the annulus-averaged mass
flow. 1In fact, the conditions may be such that rotating stall occurs
during part of each surge cycle. Surge can lead to excessive inlet
overpressures resulting in damage to engine components. Since the
excursions in mass flow during surge are large, it is very possible

that the compressor will operate in conditions normally associated

| Lo
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FIG.1 POSSIBLE MODES OF INSTABILITY ON STALL LINE




with unstalled flow over part of the surge cycle. Recovery from
surge might be possible by changing the throttle setting or opening
internal bleeds.

In contrast, the unsteadiness associated with rotating stall is
more localized. Once a rotating stall system becomes stable, the
annulus-averaged mass flow is constant with time. One or more
regions of severely retarded flow develop and rotate around the
annulus. They may extend over the entire span of the blading or
cover only part of the blades (for example, only the hub region might
be involved). The circumferential extent also varies from a few
blade gapsvto perhaps half of the annulus. The frequency of the
rotating stall 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 loadihg) as the stall cell or cells propagate around
the rotor can be quite severe. Prolonged operation in rotating stall
may thus lead to fatigue failure in the campressor blading. Recovery
from rotating stall can be much more difficult than recovery from
surge because the compressor does not operate in conditions normally
associated with unstalled flow at any time 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
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considered. In particular, 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 extensively investigated both experimentally 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 themselves are subjected to an unsteady
flow as they traverse this distortion. Their behavior may therefore
depart considerably from their undistorted performance characteristics,
especially 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 important 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 m;del the blade rows of a turbo-

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

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

total pressure loss across the row were given as functions of the inlet
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angle for steady flow. The unsteady 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 Colpin 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 expiaining
trends observed in experimental data which could not be explained by
two-dimensional theories. Three-dimensional effects in swirling
flows were the subject of an analytical and experimental investigation
carried out by Greitzer and Strand in Ref. 10. This investigation
also led to the conclusion that certain types of flows are inherently
three-dimensional and can not be handled using two-dimensional
theories. In a different approach, Mazzawy (Ref. 6) modelled the
compressor undergoing distortion as several compressors in parallel
with different inlet conditions but a common outlet condition. These
feﬁ 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 have a body of
experimental data representative of the conditions being modelled.
Some authors have conducted purely experimental studies of the
response of turbomachine blading to inlet distortion. Bruce and

Henderson (Ref. 11) have used a force balance to measure the unsteady




lift and moment on a blade in an isolated rotor for sinusoidal
distortions in inlet axial velocity. The unsteady pressures on the
surface of a blade were measured by Peacock (Ref. 12) using an array
of miniature pressure transducers. These measurements were carried
out in a low hub-to-tip 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
from measurements of absolute flow quantities. He investigated the
response of the blading to square wave distorvions and to forward and
backward ramp type distortions. The results for the ramp distortions
were found to differ depending on which way the total pressure defect
was penetrated. The unsteady pressure response of cascaded blades to
gusts was examined by Satyanarayana (Ref. 14) in a tunnel where the
blades remained stationary while the tunnel's ceiling and floor were
moved. The resulting gusts were primarily non-convecting whereas the
inlet distortion problem is essentially a convected gust problem.

The experimental apparatus also restricted the investigation to very
low reduced frequencies. Kool, De Ruyck, 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 distortion
pattern. It was noted that the wake shapes and the exit flow angles

were strongly influenced by the presence of the distortion.
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Some of the work which has been done on compressor instabilities
will now be considered. As was previously mentioned, these instabil-
ities might appear as surge or rotating stall. The first quantitative
measure of when a given mode will occur was presented by Greitzer
(Ref. 2). The theoretical derivation which leads to this prediction,

however, requires the compressor performance curve (Fig. 3) as an

s |

MASS FLOW

FIG. 3 TYPICAL COMPRESSOR CHARACTERISTIC

input. Note that there are basically two branches in the typical
curve shown. These correspond to unstalled and stalled operation,
respectively. There is a range of inlet conditions where either

stalled or unstalled operation is possible with a large hysteresis




loop apparent between stall onset (point A to point B) and stall
recovery (point C to point D). Since both surge and rotating stall

are strongly dependent on the shape of the curve in the vicinity of

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

the performance curve for both stalled and unstalled flow including
the hysteresis aspect. A method which is able to predict the basic
features of these hysteresis loops based on the compressor design
parameters is described in Ref. 17. At present, the method involves
a great deal of empiricism. There is still much additional work to
be done.

b

The rotating stall problem has also been the subject of some

study. The flow in a compressor undergoing rotating stall is unsteady

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

tation commonly used to measure the time-averaged pressures in steady
flows is not generally applicable. As pointed out by Bennett (Ref.
18), the use of these averaged pressures may lead to significant
errors in velocity and flow angle measurements if there are large
variations in the pressures and velocities in question. The diffi-
culties involved are greatest in dealing with on-blade measurements
made in a non-uniform flow field. Without unsteady instrumentation,
one can only obtain average pressures (and hence normal force and
pitching moment) at an average inlet angle. This type of data does

not adequately describe the aerodynamic response of the blade to the

10
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distortion. Pneumatic instrumentation can be used to measure
performance parameters in the stationary reference frame and can be
quite useful when used in conjunction with high response instrumenta-
tion (c.f. the experimental work reported in Ref. 2). Sexton,

O0'Brien and Moses (Ref. 19) have developed a telemetry system and
have used it in conjunction with miniature pressure transducers to
make on-rotor studies of rotating stall. This system is necessarily
channel limited and has a restricted bandwidth.

It is obvious that further extension of the analytical efforts
previously described requires the availability of good experimental
data both as an input to the theories and as a check on their 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 study analytically and experimentally the response of a
compressor stage to an inlet distortion. The work reported herein is
the first of several planned experimental investigations of this

phenomenon using UTRC's Large Scale Rotating Rig (LSRR).
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EXPERIMENTAL FACILITY

Large Scale Rotating Rig

This experiment was conducted in the Large Scale Rotating Rig
(LSRR) located at United Technologies Research Center (UTRC) in East
Hart ford, Connecticut. The LSRR was originally designed to provide a
facility which would be of sufficient size to permit resolution of
endwall flows, possess a high degree of flexibility in regard to the
configurations which can be tested, and enable measurements to be
made directly in the rotating reference frame.

Overall arrangement of the facility is shown in Fig. 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 crossflow effects. The inlet contracts smoothly down to a
cross section five feet in diameter with the flow then passing
through a series of fine mesh screens. Immediately downstream of the
screens is a telescoping section which slides axially to permit
access to the test section. The test section is five feet in diameter
with large segments of the outer casing constructed of Plexiglas to
facilitate flow vjsualization, holography, or laser-velocimeter
studies. Axjial 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
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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.

The configuration tested in.this experiment was an isolated
rotor with a hub-to-tip ratié of 0.8. The rig'had previously been
used only with models which involved a stationary set of inlet guide
vanes upstream of the rotor and these vanes had been used to support
the hub spinner which was also stationary. Furthermore, no provision
existed for mounting a distortion generating screen. The modifica-
tions to the rig necessary to support the hub spinner without 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 rotor shaft to support the rear of the hub spinner. A spacer
ring was installed between two segments of the hub spinner so the
forward- junction coincided with the joint in the outer casing between
the test section and the telescoping section upstream. The distortion
screen was installed at this location to support the front of the
spinner and restrain it from rotating. When the rig was run without
distortion, a screen frame (without any wire screening installed) was
used in place of the distortion screen to perform this support

function.
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The rotor had 28 blades with a span and chord of 0.5 feet. Each
blade consisted of arn eight percent NACA 65-series thickness distribu-
tion superimposed on a 50-degree circular-arc mean camber line. The
blades were installed with a midspan stagger angle, é;, of 30 degrees.
The gap-to-chord ratio at midspan was 1.01. The blade cross section
at midspan and the relative frame velocity and flow angle nomenclature
are shown in Fig. 6.

The LSRR was operated at a constant corrkcted wheel speed of 600
rpm throughout the experiment. The mean :nle: angle was varied by
changing the flow rate with the downstream vortex valve. The circum-
ferentially averaged axial velocity in the test section was varied
between 75 ft/sec and 170 ft/sec, resulting in a blade Reynolds
number of approximately 0.5 x 10°. This value is comparable to
that found in an actual turbomachine. Theréfore, although the flow
is admittedly incompressible, both the blade geometry and the Reynolds

number are representative of the blading in the high compressors of

current engines.

Distortion Screens
The, inlet distortion imposed on the rotor in this experiment was
a nominal 20-percent, once-per-revolution, sinusoidal variation 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. i -~ ‘csign of the distortion 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.

Instrumentation System

One of the most important aspects of any experimental program is
the instrumentation system. It must provide accurate measurements
with a minimum of attention. Part of the instrumentation used in
this experiment was mounted inside the rotor hub of the LSRR and
rotated with the rotor, thus imposing additional constraints on size
and durability. Furthermore, the limited number of slip rings
available to interface the rotating equipment with the stationary
equipment was a key factor 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 totally 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 distortion experiment have found application in other

experimental programs at UTRC.
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Pneumatic Instrumentation

Normal instrumentation for the LSRR consists of stationary and
rotating reference frame pneumatic probes and taps connected to

scani-valves to measure the time averaged pressures at various points

in t}:é4 fllow field. The stationary Irame pneumaric imstrumentatiomr—

was qqflczgd to measure static and total pressur t point
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grated normal force and pitching moment coefficients. An accuracy on

the order of three percent should be realized with the six-element
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Unsteady Instrumentation

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

distortion, it was necessary to provide high response instrumentation
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TABLE 1

GAUSSIAN POSITIONS AND WEIGHTING FACTORS

Station
1,7
2,8

3,9
4,10
511
6,12

Note:

0.

0.

Station numbers

.0337652 0.0856622
.1693953 0.1803808
.3806904 0.2339570
.6193096 0.2339570
8306047 0.1803808
9662348 0.0856622

1-6 are on the suction surface

and numbers 7-12 are on the pressure surface.
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in the rotating reference frame. Since no such instrumentation
existed, it was necessary to design a package which could make the
desired measurements. Parameters of interest were:

1. 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 instrumentation in the LSRR was interfaced to
the stationary frame through a slip 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
simultaneously minimized the noise contamination problems commonly
experienced with slip rings. The basic idea was to place all the
signal conditioning and amplifying equipment necessary to produce a
high level, single ended signal inside the rotor hub. After a
limited number of slip rings were dedicated to supplying power and a
common output reference, only one slip ring was needed to transmit
each channel of data. Furthermore, by keeping the current through
the slip rings which transmit the data to a minimum, it was possible
to virtually eliminate the electrical noise normally generated by the
varying contact resistance which is inherent in the slip rings.

Power Supplies

An unregulated direct current power supply lcoated in the

stationary frame produced positive 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 slip rings where it was regulated to produce the necessary
voltages for driving the various pieces of equipment. As shown in
Fig. 10, three regulators which produce plus and minus fifteen volts
were used to power the constant temperature anemometers and pressure
transducer amplifiers. A separate ten volt regulator provided
excitation to the pressure transducers themselves. Schematics for
the regulators are presented in Appendix I.

Surface Pressure Measuring Systems

Unsteady pressures on the surface of one of the rotor blades
were measured using miniature pressure transducers. The units used
in this experiment were Kulite LQ-64-125 + 5D transducers which have
an exceptionally high sensitivity at the‘expense of a slightly higher
than normal drift rate. The installation of a typical transducer is
shown in Fig. 11. The transducers which measure the pressures on the
suction 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 airplane dope. The depressions in which
the transducers rest were filled with a mixture of model airplane
dope and talcum powder almost to the surface of the airfoil. When
this compound had cured sufficiently, a layer of epoxy putty was

applied and sanded to the airfoil contour. This process resulted in
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\\-TRANSDUCER
POTTING MATERIAL

EPOXY PUTTY

FIG. 11 INSTALLATION OF PRESSURE TRANSDUCER IN BLADE

an extremely smooth surface which offered minimal disturbance to the
flow. Also, *ransducers were readily 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 minimize thermal induced drift; The transducer output
was connected to an amplifier with a fixed gain of 100. The circuit
for this amplifier is included in Appendix II along with a brief
circuit description. The amplified signal was brought off the
rotating 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

e
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a high-pass filter with an appropriate cutoff frequency. A calibra-
tion relay allowed either this filtered signal or a calibration
voltage to be applied to the input of a variable gain instrumentation
amplifier so that the system could be recalibrated every time the
instrumentation amplifier gain was changed. (The calibration 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 Friction Gages

Transient surface flow phenomena were monitored By Micro-
Measurements EGT-50 heated-film skin friction gages bonded to the
surface of the blade adjacent to each of the pressure transducer
locations. Wiring for the skin friction gages ;as kept below the
surface of the blade to minimize flow disturbanégs due to the instru-
mentation. The gages operated in the constant teﬁperature (constant
resistance) mode by anemometer modules located inside the rotor hub
(Fig. 13). These anemometers were designed especially for this *
experiment and were made as simple and durable as possible so that
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

relatively high in amplitude and needed no further amplification.

After the signal had passed through the slip rings, the time averaged
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component was removed by a low pass filter. No atteupt was made to
recover this time averaged part because the skin friction gages were
used only for qualitative information. The unsteady portion of the
signal was then routed th;ough the calibration relay to the recording
equipment.

Rotating Frame Wake Probe

TRIAXIAL HOT - FILM PROBE \

A wake probe consisting of a triaxial hot-film probe to measure
velocity and flow angles and a pressure transducer to measure total
pressure was mounted immediately behind the rotor in the rotating

reference frame (Fig. 14). The hot-film probe was a modified unit

TOTAL PRESSURE PROBE —\

FIG. 14 WAKE PROBE USED IN LSRR

manufactured by Thermo Systems, Inc. and designated TSI 1296 M. Its

sensors were operated in the constant temperature mode by anemometers
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of the same type as those used with the skin friction gages (Appendix
III1). 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

KULITE

‘ XCQL - 093 — 25A
30°

0.093 I.D. STAINLESS
STEEL TUBING |

WIRES —&

FIG. 15 KULITE TOTAL PRESSURE PROBE




circuitry used with this transducer was identical to that employed with
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-
dentally left in the circuit and only the unsteady 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 tape recording units and
their associated amplifying and control equipment. (The calibration
_ relays, instrumentation amplifiers, and tape units indicated in Figs.
12 and 13 were actually part of ARES.) A modified IKIG B time code was
recorded on one channel of each tape gnit 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 two tapes to be synchronized to within 10~4 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

To place 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 FLOW

UNSTALLED
OPERATION

S i A bl

ROTATING
STALL - =

FIG. 16 FLOW REGIMES FOR COMPRESSOR OPERATION

I) undistorted flow with no rotating stall
11) distorted flow with no rotating stall
I11) wundistorted flow with rotating stall occuring
I1V) distorted flow with rotating stall occuring
There are also two transition regions (I-II and II-IV) in which the

compressor may move in and out of rotating stall. Region I is the
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design operating condition of the compressor. The previously discussed
problems may be seen to fall in regions II, III, IV and the transition
region II-IV. Of these regions, IV is the one in which measurements
are least meaningful, extremely difficult, and subject to a variety
of errors. Even if measurements are made accurately, it is doubtful
that the distortion-induced stall mode measured in a test rig will
accurately represent that in an actual engine. This is because the
distortion which induced the engine stall will often be subsequently
removed so that the compressor is stalled even though the inlet flow
is now uniform. The most suitable topics for investigation are thus
compressor operation in rotating stall with no imposed distortion
(region III) and compressor operation in distorted flow but without
rotating stall (region II). This latter topic may be extended to
include the transition region II-IV. The capabilities of the LSRR
(and the analytical model being developed concurrently at NCSU
(unpublished)) are best suited for investigation of both of these
regions (II and II-IV). 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
instrumentation to make meaningful measurements could be evaluated.
However, following the reasoning outlined above, measurements were
concentrated in region 1 to provide a baseline case and in region II

to obtain unsteady data.

i
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It is well known that an airfoil in a subsonic stream influences
the upstream flow as well as the downstream flow. Extending this
concept to a compressor, it is clear that the interaction between the
rotor and the incoming distorted flow field establishes a velocity
distribution at the compressor face that determines the inlet flow to
which 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 rotating blade in a
multi-stage machine may be thought of as being affected by its
neighbbring blade rows primarily 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. Tﬁe performance of a
blade row may be quantified in terms of the var;a;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 variation in inlet axial velocity.
This choice was made for a number of reasons. First, the sinusoidal
distortion is relatively easy to produce (Ref. 20). Second, the
square- and triangular-wave distortions may be represented in
terms of the sine-wave by means of a Fourier Series. The study of
sinusoidal distortion patterns of various reduced frequencies will
thus yield information pertinent to other types of distortions.
Finally, the square- and triangular-wave distortions may be thought
of as having higher order harmonics which may make the understanding
of the rotor response more difficult. Conversely, the sine-wave
distortion contains only one harmonic. The reduced frequency may be
readily controlled by varying the number of cycles of the distortion
pattern the screen produces. In the present experiment, a one-cycle-
per-revolution screen (and the attendant low reduced frequency) was
chosen to produce some unsteady effects without causing a significant

departure from the steady state behavior.
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EXPERIMENTAL PROCEDURE

Data Acquisition
During this experiment, the LSRR was operated at a constant
corrected wheel speed of 600 rpm. For a given upstream total tem-

perature, T the actual rotational speed required to achieve

ol’
the corrected wheel speed of 600 rpm is given by Eq. (1).
T01

Nact = 600 ———
518.7°R

(1)

The rotor rpm was measured by a digital tachometer 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 (refer-

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

(apecq = ~18°) up to the point of rotating stall inception (ap . = 1o55

In distorted flow, the mean incidence angle was varied over approxi-
mately the same range. Due to the 20 percent distoriton in inlet
axial velocity, the instantaneous inlet angle varied on the order of
+ 6° about the mean angle. In all cases tested, the stall mode was
observed to be a multiple-cell, partial-span rbtating stall near

the rotor hub. To set the desired axial velocity, a U-tube manometer
was connected between a wall static tap and a total pressure probe
located in the center of the annulus. The axial position of both the
static tap and the total pressure probe was midway between the rotor

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




90° point in the distortion pattern where the local axial velocity

would be equal to the average axial velocity if there were no preswirl.

A more accurate measurement of the circumferential distribution of
axial velocity was made using a circumferential array of measuring

stations. This axial velocity distribution was used in reducing the

data, but the visual reading obtained from the single U-tube manometer

proved adequate for setting the operating point.

The number of channels which could be simultaneously transmitted
from the rotating frame was limited to 17 by the slip ring assembly.
It was thus necessary to run two instrumentation configurations to
obtain the desired data. The first configuration obtained data from
the complete set of pressure transducers plus selected skin-friction
gages. The pressures were integrated to obtain blade normal force
and pitching moment coefficients. The second instrumentation confi-
guration included all the suction surface pressure transducers and
skin friction gages as well as the wake probe. For a given flow
condition, the wake probe was traversed across about 1.5 blade gaps
giving particular emphasis to the blade Qake regions. Due to the
time involved in making this traverse and the mass of data which
would be obtained, only a few flow conditions were run in this
configuration.

The instrumentation available in each of the two configurations

is presented in Appendix IV which also includes a chronological

R s -
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listing of the test points run. Notes are included to point out
problems encountered during the tests which may influence the accuracy
of the results.

Once a desired operating condition had been reached and the flow
had stabilized, the gain of each channel of the unsteady data system
was set as high as possible without overloading the tape recording
equipment. An oscilloscope was used to monitor the tape inputs to
insure that the signal was within the required limits. Calibration
records were then acquired for both the static and unsteady data
systems and the data were recorded immediately thereafter. If a wake
traverse were being made with the rotating frame wake probe, static
data'would be taken only at the first point for each flow condition.

The data from the static system was subsequeﬁtly converted to
pressures and temperatures by a computerized process making use of
the calibration records. The unsteady data were digitized by the
process of Ref. 23. After completion of the digitizing process, the
calibration records were used to convert the data to appropriate

physical units.

Overall Performance Parameters
The wall static and mid-span total pressures were obtained at
eight circumferential stations 45° apart approximately 1.5 chord
lengths 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 purely axial at these locations. Limited flow angle measure-
ments in undistorted flow did verify this ascumption. These veloci-
ties were then fitted to the form given below in Eq. (2) by a least
squares technique.

C, (8) =CT_+ A cos (6 + ¢) (2)
The angle 6 is the circumferential position in the distortion pattern
and increases in the direction of rotation of the rotor. The quantity
Cx is the average value of the axial velocity and the constants A and
¢ are the amplitude and phase angle of the velocity variation, respec~
tively. The static pressure upstream of the rotor was fitted to the
form given by Eq. (3).

APSI (8) = 175l + Bcos (6 +vy) |, ' (3)
where Fsl is the average value of the static pressure and B and y are
the amplitude and phase angle of the pressure variation. The Bernoulli
equation was applied once again to obtaih a smoothed total pressure
profile around the distortion which is consistent with the velocity
and static pressure profiles obtained from the curve fits. A small
pressure and velocity distortion was found to exist even with the
distortion screen removed. The velocity distortion without the
screen varied between two and four percent. With the screen in
place, this pre-existing distortion was found to interact with that

of the screen to produce a net distortion of lower amplitude than had

been anticipated. For all of the results presented, the measured
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upstream conditions as smoothed by the previously discussed techniques
are used. The inlet flow angle, B1» is based on the axial velocity
at the upstream measuring station and does not include any swirl that
may have occurred between that axial position and the rotor inlet

face. The inlet angle is given by

|

Bi1 = tan . (4)

c

'For distorted inlet flow, the inlet angle will vary with position in

the distortion pattern; however, an average inlet angle, 31, may be
calculated by inserting the average axial velocity, T, into Eq. (4).
The exit angle, 82, is an important me;éure of the performance
of the rotor. For undisturbed flow, this angle was computed from the
measured stationary frame flow angle downstream of the rotor, 9,.
The computation was iterative and began by assuming that the axial
velocity downstream of the rotor was ident;cal to that upstream. The
exit angle is given by

C
1 X2
U = Gy

By = tan”
4 tan0) (5)

2

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

the spanwise averaged axial velocities upstream and downstream of the
rotor must be identical to satisfy conservation of mass. However,
due to the thickening of the wall boundary iayers at the root and tip
of the blading, the midspan axial velocity downstream of the rotor

will, in general, be greater than that upstream of the rotor. The
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import ance of this phenomenon was not fully 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 mormentum theory (see Appendix V).

Another important performance parameter is the rotor pressure

rise coefficient which is defined as

Psz = Psl

pr b 9 (6)
1/2pU

where P82 is the downstream static pressuref p is the fluid

density, and U is the tangential wheel speed. To be consistent, this
coefficient must be defined at the blade midspan. Therefore, the
downstream static pressure must be corrected (from a wall value)

using the radial equilibrium equation.

2
N 7

Faa— g




oy

44

Integrating, we obtain

r
tip
P -P-f oct S
tip 1 r .2 (8)
r]
where Ptip is the pressure at the blade tip (outer casing) and P,

is the pressure at the radial station in question. The radii, r

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

tip?
tively. This equation may be greatly simplified by assuming o and

Ce to be constants

r
Ptip - Pl = pCe ln(—fi;z)

9)
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

steady-state loss coefficient is given by

RN -
) 01 02
Xss —W_ (10)

where P‘o and P'o are the total pressures upstream and down-
stream of the rotor, respectively, in the rotating reference frame
and W, is the relative velocity upstream of the-blading (see

Fig. 6).

Unsteady Blade Pressures
Reduction of the unsteady data requires that the pressures

measured on the surface of the blade be converted to an appropriate




nondimensional form. The most relevant parameter to use is the
pressure coefficient defined by

c = —321 (11)

P koW, ? ;

where Psl is the static pressure upstream of the blade leading
edge. With distorted inflow, this parameter varies as the blade
traverses the distortion. The relative velocity, Wy, is used to
nondimensionalize the pressure coefficients. It should be noted that
W) is not constant but varies around the distortion. The computed
coefficients 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 (6) = ag + L [a
P oy

cos n 6 + bn sin n 0] (12)
and the coefficients of this series were then filtered with a cosine-
square, low-pass filter (Ref. 27). The cutoff frequency 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
typical data from the pressure transducer nearest the leading edge 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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The middle curve is the result of averaging the signal over five
cycles, and the bottom curve is the same data after applying the
digital filtering.

The pressure coefficients are integrated to obtain normal force
and pitching moment coefficients (Ref. 21). The sign conventions
used ih presenting these parameters are illustrated in Fig. 18. The

normal force coefficient is given by

6
C. =% (C =€ ) W, (13)

N =1 Pisé By 4

where the wi'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 respective

CN

Cm

e

FIG. 18 SIGN CONVENTIONS FOR NORMAL FORCE AND
PITCHING MOMENT COEFFICIENTS
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chordwise positions. The pitching moment coefficient about the
midchord is given by
6
Cy=I (C, ) wilx;=-0.5: |, (14)
i=1 i+6

where the xi's are the chordwise positions of the measuring stations
expressed as fractions of the chord. The Gaussian positions and
weighting factors used in these equations are presented in Table I.
Even with only six chordwise stations, the Gaussian integration
technique may be e;pecteq to.yield normal force and pitching moment

coefficients accurate to within three percent (Ref. 22).

Transient Surface Flow Phenomena

Hot film skin friction gages were positioned adjacent to each
pressure transducer in an attempt to correlate the pressure fluctua-
tions with surface flow phenomena. The hot filﬁ gage is a resistance
element which is heated by passing electrical current through it. A
constant-temperature anemometer circuit is employed to keep its
resistance and hence its thermometer constant. By monitoring the
power necessary to accomplish this, it is possible to obtain a
qualitative measure of the heat transfer to the fluid. McCroskey
(Ref. 28) gives this relation as

I’Ra A+ Q ’ (15)

where 1 is the current through the gage and R is its resistance. The

heat transfer is composed of two parts; the nonflow heat losses, A,
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and a nondimensional forced convection loss, Q. Normally, the
current through the gage is not measured directly. Instead, the
anemometer output voltage is measured; however, the relationship
between the gage current and output voltage is such that

E’x A + Q (16)
This voltage is composed of a steady part, E, and a time-varying
part, e, which is much less than E. For the present 'study, only quali-
tative data are desired from the skin friction gages; hence, only the
time varying part of the heat transfer need be retained. Neglecting

higher order terms in the time-varying voltage yields

~

ecx Q ’ (17)

’
where Q is the time varying portion of the forced convection. From
Ref. 29
+ (18)

T
row ,

where 1, is the shearing stress at the wall. The skin friction

coefficient is defined as (Ref. 29)

Tw
Ce = (19)
£ w2

Considering only the time-varying part of the skin friction coefficient,

we may write

- 4 W, 3 (20)
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Although the quantity on the right of Eq. (20) has the units of
volts, it has been corrected for local velocity variations and will
be used as an indicator of the variations in the skin friction
coefficient. It is not valid to compare the amplitudes of this
parameter at different flow conditions because the constant of
proportionality need not be the same in the two cases. Furthermore,
only the varying part of the skin friction is being considered; thus,
L ST .
when the quantity e(WTJ becomes zero, this does not mean that
the total skin friction coefficient, C¢, is zero. In presenting
this data, no averaging or filtering techniques are employed because
the high frequency fluctuations in the parameter defined by Eq. (20)

are needed to judge whether transition or separation has occurred.

Velocity Measurements at the Rotor Exit Flane
A complete description of the calibration procedure developed
for the triaxial hot-film probe used in this experiment appears in
Appendix V. It was determined that the response of each of the
sensors to a purely normal velocity obeyed the relation
E2 - E} = k/oV (Tg - Ta) (21)
if one postulated that the empirical constant; Ep and k might have
one value at high velocities and another at low velocities. Here, E
is the bridge output voltage and p and V are the fluid density and
velocity (assumed to be normal to the sensor). The temperatures T

and T, are those of the sensor and free stream, respectively. The
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constants E; and k were determined in the calibration procedure
(Appendix V). The equation may be rewritten to give an effective
normal velocity as a function of these calibration constants, the

fluid properties, and the anemometer output voltage.

Ez = Eoz ]2

W (T, - 1) (22)

It was found that the best relation between the sensed normal velocity,
q, and the actual normal velocity, U,, was given by

q? = u £(6, ¢). e
The function f(©, ¢) is dependent on the pitch and yaw angles of the
flow relative to the probe (® and %, respectively) and is evaluated
using the calibration data. This function is different for each
sensor. Given values of © and ¢, one may evaluate the function for

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

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

2

" it B (24)

n
c
+
c

2 - 2 2
i W (25)
2 .
%’- =u? +u? (26)
3 1 2




In these equations, f; is the value of the function f(e, ¢) for the

ith sensor evaluated at the assumed angles 6 and ¢ and uy is the
velocity parallel to the ith sensor. These equations may be solved

easily for the squared velocity components u2 Since there is

i-
no way to evaluate the algebraic sign of u; form this process, it

must be known from some other source. In the present experiment, the
orientation of the probe was such that the velocity components may be
assumed to have the positive sign. Using these velocities, the
assumed angles were updated and the process repeated until convergence
was obtained. A more complete description 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
plane, Wy, the flow angle in the axial-circumferential plane, B,

and the flow angle in the axial-radial plane, ¥. If one defines the
velocities v;, vy, vg to be the radial, circumferential, and

axial velocity components, respectively, then relative velocity and

flow angles are given by:

2

3 2 2
Ny = “/"1 TRt 'y 27

B_. = tan (vz/v3) (28)

-1
¥ = tan (vl/v3) (29)
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The relative velocity and the two flow angles were computed for
five revolutions with roughly 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.




‘the data are plotted is the rotor inlet angle, By- This angle has
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RESULTS

The notation used herein is that employed in turbomachine

work by UTRC. In particular, the variable against which most of

previously been defined in Eq. 4 (see Fig. 6). It should be noted J
that increasing B8 corresponds to decreasing angle of attack.

Further, the mechanism by which the inlet angle is changed is to vary

the axial velocity at constant rotational speed. Consequently, the *
effects of the varying inlet angle (or angle of attack) cannot be 1
totally separated from the effects of the varying velocity. Proper
nondimensionalization of the various measured quanities can eliminate
the velocity effects in the case of quasi-steady flow. However,
unsteady effects of the varying velocity are still present. The
method employed to illustrate the effects of unsteadiness in the flow
is to plot the unsteady response of the rotor undergoing inlet
distortion superimposed on its steady-state behavior. This steady-
state behavior was determined by running the rotor at different inlet

angles in undistorted flow.

Overall Performance
The annulus averaged pressure rise coefficient across the rotor
(defined by Eq. (5)) is shown in Fig. 19 for both undiscorted and dis-

torted flow. For distorted flow, the pressure rise is circumferentially
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-averaged and plotted as a function of the average inlet angle. The
upper branch of each curve represents unstalled flow and the lower
branch represents stalled operation. (Refer back to Fig. 3 and the
associated text for a more complete discussion of the discontinuous
behavior of the curves.) The undistorted curve shows a significantly
greater peak pressure rise and is slightly higher than the distorted
curve over the higher inlet angles. However, at the lower inlet
angles, where the blade loading is higher, the unsteady effects cause
the distorted flow condition to give slightly higher pressure rise.
Note that the incidence angle (relative to the mean camber line) at
which stall occurs is very low, only 1.5° for undistgrted flow. (The
incidence angle is the difference between the stagger angle, BT, which
is 30° in this case and the inlet angle.) This is possible because
the blade profile is highly cambered and can produce large turning
angles (and consequent high normal forces) at low incidence angles.
The low incidence angle at stall is common to highiy cambered blades.

The loss coefficient of Eq. (6) is plotted as a function of
inlet angle i; Fig. 20 for undistorted flow only. Suitable equipment
for measuring the unsteady loss was not available when éhis experiment
was run.

To complete the presentation of the overall performance ﬁara-
meters, we will consider the variation of the exit flow angle as a

function of the inlet angle (again, for undistorted flow only) as
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shown in Fig. 21. Curves are presented for the basic wedge probe
measurements, for a momentum theory calculation (see Appendix V), and
for cascade data taken from Ref. 24 for a similar profile having the
same stagger angle and gap-to-chord ratio. The three curves show
reasonable agreement for only a narrow range of inlet angles (39° <
By < 45°) with large differences at the lower values of inlet angle
(high blade loading). Several factors may account for these differ-
ences and most of them are in some way associated with the three-
dimensionallity of the flow. First, the correction for axial velocity
variation across the rotor is empirical and may not be accurate at
high blade loadings. This would introduce errors into the exit angle-
as calculated from the wedge probe measurements. Second, the radial
velocity may not be zero as was assumed. The midspan behavior would
not be representative of the average blade perforﬁance; hence, the
wedge probe measurements could not be expected to agree with the
two-dimensional cascade data. Furthermore, th; radial equilibrium
correction to the rotor pressure rise would be in error thus intro-
ducing error into the momentum theory calculations. Finally, the
blade wakes may introduce enough unsteadiness into the flow so that
the flow angles measured by the wedge probes are in error (c.f., Ref.
18). At the higher inlet angles, the exit angle as calculated from
the wedge probe measurements is in good agreement with the cascade

data but that from momentum theory appears to be diverging. Since
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the momentum theory calculations is subject to the greﬁtest number of
errors, the observed differences are not considered excessive. It
must be surmised that the placing of a single wedge probe at the
midspan location is not an adequate means of measuring the exit
angle. A more prudent method would be to use a spanwise array of

high response (hot-wire or hot-film) probes.

Analysis of Unsteady Data
It has been stated that the method used to determine the effects
of the unsteadiness generated by the distortion will be to plot the
various parameters as a function of the inlet angle. This process
normally results in a loop which will genera1i§ be superimposed on
the quasi-steady characteristic. Before discussing the experimental
data, several simple examples will be given to illustrate how these
loops are derived and how their character may be related to changes
in the amplitude and phase angle of the response. Consider the two

variables x and y which are sinusoidal functions of time.

’

.

A sin wt ' (30)

X

B sin (w + ¢) (31)

%]
"

Suppose x is a displacement and y is a response due to the displace-
ment. The amplitude of the displacement is A, that 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 Fig. 22




FIG.22 GENERATION OF A LOOP AND THE POSSIBLE EFFECTS OF
UNSTEADINESS
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together with the loops which result from plotting y as a function of
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 plotting 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 positive, the counterclockwise sense shown in Fig. 22
indicates that the response lags the displacement. If the slope of
the loop is negative, a clockwise sense indicates a lagging response
and a counterclockwise sense indicates a leading response.

In the case of a compressor rotor, the inlet angle may be
considered to be the displacement mentioned above and the blade
pressures, etc. are the responses. Acutally, none of these are pure
sinusoids and the generated loops will not be simple ellipses.
However, certain basic similarities do exist between this illustrative
example and the actual measured data. Therefore, comparing the
unsteady responses (obtained while operating under the influence of
the inlet distortion) to their steady counterparts (obtained with
undistorted flow) will reveal the nature and extent of unsteady
effects. First, the slope of the loop relative to the steady state
curve will indicate whether unsteadiness has changed the amplitude of

the response. Second, the openness of the loop will show phase shift




63
and, if the loop has a definite positive or negative slope, the
direction in which the loop is traversed will indicate whether the
response leads or lags the inlet angle. A loop which is horizontal
indicates a phase angle near 90° (or 270°). It should be noted that
in the inlet distortion problem the leading and lagging phase angles
do not imply stability 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 instructive form for presenting the blade pressures
is the difference between the pressure coefficient on the pressure
surface and that on the suction surface. This differential pressure

coefficient is given by

Acpi - [cp -c s

P

press suct ]1
where the subscript i refers to the chordwise station in question.
Since the individual cocefficients were already repéesented as Fourier
Series (of the form given by Eq. (12)), it is a simple matter to ob-
tain the series representations of the differential pressure coeffi-

cients. These were converted to an amplitude/phase angle format
ACPi il + I a cos (n0+on) (33)

where a, is the steady component and a, and ¢, are the
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amplitude and phase angle of the nth harmonic, respectively. The
upper limit of the summation, N, is a function of the cutoff frequency
of the digital filter and 6 is the angular position in the distortion
field with the point of maximum axial velocity being 6 = 0.

Three flow conditions were chosen as representative of those
for which data were available. The mean inlgt angles associated with
these flow conditions are indicated by tic marks on the undistorted
rotor pressure rise curve (Fig. 23). These angles represent low
(7.15), medium (7.9), and high (7.4) blade loading. It is instructive
to compare the amplitudes and phase angles of the first few harmonics
of the differential pressure coefficients and the integrated normal
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 leading edge
stations is significantly greater than that at stations farther aft
on the blade. Tnhis peaking of the response at the leading edge seems
to be more pronounced at higher blade loading. The lack of activity
near the trailing edge is also noteworthy.

The differential pressure coefficient loops for each of the six
chordwise measuring stations are presented in Fig. 24. At the
leading edge (x/c = 0.034), one observes that the amplitude of the
response has been increased and that the response consistently lags

i

the inlet angle. Horlock, Greitzer, and Henderson (Ref. 30) have
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HARMONIC CONTENT OF DIFFERENTIAL PRESSURE,
NORMAL FORCE AND P:iTCHING MOMENT COEFFICIENTS.
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TABLE II (Cont'd)

HARMONIC CONTENT OF DIFFERENTIAL PRESSURE,

NORMAL FORCE AND PITCHING MOMENT COEFFICIENTS.

(b) Point.7.9 B = 36.9 + .068 cos €

2 ! 83

x/c = 0.034 0.757 173.9° 0.009
x/c = 0.169 0.244 1l 2" 0.027
x/c = 0.381 0.074 252.0° 0.029
x/c = 0.619 0.206 317.4° 0.039
x/c = 0.831 0.030 271.9° 0.036
x/c = 0.966 0.133 173.7° 0.023
G 0.101 207.8° 0.013

i 0.045 172.2° 0.003

3 *3 2
x/c = 0.034 0.063 166.0° 0.039
x/c = 0.169 0.037 136.6° 0.008
x/c = 0.381 0.002 305.2° 0.004
x/c = 0.619 0.020 19.6° 0.017
x/c = 0.831 0.012 53.9° 0.004
x/c = 0.966 0.016 115.3° 0.011
Cy 0.011 115.0° 0.008

Gy 0.005 171.1° 0.002
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288.
131.
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TABLE II (Concluded)

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

(¢) Point.7.15 By = 42.4 + .064 cos ©

21 %) . ¢2
x/c = 0.034 0.858 173.0° 0.053 265.0°
x/c = 0.169 0.312 172.4° 0.028 285.8°
x/c = 0.381 0.092 186.1° 0.013 248.5°
x/c = 0.615 028"
x/c = 0.831 0.064 321.0° 0.006 222.7°
x/c = 0.966 0.102 206.6° 0.019 117.4°
(8 0.136 185.3° 0.015 272.9°
Cy 0.057 167.7° 0.004 276.4°
s 3 3, ¢
x/c = 0.034 0.140 150.3° 0.013 125.1"
x/c = 0.169 0.021 158.4° 0.008 357.4°
x/c = 0.381 0.008 190.0° 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 1§73 0.009 60.2°
8 0.017 183.2° 0.004 248.0°
Cy 0.007 151.3" 0.001 71.5°
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studied the response of a cascade to low frequency inlet distortions
analytically. Their results show that the magnitude of the unsteady
lift coefficient increases with increasing reduced frequency and that
the amplification effect exists even at the low reduced frequencies

(k = 0.1) encountered in the present experimental program. Although
Horlock, et al., do not calculate the behavior of the surface pressures
explicitly, it is reasonable to infer that their variations would
also be amplified. Thus, the increased amplitude in the leading edge
pressure coefficients is not totally unprecedented. The blade
penetrates considerably beyond the steady-state stall point, the left
end of the dashed line, resulting in a pressure differential far in
excess of that possible in undistorted flow. The phenomenon of stall
delay on an isolated airfoil oscillating in pitch is widely recognized
(Refs. 31-33). This delay is a strong function of reduced frequency
and is normally not so pronounced at the low reduced frequencies
encountered in this experiment. Further, this delay is commonly
attributed to a decrease in the amplitude of the normal force variation
as reduced frequency increases (Refs. 32, 34, and 35). The fact that
the amplitude of the response is increased in the present experiment
and in the theoretical analysis of Ref. 30 must be attributed to
multiblade effects. One manner in which multiblade effects may
manifest themselves is in the existence Qf an interblade phase angle.

In the present experiment, the interblade phase angle, o, was - 12.9°.




-

7hL

(This is obtained from a stationary 360° wave divided over 28 blades
so that it appears to be a backward-travelling wave.) An experimental
investigation in a cascade of airfoils oscillating in pitch (Ref. 36)
has shown that the interblade phase angle has a strong influence on
the amplitudes and phase angles of the normal force and pitching
moment coefficients. It is thus reasonable to suppose that the
interblade phase angle present in the inlet distortion experiment

is at least partially responsible for the marked departure from the
steady state behavior as evidenced by the change in the amplitude of
the response and the pronounced stall delay.

The pressure loops exhibit fluctuations which are greater at the
lower values of B, for each loop. These fluctuations occur at
exactly 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
perfectly smooth. This may be thought of as a Higher order velocity
variation superimposed on the once-per-revolution variation. It thus
appears that this higher frequency disturbance is inducing a (rela-
tively) larger response. During the experiment, an overload occurred
in the static data system requiring that the average pressure mea-
surements for x/c = 0.034 be corrected as described in Appendix

VII. No other stations were affected.

e ——
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At x/c = 0.169 the response is much less than at x/c = 0.034,
although it is still slightly amplified over the undistorted curve.
For the high blade loading of point 7.4, the response leads the
input. For point 7.9, the response leads at the higher instantaneous
inlet angles and lags at the lower angles. For the lowest blade
loading, point 7.15, the response lags the inlet angle over most of
the cycle. The phase angle of the pressure response relative to the
inlet angle thus decreases as the inlet angle increases.

At x/c = 0.381 the loop representing point 7.4 is more open
than the other two. This is because the first harmonic amplitude is
greater for this point and the phase angle is duite near 270°.

(Phase angles of 90 or 270 degrees will produce the most open loops.)
As with x/c = 0.169, the phase angle consistently decreases as the
average inlet angle increases. The loops have all become considerably
smoother, perhaps indicating that the fluctuations appearing at the
leading edge have 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 relatively constant. The pressure
fluctuations first observed at the leading edge have been further

reduced in amplitude. The loops for x/c = 0.831 and x/c = 0.966 show




very little activity. The undistorted characteristic is very nearly
horizontal in both cases indicating that the pressure coefficients at
these stations are essentially independent of inlet angle. The
pressure coefficient difference appears to be approaching zero at the
trailing edge.

The vériations in the amplitude of these responses were well
illustrated by Fig. 24; however, the phase angle variations are not
so obvious. The phase angle is a strong indicator of unsteadiness,
perhaps more so than is amplitude. (See, for example, Ref. 34 or
Ref. 35.) The phase angle of the differential pressure coefficients
and the integrated normal force and pitching moment coefficients are
presented in Table III. The phase angles for the two forward measur-
ing stations and for the normal force and pitching moment are shown
as a function of the mean inlet angle in Fig. 25. Because the
reference is to the inlet angle, B1» rather than to an incidence
angle, quasi-steady behavior would be indicated by a phase angle of
180° rather than 0° as is normally the case. The phase angle is seen
to vary smoothly with the mean inlet angle indicating 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 chorq of the blades.
This is simply another method of presenting the pressure data to

emphasize the way in which the pressures at different positions on
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TABLE 111
|
! FIRST HARMONIC PHASE ANGLES OF THE
DIFFERENTIAL PRESSURES, NORMAL FORCE, AND PITCHING MOMENT
B
Chordwise
Station 28.9 33.5 36.9 40.4 42.2 45.2
0.034 1725 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° 3119°*
0.831 164° 162° 272° 306° 321° 330°
0.966 292° 172° 174° 191° 207° 220°
Cy 201° 199° 208° 204° 185° l168°
Cy 179° 185° 172° 169° 168° 166°
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the blade relate to one another at a given inlet angle. Four inlet
angles will be considered for each flow condition. These will be the
minimum inlet angle ( 6 = 180°), the mean inlet angle with the inlet
angle increasing (8 = 270°), the maximum inlet angle (6 = 0°), and
the mean inlet angle with the inlet angle decreasing. The pressure
coefficient distributions for the suction surface (denoted by an S)
and the pressure surface (denoted by a P) are presented for the three‘
representative flow conditions in Figs. 26 through 28, respectively.
Although the distribution of measuring stations gives adequate accur-
acy in the integration to obtain normal force and pitching moment
coefficients, it is not sufficiently dense near the leading edge to
define the shape of the pressure profile at the leading edge. 1In
particular, it is not possible to resolve the location or magnitude
of the leading edge suction peak under high load.

It must be remembered that decreasing inlet angle corresponds
to increasing blade incidence. Figure 26 for point 7.4 shows a
relatively sharp peaking of the leading edge suction (although the
exact value of the peak and its precise location cannot be determined)
which is most pronounced at the minimum instantaneous inlet angle
(maximum incidence). The peak is in evidence, although not as
strong, for all inlet angles at this flow condition. As the mean
inlet 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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leading edge is not present at the maximum instantaneous inlet angle
for this flow condition. Rather, the suction surface pressure
distribution 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
point 7.15 (Fig. 28). The leading edge suction peak is evident only
for the lowest instantaneous inlet angle. Furthermore, at the

maximum inlet angle for this flow condition, the pressure on the

suction surface is actually higher than that on the pressure surface.

This pressure reversal is due to the extreme negative incidence
ROt ™ -15.4°) at this inlet angle. It may also be noted that the

variations in the pressure distributions occur primarily in the

leading edge region over the entire range of inlet angles in these

three figures. Such behavior is fairly typical of cascaded airfoils.

Normal Force and Pitching Moment Coefficients

The normal force and pitching 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 highest
weighting coefficients in the Gaussian integration scheme. (See Eq.

9 and Table I). Since all three pressure loops at both of these

79



aCs

80
(P DENOTES PRESSURE SURFACE, S DENOTES SUCTION SURFACE)

20
P P
—————— /—f
i3 / \\-_//
e o :
Cp
-20
- - O INC.
By = 38.1° {31MEAN 42.0
—-4.0
20
P P
0.0 p¥ \_// \\__//
S S
Cp
-20pP
By - 45.4° B, 42.0° DEC.
MEAN
_40 1 1 1 1 1 1 1 1
0.0 1.0 0.0 1.0
X/C X/C

FIG. 28 PRESSURE COEFFICIENT DISTRIBUTIONS FOR POINT 7.15




81

1.2

1.1

1.0

0.9+

0.7

0.6 |-

0.5

— — — — STEADY-STATE

0.4 1 k A | |
20 25 30 35 40 45 5(

B, DEG.

FIG. 29 NORMAL FORCE COEFFICIENT AS A FUNCTION OF IN




/

AD=AO64 776  NORTH CAROLINA STATE UNIV RALEIGH ENGINEERING DESIGN==ETC F/6 21/%
AN EXPERIMENTAL STUDY OF THE RESPONSE OF A TURBO=MACHINE ROTOR ==ETC(U)
DEC 78 L HARDIN FUu620=76=C=0055

UNCLASSIFIED NCSU/EDC~T8-6 AFOSR=TR=79=0073 NL




S

,_f
- oas G DN N

[Ro—— + e o 1

stations are counterclockwise (see Fig. 24), it is not surprising
that the normal force loops are also counterclockwise. Even the fact
that the loop for point 7.5 is almost completely collapsed on itself
can be traced directly to these pressure loops. At first, it appears
that the normal force loops lie further above the quasi-steady curve
than would be expected from the pressure loops. This illusion is due
to the expanded scale used to plot the normal force loops. The large
fluctuations observed in the pressure loops for the leading edge sta-
tions are present and have also been magnified by the scale change.
Perhaps the most interesting point is that the maximum normal force
coefficient in the distorted flow is roughly 25% greater than the
maximum quasi-steady value and is due in part to the excursion past
the steady-state stall point. Of course, the variation in actual
load is not nearly 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 loop at x/c = 0.034. Although the stations at x/c =
0.0381 and x/c = 0.619 have the highest weighting coefficients, they
are located symmetrically about the moment center (mid-chord) and
effectively cancel each other. (See Eq. 10 and Table I.) The
pitching moment is thus dominated by the strong leading edge response.
The loops are all basically clockwise, indicating that the pitching

moment lags the inlet angle, and becomes more open as the average
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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 oscillating 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 airfoil (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 trends
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 moment 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 similarities exist despite the differences in blade profiles.

(Although the blades in the cascade test have a similar thickness
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distribution, they have only 10° 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
skin 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 variations in the skin friction coefficient and a

generally higher average value.
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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 coefficients for only the
first two measuring stations will be considered, and only suction
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 points 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 Bl is associated
with maximum load.) As the inlet angle increases from the minimum
value, the flow reattaches (point C) and the cycle repeats itself.

It is interesting to note that the separation pattern is different
for each cycle plotted. For the first occurrence of separation at
the extreme left-hand 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 does not

appear to reattach after minimum inlet angle has been passed. The
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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 penetration
of the dynamic stall regime. That is, although the surface flow has
become separated, the external potential flow is relatively unchanged.
In steady flow, the blade stalls at an inlet angle of 28.5 degrees.
Since the inlet angle in distortion drops as low as 25° it is evident
that the blade has gone past the quasi-steady 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 turbuient, and since there is no
indication of transition, the flow must always be turbulent at this
stations. 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

e

T e



89

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 rotating stall appears to be triggered by the
occurrence of dynamic stall in the low velocity region of the distor-
tion.

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 lower 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 instantaneous 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.
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Unsteady 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 derived for the blade
pressure, normal force and pitching moment coefficients. The loop
for the highest average inlet angle shows good agreement with the
undistorted characteristic and that the distorted pressure rise lags
the inlet angle. The other two loops are much more open indicating a
greater phase shift, and depart §ignifigant1y from the undistorted
characteristic. The sense of the loops at the lower inlet angles
indicates that the pressure rise leads the inlet angle while the one
at the high inlet angle indicates a lagging response. Referring to
Table IV, one finds 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 slight lag. This same trend was observed for the
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Point

Point

Point

Point

Point

Point

Note:

HARMONIC CONTENT OF UNSTEADY ROTOR PRESSURE RISE COEFFICIENT

L,
7.4 0.433 0.
7.9 0.459 0.
7.15 0.393 0.
7.4 0
7.9 0
7:15 0

Coefficients are for the

TABLE IV
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089
090

138

a3
.009

.025

.011

form Cpr

115.5
98.1

83.1

a4
0.013

0.017

0.010

4,
0.005

0.012

9.003

= ag + I a cos(n6+¢,)
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70.9
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pressure, normal force, and pitching moment coefficient loops. There
is moderate second 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 Exit Plane

Three velocity components 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, W,, the circumfer-
ential flow angle, B,, and the radial flow angle, y. 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 relatively flat showing a slight
decrease as one appro;chea 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 suitable for use in

regions where strong velocity gradients exist. The blade wakes are

obviously such regions; however, the exit velocity should be only
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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 velocity 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 angie increasing and with it
decreasing. The velocity profile for these angles is plotted in Fig.
38. Little variation in the exit velocity is noted because it is
composed of both an axial part (which is varying) and a circumferen-
tial part due to the rotation of the rotor (which is relatively
constant). One notes that the two cases wﬁich have the same inlet
angle do not have identical velocity profiles. The plots indicate
that the velocity distortion has been displaced in the direction of
rotation of the rotor. The variation in B, 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 fluctultions for which there is

presently no explanation. It is apparent that the gap-averaged
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circumferential exit angle is undergoing significant changes as the
distortion is traversed. By obtaining gap-averaged values of the
exit angle at these and several additional locations in the distortion
field and plotting them as a function of the instantaneous inlet

angle (Fig. 40) one generates a loop similar to those produced from
the pressure data. Comparing this loop to the undistorted exit angle
behavior, one concludes that the unsteady exit angle is lagging the
steady curve. The shape of the loop, however, is a very poor match
to the shape of the steady state curve. Furthermore, the variations
in exit ang%e measured by the probe appear to be excessive. Exit
angles were also calculated by a momentum theory approach (similar to
that of Appendix V) neglecting any unsteady effects not inherent in
the normal force and rotor pressure rise loops. The results of these
calculations (which are not presented here) tend to support the
belief that the indicated exit angle variations in distorted flow are
excessive. The radial flow angle (Fig. 41) is definitely not zero
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 partly due to these three-dimensional effects.
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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 inlet axial velocity. The instrumentation system developed for
this experiment allows the measurement of unsteady blade pressures on
the rotor with a high degree of precision and without the noise
problems normally associated with on-rotor measurements. Qualitative
skin friction measurements were also performed on the rotor blading.
A wake probe mounted in the rotating reference frame was used to make
velocity and flow angle measurements at the rotor exit plane. The
development of the capability to make such on-rotor measurements with
a precision and noise-immunity commonly possible only for non-rotating
experiments is a significant accomplishment of the present program.
From the experimental results which have been presented herein, the
following conclusions may be drawn.
1. The peak pressure rise on a circumferentially averaged basis

is greater for undistorted flow than for distorted flow.

However, at low average inlet angle (high blade loading),

the rotor produces a slightly higher pressure rise in

distorted flow. This is attributed to the fact that the

blade transiently operates beyond the steady state stall

point at these average inlet angles and yet does not stall.




R

B}

‘e

106

Under high blade loading, the blade pressure distribution
exhibits a sharp negative ‘peak on the suction surface near
the leading edge. This peaking is more pronounced than is
normally the case with an isolated airfoil.

As the inlet angle is increased, resulting in reduced blade
loading, the pressures on the rear portion of the blade
remain essentially unchanged. On the leading edge, however,
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
resulting in negative loading on the leading edge.

As the blade traverses the distortion, the greatest pressure
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, changing to a lagging
response as the blade loading decreases. Pressures at the
third and fourth measuring stations (x/c = 0.381 and x/c =
0.619, respectively) show very little variation for quasi-
steady 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
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follow the quasi-steady characteristic and exhibit very
little change with varying inlet angle.

The normal force coefficient loops show a significant
departure from the quasi-steady characteristic. The ampli-
tude of the response is increased considerably and it
generally leads the inlet angle. A significant penetration
beyond the steady-state stall point is indicated.

The pitching moment coefficient loops are dominated by the
pressure response at the leading edge. They show good
agreement with the steady state curve at high inlet angles
but depart somewhat from the steady state at\low inlet
angles.

For the lowest average inlet angle which could be attained
without the occurrence of rotating stall, a separation
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 stall in the low velocity
region.

Velocity and flow angle measurements made at the rotor

exit plane at blade midspan indicate that the flow is
essentially two-dimensional in the undistorted case. The

wake profiles are smooth and relatively constant except for
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the regions immediately behind the blades where there is a
velocity deficit and some flow angle variations. In distor-
ted flow, however, significant radial flow is indicated.
This radial velocity component changes direction (from
inward to outward) as the distcrtion is traversed. It thus
appears unreasonable to attempt to make quantitative measure-
ments downstream of a rotor underéoing distortion without
performing a radial survey of the flow parameters.

9. The circumferential exit angle variations measured in
distorted 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 additional statements may be made concerning the

instrumentation system.

10. The use of on-board signal-conditioning and amplifying
equipment produces signals which are not contaminated by
slip-ring noise and reduces the number of slip-rings required
for ea?h channel of data.

11. The circuitry which was developed to perform these signal-
conditioning and amplifying functions proved to be extremely
reliable.

12. Tne triaxial hot-film probe used to measure flow angels in

distorted flow was not satisfactory. The probe geometry (in
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particular, the sensor placement) is believed to be at

fault. In any case, a better technique for measuring these

flow angles is needed.
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APPENDIX I

POWER SUPPLIES

The unregulated D. C. supply for the rotating frame
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

—— —O +20v
20V @3A
110 VAC UNREGULATED

20V @ 3A
110 VAC UNREGULATED

-0 -20v

FIG. 42 UNREGULATED D.C. POWER SUPPLY

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
amplifiers and the constant temperature anemometers. Its schematic
diagram is shown in Fig. 43. This circpit was taken directly from

Ref. 37.
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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.

are.ceramic disk types while C3 and C4 must be solid tantalum.

Capacitors Cl and C2

The

diodes Dl and D2 allow the regulators to start up under a common load

. +
(i.e., one between V_ . and V .

is turned on.

) when the unregulated supply

The circuit for the pressure transducer excitation supply of -10

volts was also taken from Ref. 37.

Fig. 44.

Its schematic diagram appears in
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FIG. 44 SCHEMATIC DIAGRAM OF —10 VOLT REGULATOR
i
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 Rl 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.

P——————————————
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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 stationary frame equipment placed
on the output voltage (no more than + 1.4 volt to avoid overloads).
The circuit which was developed to serve this function is shown in
Fig. 45. Capacitors C4 through C7 are merely filters used to minimize
ripple 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 Rl through R6 form a differential amplifier
with a gain of 100. The fixed resistors are 1 perc<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>